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Preface

The Eighth International Conference on Local Mechanical Properties LMP 2011 was held in Olomouc, The Czech
Republic, on November 9-11, 2011. The LMP 2011 conference was organized by the Joint Laboratory of Optics of Palacky
University and Institute of Physics of the Academy of Sciences of the Czech Republic.

Continuing in the tradition of the LMV (Lokalni mechanické vlastnosti) conference series started in 2004,
the LMP 2011 brought together material specialists, researchers and scientists from universities, research institutes and
also the private companies representatives. It was again a really open forum for the intensive discussion and exchange of
knowledge and experience.

The meeting that becomes a well established forum in the field of local mechanical testing provided an opportunity to
highlight recent results of research and development in the field of materials engineering, experimental methods, modeling,
etc., with the aim to characterize mechanical properties of broad range of materials from nano to micro/meso-scale. Espe-
cially nanoindentation and other methods of hardness assessment, measurement of local stresses and deformations and
related microstructure analyses were discussed.

Over 90 participants from 11 countries around the world attended this conference. The conference program covered
35 oral presentations in 8 sections and 53 posters on recent progress in research, development and applications of meas-
urement of mechanical properties at small scale.

The LMP 2011 conference organizers would like to thank all the speakers, session chairpersons, invited speakers and
participants for making this conference successful. The support of the conference sponsors is also greatly appreciated. It is
our hope that LMP 2011 conference has been fruitful and presented works will provide valuable information and guidance
on the latest trends and future advances in local mechanical testing. This issue contains 68 peer reviewed papers.
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CELLS ON SURFACES: AN INDENTATION APPROACH
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1. Introduction

Recent studies have established the critical role for
cells of the mechanical properties of the extra-cellular
matrix on which they are supported. It has been shown
that mysenchyme stem cells can differentiation into speci-
fic cells ranging from nerve to bone. In addition it is
known that cells in attachment with a substrate generate
traction forces which contribute to their movement and
reorientation.

The mechanical properties, dimensions and structural
form of the filamentous components of calls are also well
investigated. In addition, the basic cell membrane proper-
ties have been investigated by many authors using a varie-
ty of techniques including; micro pipette, optical tweezers,
shear flow and magnetic particle interaction and nano-
indentation being the most common®. The basis for interpre-
tation of the force-displacement data is very different from
the analysis of indentation of elastic-plastic materials.

Various techniques based upon those developed for
semiconductor production to develop surfaces that enable
the micromechanical responses of cells to be explored.
Micro-grooving, dimples and micro-pillars enable a num-
ber of variables of surfaces to be investigated in a syste-
matic manner. For pillars these include the roles of elastic
modulus, height, spacing and diameter as a means to influ-
ence cell response. The majority of these studies focussed
on the role of the surface on the subsequent cell morpholo-
gy along with incorporation of various fluorescent dyes to
enable the various filament structures to be visualised.

A critical review of this area by Flemming et al.’
identified the effect of features, primarily that of micro
grooving and the resulting cell morphology and growth.
They noted that cells tended to align parallel to grooves
and the cytoskeleton components formed parallel to the
grooves. The work of Wojciak-Stothard et al.® noted that
actin filament condensation appeared at topographic dis-
continuities. Flemming et al.? indicated the depth of
grooves were more important than width in determining
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cell orientation. More recently Martinez et al.* used cryo
and subsequent focussed ion beam (FIB) sectioning to
investigate the role of pattern spacing and height on the
basal response of cells to surfaces. They observed with
line patterns that it was the ratio of pattern height to width
that was critical.

Recent work has placed considerable focus on bio-
chemical, gene expression responses and the traction forc-
es developed on various surfaces. Again the feature that is
persistently remarked upon in these studies is the location
of the various cells investigated as a function of pillar
height, diameter and spacing. At relatively close pillar
spacing the cells sit on top of the pillar arrays whereas at
larger pillar spacing they lie between the pillars.

Steinberg et al.® investigated PDMS pillars with E
moduli of 0.5 to 3.5MPa and 8 to 14 um spacing on
keratinocyte cell differentiation. They observed that with
a decrease in pillar spacing an increase in the cell differen-
tiation. Mussig et al.®’ investigated 3 periodontal type
cells on cell morphology and gene expression. Pillar spac-
ing of 5 um enabled regular cellular response for all cells,
increasing pillar spacing resulted in reduced cell numbers.
Cell observations with the osteoblasts indicated the cells
were only slightly indented when pillars were 5um apart
but more substantially indented and almost resting on the
space between the pillars at 11 pm spacing. A recent study
by Papenberg et al.® investigated wetability of micro-
pillars of three materials (PDMS, PEOT/PBT and PLLA)
with E modulus (2 MPa, 30-70 MPa to 2 GPa) with pre-
myoblasts cells. For pillar spacing of 2 um all cells grew
on top of the pillars while at 5um spacing there was
a transition from growing on top of the pillars to between the
pillars especially for the 5 um high pillars. The authors state
surface topography rather than pillar elastic modulus influ-
enced cell attachment, proliferation and morphology.

The aim of the present paper is to more closely inves-
tigate the interaction mechanics between various cells and
the micro pillars they are supported on. A simple genera-
lised contact analysis of the cell pillar interaction is deve-
loped that is used to compare with the experimental obser-
vations. The simple contact mechanics and cell membrane
deformation concepts are then applied to a number of cell
systems published in the literature

2. Materials and methods

As stated above, many authors have used micro pil-
lars to support cells in order to study the morph-ological,
detailed microbiological and gene expression responses.
These pillars are generally fabricated using photolithogra-
phy based procedures with tailored diameter, pillar height
and spacing. Details regarding the development of such
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materials are given in the studies by Steinberg et al.’.
A typical SEM observation of such pillars is shown in
Fig. 1.

Fig. 1. SEM images of a PDMS pillar array with pillar heights
of 15 um, pillar diameters of 5 um and spacing between the
pillars varying between 5 to 11 um. Note that four pillar
spacing distances have been created simultaneously. A nor-
mal and B inclined view

Various approaches have been used to visualise cells
including confocal and optical microscopy, SEM as well
as an array of staining and visualisation approaches. SEM
often results in dehydration induced shrinkage of the cells
during preparation. In this study details of micro-biology or
gene expression outcomes will not be addressed directly.

3. Contact and deformation mechanics

In this section only the initial phase of cell defor-
mation that is, the contact pressure between the pillars and
the cell membrane is considered.

3.1. Contact mechanics

Consider a cell as a spherical entity with a plasma
membrane having a constant volume, V, and density, p. It
is suspended in a fluid culture medium that has a density of
Po~1gm/cc. When the cell rests on the pillars then con-
tact stresses are developed between the pillar and cell
membrane. Consider a square array of cylindrical pillars
with diameter D that have a centre to centre spacing of L,
Fig. 2.

Consider the cell upon contacting the pillars to form
into a hemispherical shaped body then the relationship

Pillar unit area

—

L

Force exerted by cell on substrate

F =VApg

¢—o

o 16—

Pillars

Fig. 2. Schematic illustration of a cell on an array of pillars
with dimensions and spacing defined
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between the volume, V, of the cell and its radius, R, is:

2
3

The support area of an individual pillar is given by A,
= nD2/4. For a square array of pillars with spacing L be-
tween the pillar centres, each pillar contributes one quarter
to the unit cell area of the pillar array, and is given by,
Pillar area per unit cell

w- 2
412

For a cell of volume V that forms into a hemispherical
body upon contact with the array, the diameter of the cell
is 2R (Fig. 3). The contact area assuming the pillar array
a continuous flat surface is given by nR? Thus the sup-
porting area provided by the pillars beneath the cell is
given with eq (2) by,

®

The force exerted by the cell on the supporting contact
area in the liquid media is given by;

F =VApg (4)

where V is the cell volume, 4p , that is (p—py) is the den-
sity difference between the cell and supporting liquid me-
dium and g is the gravitation constant. The average contact
pressure between the cell and the pillars is then given from
egs (3) and (4), namely;
F ®)
=

A

P

_ VApg  8RL*Apg
(zDR/2L)? 3D’

Contact pressure _F
on cell membrane [

by each pillar.

27R%Apy _ 8RL*Apyg

3(xDR/2L)? ~ 3D?

VAP

A, (DR/2L)?

2R

Fig. 3. Schematic diagram of projected cell supported on an
array of pillars
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For a specific cell with similar volume and for pillars of
constant diameter the contact pressure is directly related to
L2 For the pillar spacings considered there is almost a 4
fold increase in the contact pressure as L changes from 10
to 19 um. The relationship between centre to centre pillar
spacing L with diameter D and often stated edge to edge
spacing XisL =D + X.

Fig. 4 is plotted, from eq (5), the dependence of the
contact pressure as a function of pillar spacing L pillar
diameter D for cell where Apis 0.3 kg m™.

3.2. Stresses and axial deflection of pillars

The force on the pillar due to the loading by the cell is
given by

(6)

where n is the number of pillars supporting the cell, which
is given by the ratio of the area of the cell divided by the
pillar array unit cell area, namely;

aR? ()
e
Substituting into eq (7) for n and V from eq (1), results in

_ 2ApgRL? ®)

3

F

p

The resultant axial compressive stress on the pillars is then
given by the pillar force divided the cross sectional area of
the pillar, namely
_ 8ApgRL? 9)
Op = 2
37D
and the resultant displacement, ¢, of a pillar of height, h,
and elastic modulus, E, due to this stress is given by
- 8ApgRL’h (10)
* 3aD’E

The maximum displacement experienced by a pillar
for a value of L of 20 um, R of 25 um, h of 15 um, D of
5 um on a PDMS pillar of 0.6 MPa E modulus is only ~
25 pm. That is axial displacement or deformation of the
pillars by cells on even the softest pillars is negligible. For
line contact the stresses and deflections would be even
lower.

4. Results
4.1. SEM and Optical images

Typical SEM image of successfully achieved
keratinocyte adhesion and viability on the micro-pillar
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Contact Pressure P [MPa]

PilarSpacin [um]

Contact Pressure P [MPal

Fig. 4. Contact pressure (from Eq (5)) between pillar and cell
as a function of pillar spacing, L. Pillar diameter 5 um and
cell radius R of 15 um

interfaces, the interpillar distances are shown in Fig. 5.
While keratinocytes, cultured on FN coated pillars with
interpillar distances of 8 um and 5 um (the later shown in
Fig. 5a), covered the pillar tops and were quite round-
shaped, the cells clearly penetrated into the micropillar
field on substrates with distances of 11 um and greater
(Fig. 5b).

The shape of the latter cells had a more linear or tri-
angular shape depending on how many pillars they cov-
ered. To exclude drying artefacts from the sample prepara-
tion for the electron microscopy and to ensure successful
adhesion of the keratinocytes, they were stained by IIF for
the focal adhesion kinase (FAK), see Steinberg et al.’ pa-
per for typical images. The results obtained optically con-
firmed the morphological differences observed in the
SEM.

Fig. 5. Morphology differences of keratinocyte on pillar fields
with pillar spacing of 5 um (A, C) and 11 um ((B), (D)): SEM
of (A) a keratinocyte spread on a FN-coated pillar field. The
cell adheres to the pillar top while in (B) it sinks into the sub-
strate. Fluorescent images of the cells stained for FAK (green)
((C), (D)) reveal the same morphological differences
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4.2. Confocal images

Typical examples are shown in Fig. 6a and 6b. On
the substrate with pillar spacing of 5 um the keratinocytes
were round shaped, covered pillar tops (Fig. 6a) and pene-
trated slightly into the micro-pillar field. The FAK was
stained green with a counter stain of the cell nuclei in red.
3D reconstructions enabled visualisation of the pillar pro-
trusion into the cells.

A different morphology was observed for cells cul-
tured on substrates with pillar spacing of 11 um (Fig. 6b).
The cells were more linear shaped and penetrated almost
completely into the micropillar field. The 3D images con-
firmed the extent of penetration of the pillars into the cells.
A more extensive study showed that keratinocyte differen-
tiation varies with respect to different interpillar distances.

Fig. 6. Confocal images of cells sitting on pillars spaced A) 5um
and B) 11 um apart. Arrows point to where pillars were act-
ing on the cells. The green fluoresence arises from focal adhe-
sion kinease (FAK) while the red stain shows the cell nuclei

4.3. Indentation depth

Confocal images (Fig. 6) indicate that the depth of
penetration of the keratinocyte cells when the pillar spac-
ing 5pum apart is only 1 to 2 um whereas for the 11 um
spacing the pillars protruded the entire height.

5. Discussion

The observations shown in Fig. 6 indicate that con-
tact stresses generated by the pillars on the keratinocyte
cell membrane under the gravitational force acting on the
cells in the culture medium are sufficient to cause signifi-
cant deformation of the membrane. These observations are
similar to those by Mussig et al.” for osteoblast cells.
Considering the observed indentation protrusion of the
pillars into the cells as sown in Fig. 6 there is a clear influ-
ence of pillar spacing and as such contact pressure be-
tween the membrane and the pillars. From the analysis
above the contact pressure for the two conditions shown in
Fig. 6, namely eq (5), can be estimated. In the case of the
edge spacings shown (5 and 11 pm) the values of L in eq
(5) are X + D, namely 10 and 16 um respectively. The
calculated mean contact pressures between the pillars and
these keratinocyte cells are 0.16 and 0.41 MPa respective-
ly with the radius of the keratinocyte cell as 15 um. The
confocal observations suggest that the protrusion depth
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does not scale linearly with the contact pressure as a 2.5
fold increase in contact pressure changes the depth of pro-
trusion of the pillars into the cells by greater than a factor
of 5. These conclusions are in agreement with the response
of Mussig et al.>” and also Papenberg et al.® who consid-
ered different cell types. The latter study also considered
pillars of different elastic rigidity and changed the wetabil-
ity of the pillars and minimal change was observed in
terms of the cell deformation by the pillars. The simple
analysis above also indicates that for the range of pillar
materials considered by Papenberg et al.® the extent of
axial displacement of the pillars by the cells is negligible.
There would be greater horizontal deflection of the softer
material for the longer pillars as a consequence of the actin
myosin motor development. Direct nano-indentation stud-
ies of various shaped indenters into cells by Evans et al.’
and Hartegan et al.'* indicate very extensive cell mem-
brane deflection of many pums at nN forces. However a
major difference between the present observations and
those of direct nano-indentation testing of cells is the time
scale of the experiments. In the nanoindentation tests typi-
cally a minute or two is the test duration whereas the cur-
rent observations were made after 24 hours contact be-
tween the cells and pillars. This time difference for the two
approaches raises two important issues namely the role of
visco-elastic response of the cell membrane under stress
and also the response of the cytoskeleton machinery with-
in the cell. Here the former will not be discussed but ra-
ther more a focus placed upon the latter effects.

At the contact sites between cells and pillars the local
stress initiates actin filament nucleation and growth. The
stress state in the membrane about the pillars is complex
but the areas of highest tensile stress are at the boundaries
that become more uniform between the pillars. The rate of
filament growth is relatively rapid and dependent upon the
stress level. According to Fletcher and Mullins™ the form
of the network of actin filaments is highly dependent upon
the stress. Considering first the top of the pillars, this
would experience compression and result in assemblage
into a type a mesh structure. Whereas at the edge of the
pillars tensile stresses develop, resulting in a more ran-
domised type of mesh formation. In both instances as well
continuous filament formation nucleation sites develop on
these for growth of cross hatching filaments. Such 3D
meshes provide additional rigidity of the cell against local
stress and penetration of the pillars. These mesh structures
will continue to grow depending upon the extent of the
actin precursor concentration in the cell.

In addition the observations in Fig. 6 show that focal
adhesion kinease (FAK), which is an indicator of interme-
diate filament development, has also occurred and is con-
centrated at the base of the cells and appears to act to sup-
port the cell membrane. It would also be expected that the
microtubular filaments within the cell, which are of more
radial formation, would also respond to the stresses im-
posed on the cell by the pillars. In addition there are link-
ages between the three filamentous structures that could
further enhance the effective rigidity of the cell. However
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as all these filamentous components are essentially poly-
mers they take time to grow and hence the associated ef-
fective rigidity of the cell membrane takes time. For the
confocal observations shown above it appears that for the
closely placed pillars there has been sufficient time for the
cytoskeleton machinery to respond and reinforce the mem-
brane rigidity thereby limiting the extent of pillar protru-
sion into the membrane. Whereas for the 11 um spaced
pillars there is a comparable development of the FAK and
presumably other filamentous structure, but not before the
pillars have extensively protruded into the cells.
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Sydney, Australia and Otago University, Dunedin, New
Zealand ): Cells on Surfaces: an Indentation Approach

A simple contact mechanics approach is developed to
investigate the initial response of biological cells resting
on patterned pillar surfaces. The results are compared
with recent cell morphology observations by a number of
groups. It is evident that the changing internal cytoskele-
ton of the cell and its time dependence plays an important
role in determining the developing cell morphology.
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1. Introduction

In terms of cost effectivity, the traditional uniaxial
powder consolidation process is still widely employed for
the production of powder metallurgy (PM) parts, especial-
ly for the automotive industry. PM is a well established
technology for manufacturing parts to net or near net shape
and in the present time, the growing demand for weight
reductions in automotive applications has pushed the PM
indlljsgtry to develop components on the basis of light mate-
rial™.

2. Material and experimental conditions

Commercial ready-to-press aluminium based pow-
ders, ECKA Alumix 321 (Al-0.95Mg-0.49Si-0.21Cu-
0.07Fe-1.5lub) and ECKA Alumix 431 (Al-5.8Zn-2.6Mg-
1.7Cu-0.23Sn-1.5lub), were used as materials to be inves-
tigated. Particles size distribution was carried out by sieve
analyzer according to 1SO 4497. Test specimens 55x10x10
mm?® were uniaxially pressed in a hardened floating steel
die. The green compacts were weighed with an accuracy
of +0.001 g. The dimensions were measured with a mi-
crometer calliper (£0.01 mm). Microhardness was record-
ed by Duramin-5 Tester on minimum 15 points. For the
identification of the compressibility behaviour different
compacting pressures were applied (50, 100, 200, 300,
400, 500, 600 and 700 MPa) and the following compressi-

P:Po-exp(—K-pn) , [%] 1)
bility equation® was used:

Where: P — porosity achieved at an applied pressure p,
[%]; p — applied pressure, [MPa]; K — parameter related to
particle morphology, [-]; n — parameter related to activity
of powders to densification by the plastic deformation, [-];
Po — apparent porosity calculated from the value of experi-

Py = {1— Pa 4100}  [%] )

Pth

mentally estimated apparent density, [%]:
where: p, — apparent density, [gcm™]; pn — theoretical
density, [g cm™].

3. Results and discussion

Tab. | shows data for the calculated compressibility
parameters K, n and correlation coefficient r. According to
data listed in Tab. I, the compressibility parameter n is
related to activity of powders to densification by the plas-
tic deformation. In case of powders with high plasticity, n
is close to 0.5; in case of low plasticity, n is close to 1.
System A (n = 0.5175) shows a higher ability to plastically
deform than system B (n = 0.6181).

The effect of powder morphology is reflected in the
values of compressibility parameter K, which is lower for
powder B (K = 0.479:107%) than for powder A (K =
1.161:107%). The difference between powder A and B is
connected with the effect of particle geometry. Particle
geometry is linked to the morphological properties as well
as particle size distribution (A: ds;=100 pum, B: dsp=63 um).
Morphological aspect of powder shape is controlled by
manufacturing process. Tab. | shows that the fitting exper-
imental data and calculated data are higher than 0.96 (last
column). The compressibility equations for the studied
systems are reported as follows:

Table |
Theoretical density values, apparent porosity, compressibility parameters and correlation parameters
No. Oth Po K n r
[g.cm™] [%] [-] [-] [-]
A 2.6229 58.44 1.161-102 0.5175 0.9675
B 2.7213 59.58 0.479-10° 0.6181 0.9899
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Al p-5844. exp(— 0.1161- p0'5175) ©)
0.6181) (4)

B: P =59.58- exp(— 0.0479-p

Table Il

Microhardness values of studied PM aluminium alloys at various pressing pressures

No./p 50 100 200 400 500 600 700
[MPa]
A 17.8+4.2 21.4+4.3 25.4+5.9 29.4+4.2 32.2+2.6 34.6+3.5 35+3.6
B 19.3+£3.0 24.8+2.9 31.945.1 33.3+2.3 36.3+2.5 40.6+5.7 39.2+4.7

Geometrical rearrangement plays an important role during
the densification process (as well as plastic deformation).
Moreover, also the compressibility parameter K has to be
considered as an indicator of the physical-metallurgical
characteristics including the geometrical and morphologi-
cal characteristics of metal powder particles. Authors*®
underline that parameter K depends, mainly, on the micro-
hardness values, Tab. Il. Microhardness (strongly impact-
ed by yield stresses) as well strengthening coefficient rep-
resents essential parameters of metal powder plasticity.

Tab. 1l shows that microhardness values increase with
increasing pressing pressure. At higher pressing pressure,
600 MPa, previous investigations™* show that the final
stages of densification of powder particles are achieved.
Therefore, the higher applied pressure at 700 MPa shows
lower microhardness value due to the spring back effect as
results of work hardening and exhaustion of plasticity in
some local volume and relaxation.

During PM production, the employed compaction
conditions dictate the stress and density distribution in the
green compact prior to sintering, these parameters having a
profound influence on the overall strength of the final
component. The distribution of stress and strain during
pressing can be predicted by means of finite element meth-
od (FEM). FEM analysis helps understanding the com-
plexity of stress-strain processes®’. Compressibility pa-
rameters K and n cover the plastic deformation processes
performed during pressing as well as those defined by the
physical significance. Moreover, they enable to quantify
the intensity of the development of compaction facets. The
dimensions of particle contact areas depend primarily on
particle shape and the localization of plastic deformation
depends on surface geometry and pressure level. This
means that the compaction facets, as results of overall
compressibility effect, depend on granulometry, compac-
tion pressure, and particle surface roughness form discon-
tinuous adhesive and mechanical particle contacts.

4. Conclusion
The results show that the development of compressi-

bility values with pressing pressure enables to characterize
the effect of particles geometry and matrix plasticity on the
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processes performed during pressing. The compressibility
results exhibit a high value of plasticity, as a property re-
lated to compressibility parameters K and n.

R. Bidulsky thanks the Politecnico di Torino, the Re-
gione Piemonte, and the CRT Foundation for co-funding
the fellowship. J. Bidulska thanks Slovak national project
VEGA 1/0385/11.
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The paper deals with the compressibility analysis of
PM aluminium alloys Al-Mg-Si-Cu-Fe and Al-Zn-Mg-Cu-
Sn. Compaction pressures ranged from 50 MPa up to
700 MPa. Considering the densification of metal powders
in uniaxial compaction, quantification of aluminium com-
paction behaviour was performed using the linear regres-
sion analysis. The compressibility behaviour was evaluat-
ed in relation to geometry and mechanical properties of
powder particles on pressing pressure as well as micro-
hardness values. The development of compressibility val-
ues with pressing pressure enables to characterize the ef-
fect of particles geometry and matrix plasticity on the
compaction process.
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1. Introduction

Metal matrix composites (MMCs) are the focus of
intense research and development world wide for many
industrial branches. B,C ceramics have some excellent
physical and chemical properties. Its ultrahigh hardness,
high wear and impact resistance, low specific weight and
good chemical stability makes it suitable for application in
ball mills, blasting nozzles, wheel dressing tools, wire
drawing dies, rocket propellant light weight armour plates
and mechanical seal faces, etc’?. TiB, and TiC have
attracted great interest in their excellent mechanical
properties, chemical resistance and good thermal and
electrical conductivities. The composites containing the
TiC and TiB, phases are characterized by good fracture
and wear resistance and the increase in their hardness
along with the increase in temperature®®.

Our work presents the comparison of the results of
investigations on 316L steel and nanocomposites
manufactured by SLS/M method. The differences in
mechanical properties between steel, 316L steel/TiC and
316L steel/Ti-B-C composites based on the results of
modelling by numerical method are presented.

2. Experimental details and results

The technology of the production of nanocomposite
structures based on the Selective Laser Sintering/Melting
technology has been worked out®®. The stainless steel
316L was used as a matrix and as the filler nc-TiC and nc-
Ti-B-C powders were used. Before the SLS/M the
powders were prepared by ball-milling method. In the
SLS/M process the following parameters were used: the
laser power: 5000 mA,; the exposure time: 200 us, s layer
thickness: 50 pum. Samples were subjected to hardness
tests for quick estimation of the mechanical parameters.
Hardness and modulus measurements were performed on
MTS Nano Indenter XP using Brekovich tip (Tab. I).

Table |
Hardness (H) and elastic modulus (E) values of the samples

H [GPa] E [GPa]

Steel 316L 4,77 201
60% vol TiC 9,93 230
20% vol Ti-B-C 17,75 263
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2.1. FEM model

For prediction of the result of introducing additional
phases into the composite, two-variant FEM model of the
structure has been prepared. The Representative Volume
Element (RVE) with dimensions 1x0.5x0.5um (X,Y,Z)
has been taken instead of the bulk structure for making
calculation time reasonable. The amount of all three filler
phases was equal and together it came up to 15% of whole
volume. The rest of the volume was the steel matrix. The
fillers particles were mixed and randomly distributed in
the whole RVE.

Material models of the filler particles were taken as
perfectly elastic with the following parameters: TiC: E =
460 GPa, d = 4800 kg m™; TiB,: E = 560 GPa, d = 4500
kg m™; B,C: E = 660 GPa, d = 2520 kg m™. The matrix
was modeled as elastic-plastic material with the following
parameters: E = 193 GPa, d = 8000 kg m™=, yield stress =
250 MPa.

To simulate the bulk structure, periodic boundary was
applied to the whole RVE and to estimate the mechanical
properties of composites, simulation of the tension was
used in which uniaxial monotonic displacement in X
direction was applied to the opposite sides of the RVE.
Value of the displacement was increased up to the value of
2% of the RVE size and then decreased to the value of
zero.

The structure was meshed with C3D4 elements (a 4-node
linear tetrahedron). To avoid any mesh changes, there
were no remeshing rules used. After all preparing
operations were finished and before the calculation stage,
the model was copied and in the newly created version
only the material parameters of B,C and TiB, phases were
replaced with the values equal to the TiC. Such prepared
models were identical in every case (including geometrical
shape of the mesh), except of the material properties of the
particles representing filler phase of the composite.
Additionally the model made of pure steel was prepared
with the same technique to compare it to both composites
types. As comprised parameter the reaction force
measured in reference point in which the tension was
applied was taken. The resulting plots of force courses for
all three models are presented in Fig. 1.
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Fig. 1. Values of the reaction forces during the load and un-
load of the samples

In the Fig. 2 the result of the subtraction of the forces
values obtained from the steel/TiC composites from the
forces values obtained from the steel/(TiC+TiB,+B4C)
composite are presented.

As can be seen, the differences between both
composites are very small and the significant difference is
observed in the case of pure steel. Because of using
periodic boundary conditions, the resulted values
representing mechanical properties of the pure steel model
are equal in whole RVE, which proves ideal representation
of bulk structure. In the case of composite, inclusions are
generating variable values of the same parameter (plastic
strain for example), which apparently can cause the
composite stiffness increase and because of big amount of
small particles in nanocomposites, it can be one of the
reasons of superhardness effect.

The presented approach for the FEM modelling of the
nanocomposite structures allows to predict mechanical
properties of its different variants before the real material
will be created, what can significantly increase the

efficiency of the new materials designing®*.
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Fig. 2. Values of differences of the reaction forces between
TiC-steel and TiC+TiB,+B,C-steel composites
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3. Conclusion

Nanoindentation tests have shown that the hardness
and elastic modulus increase in following order: 316L
steel, TiC/steel and (Ti-B-C)/steel nanocomposites
respectively.

The numerical analysis showed that the composites
stiffness is noticeably higher in comparison to the steel.
The mechanical properties (stiffness) of the composite
with boron presence are better (higher stiffness) in
comparison to the steel and composite with TiC. The
presented differences in values of reaction force are small.
This results from the small sizes of analysed structures.

Financial support of the work by the Ministry of
Science and Higher Education within the project No.
NR15-0067-10/2010-2013, is gratefully acknowledged.
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1. Introduction

A failure of construction elements depends on the
position of a critical place and its local mechanical proper-
ties which are related to processing technology of the giv-
en machine part. In the case of a casted piston of two-
stroke combustion engine, the local mechanical properties
are affected predominately by the casting technology?.
The decisive factors are especially: tension strength, criti-
cal deformation, modulus of elasticity, fatigue strength.
These factors are influenced greatly by the casting
method®. A cooling rate during casting is the most im-
portant factor with regard to material microstructure and
its mechanical characteristics. An ultimate tensile strength
(UTS) correlates well with the secondary dendrite arm
spacing (SDAS)*. During the evaluation of reliability an
assumption that the mechanical properties of material are
homogenous is usually taken into consideration. However,
the real differences in microstructure cause a variability of
mechanical characteristics in individual localities of the
same material.

Pistons of combustion engines are usually made of
the near eutectic aluminium-silicon alloys. Since the mi-
crostructure of a cast differs in its various areas, there are
also different values of mechanical properties and it is
insufficient to take into consideration the mechanical char-
acteristics of the global cast material.

One of the possibilities how to determine the ultimate
tensile strength is based on the secondary dendrite arm
spacing (SDAS). There are well-known relations between
the tensile strength and microstructure of silumins®:

UTS = 270 — 1.4399 SDAS (1)

where: UTS - ultimate tensile strength [MPa], SDAS -
secondary dendrite arm spacing [um].

The main purpose of this work is to determine the
local values of the strength by means of metallographic
analysis, as well as to define the critical areas of the piston
using a finite element analysis.
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2. Experiments

The gravity casted piston of the company Vertex
made from near eutectic aluminium-silicon alloy was pro-
vided for this study. The piston was cut into two cross-
section parts. The samples were prepared from its various
areas in order to apply metallographic light microscopy
which enables a statistical analysis of microstructure. The
secondary dendrite arm spacing (SDAS) was measured in
specific parts of the piston by identifying and measuring
small groups of well-defined secondary dendrite arms on
the screen of the image analyzer.

SDAS =d/n 2
where: d — length of the line drawn from edge to edge of
measured arms, n — number of dendrite arms.

The volume fractions of the constituents were quanti-
fied with the image analysis (Fig. 1) of the microstructure.

Fig. 1. Microstructure of silumin

The values of von Mises stress, oym, Were determined
in the next step in the selected areas of the piston by means
of the FEM using the Cosmos software. The material was
considered to be elastic and the dimensions of analysed
positions (Fig. 2) were from several hundreds pm to 1 mm
in the size.

3. Results of measurement

The values of the secondary dendrites arm spacing in
individual areas of the microstructure are presented on
Fig. 3. The difference between the minimal value (24 pum)
and the maximal value (47 um) is 96 %. From a quantifi-
cation of the constituent phases, Fig. 4, results that the
volumetric share of eutectics increases from the position 1
(upper position) to the position 5 gradually (position of
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Fig. 2. Analysed positions in the piston: 1. upper surface (US), 2. piston rings (PR), 3. pin (P), 4. Seeger ring (SR), 5. sealing flap (SF)

SDAS

50
45
40
35
30
25
20
15
10

SDAS [pum]

Fig. 3. SDAS values for specific individual analysed positions

sealing flap). A supplement to the 100 % of the whole
creates the dendrite a-phase. Analysing together the vol-
ume fraction of the eutectic phase with the SDAS results it
is interesting to highlight the fact that a relation exists be-
tween them: the region with higher values of the SDAS
has got a small amount of eutectic phase and reverse the
region with the smaller values of the SDAS has got higher
values of the eutectic phase.

4. Discussion
The critical positions are such places where the ratio

between the local loading stress and the local strength is
the highest.
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Fig. 4. Quantification of constituent phases

Thus, estimative prediction of the cast aluminium
component properties should be made based on local ma-
terial mechanical properties, which enables to calculate the
ratio of stress vs. ultimate tensile strength. Local mechani-
cal properties may be obtained by local metallographic
analysis.

The ultimate tensile strength UTSspas Was then cal-
culated from experimentally determined values of SDAS
according relation (1) in all specific positions 1-5. The
results of microstructure evaluation (SDAS) and local
strength value UTSspas are presented in the Tab. I. It can
be seen that there is a change in SDAS of about 100%, as
occurs between positions 5 and 1, and that it is equivalent
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Table |
Measured and calculated values of SDAS and load for different positions in the piston

Position SDAS [um]  UTSspas Grem orem / orem / local-global

[MPa] [MPq] UTSspasmax ~ UTSspas [%]
global local

1 upper surface 47.0 202 56 0.237 0.277 16.7

2 piston rings 45.6 204 78.4 0.332 0.384 15.6

3 pin 37.9 215 96 0.407 0.446 9.6

4 Seeger ring 315 225 44 0.186 0.196 51

5 sealing flap 23.6 236 21.2 0.080 0.090 0.1

Fig. 5. Pressures and limitations applied on piston surfaces Fig. 6. Stress distribution in critical positions

to significant changes in UTS, e.g. the stress level changes 5. Conclusions
from about 236 to 202 MPa (about 17 %).

The FEM stress analysis® of the loaded piston, Fig. 5, The values of local strength were determined in se-
proved that there are predominately two important critical lected specific positions of piston casted from the silumin
areas with high stress: the upper holes of the piston pin (3)  alloy based on relation between UTS and microstructure
and the piston head (1) with the piston rings (2), Fig. 6. parameter SDAS. The difference between local and global
The stress values orem for each of the piston position approach reach up to 17 % for selected positions of the
(Fig. 2) obtained by means of the FEM are in Tab. I. whole component. Ignoring the real local load can cause

A global design uses only one material value for the an early failure of component.
whole component, e.g the UTS=236 MPa for the micro-
structure with the highest strength. The corresponding This study was supported by the grant tasks ,,VEGA
relative 10ad orgm / UTSspasmax is in the 4™ column in the 1/0356/11 Innovative Processes in Design of Driving Units
Tab. I. These values are different from those obtained by for Transport Machines and Optimisation of Material
means of a local approach which are the values of the Flows and Logistics in Order to Save Energy and to In-
stress orewm related to the real ultimate tensile stress values crease Reliability for Application Purposes in Practice*
UTSspas Obtained by the metallographic way based on the and ,,Research Centrum for Control of Technical, Envi-
SDAS in different positions of the component, crem/ ronmental and Human Risks for Sustainable Development
UTSspas, Tab. 1, 5™ column. The difference between local of Production and Products in Engineering*“.
and global approach can reach up to 16.7 %.

These differences can be relevant mainly in the case REFERENCES
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strukce vozidlovych spalovacich motor:i. NaSe vojsko,
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P. Bigo$, M. Puskar, and L. PeSek (Technical uni-
versity of KoSice, KoSice, Slovak Republic): Assessment of
the Critical Places in the Casted Piston Based on
a Local Strength — Microstructure Model

The study analyses the critical positions in the com-
bustion engine pistons produced by gravity casting of near
eutectic aluminium-silicon alloys. The local strength in
various positions was calculated from secondary dendrite
arm spacing in the microstructure, the real local load was
calculated via finite element analysis. The global strength
approach uses one strength value for the whole compo-
nent, while the local approach uses the local strength val-
ues depending on local microstructure. The difference
between both local and global strength approach can reach
up to 17 %.
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1. Introduction

Thermally-sprayed coatings belong to the dynami-
cally developing field of surface engineering™2. These high
-quality functional coatings are applied in the basic indus-
try, as well as in renovations®, mainly due to their excellent
properties, which are characterized by high wear re-
sistance™®, corrosion resistance and resistance against high
temperatures™'®. Thanks to a wide range of different com-
binations of coating—substrate materials, thermal spraying
offers as many possibilities as no other technology of coat-
ings deposition. HVOF (High Velocity Oxygen Fuel) is
one of the technologies, which form coatings with very
low porosity (<1 %) compared with the basic material and
with high adhesion strength (> 80 MPa). The substrate
undergoes minimal thermal changes during spraying. The
roughness of the resulting coating surface is low.

Thanks wide variety of suitable materials and their
combinations, the area of utilization thermally sprayed
coatings is very broad. It is possible to deposit coatings of
various materials from pure metals to special alloys. Prop-
erties of cermet-based coatings are given by the type, mor-
phology and size of hard particles and their volume frac-
tion in tough matrix.

This paper presents results of assessesment of HVOF
coatings. The coatings were subjected to cyclic thermal
stress. Their tribological properties were evaluated under
conditions of erosive wear. The quality of coatings was
mearsured by pull-off testing, microhardness testing, and
by EDX analysis. The experimental conditions were set to
simulate the operating conditions of iron manufacturing in
a basic oxygen furnace (BOF).

2. Materials and methods
The substrate for application of the coatings was

C15E carbon steel (STN 41 2020, 12 020, 1.1141). Chemi-
cal composition of the steel is listed in Tab. I.

Table |
Chemical composition of the steel substrate (mass %)

C Mn Si P S
0.12-0.18 0.30-0.60 0.15-0.40 max max
0.035 0.035

Mechanical properties of the steel substrate: tensile
strength 740-880 MPa, yield strength > 440 MPa. The test
samples were made from @ 50 mm round bar with a length
of 15 mm.

Substrate pre-treatment: test samples were pre-treated
by air grit blasting at air pressure of 0.5 MPa with brown
corundum with a grain size of 1.00 mm.

Three types of coatings were deposited by HVOF
technology on pretreated samples: WC-729-1/1343 VM
(WC-17Co), WC-731-1/1350 VM (WC-Co-Cr) and CRC-
300-1/1375 VM (CrsC,-25NiCr). Materials were supplied
in the form of powder, agglomerated and sintered, pro-
duced by Praxair, Inc., USA. Tab. Il shows chemical com-
positions of the powders.

Table Il
Chemical compositions of the powders sprayed

Coating C Co Fe w Cr Ni

C-17Co
1343
WC-Co-
Cr

1350
Cr3C2'
25NiCr
1375

55 16.2 0.036 78.4

55 9.9 0.02 80.58 3.9

10 685 21
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The equipment JP-5000, Praxair TA employed in the
experiment uses the HP/HVOF (High Pressure / High Ve-
locity Oxygen Fuel) process with System Powder Feeder
1264. The surface of deposited coatings was not condi-
tioned after spraying. Spraying parameters are listed in
Tab. 1.

The thickness of coatings was determined by
a magnetic thickness gauge. Adhesion of coatings was
evaluated by the pull-off test according to STN EN 582
using a tensile machine ZDM 10/91.

After the pull-off adhesion test, the tensile stress re-
quired to sever the weakest inter-phase bond (adhesive
fracture) or to rupture the weakest structure component
(cohesive fracture) was determined and fractographic as-
sessment was performed.
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Table 111
Parameters of spraying

Particle Adhesion Oxide Porosity Deposi- Typical

velocity content tion coating

power thickness

[m/s]  [MPa]  [%]  [%] [kg/h]  [mm]

600 -

1000 <70 1-2 1-2 3-6 02-2

Microhardness was measured according to STN I1SO
4516 on Shimadzu HMV-2E test equipment, with the load
of 980.7 mN (100 g) and a dwell time of 15s. Samples
were subjected to cyclic thermal load in an electric cham-
ber furnace according to the following schedule:

1. heating to 900 °C,
2. dwell in the furnace for 20 minutes,
3. cooling of samples in still air to ambient temperature.

Samples were subjected to 10 thermal cycles. After
the 3rd, 5th, 8th and 10th thermal cycle, samples were
collected to evaluate the adhesion of coatings. Structure
and chemical composition of coatings were studied using
the scanning electron microscope (SEM) JEOL JSM -
7000 F with INCA EDX analyzer for local chemical analy-
sis.

To simulate the process conditions in BOF (impact
and flow of oxides in BOF gas), the coatings were subject-
ed to erosion wear at abrasive impact angles of 45° and
75°. To simulate the process of oxide impact, a laboratory
mechanical blasting device KP-1 was used that allows the
circulation of abrasive to be monitored. The abrasive used
— brown corundum (Al,O3) had a grain size of 1 mm. The
intensity of coatings” wear was evaluated using gravimetry
(mass loss of the coating). Peripheral speed of the blasting
wheel was 5.0 ms™ and the exit speed of abrasive was
70.98 ms™

3. Results and discussion

Thicknesses of the as-sprayed coatings were as fol-
lows: 1343-234 pm, 1350-356 pum and 1375-393 um.
The highest microhardness values (Fig. 1) was found in
the coating 1350 (1447 HV 0.1). It was due to a high con-
tent of tungsten and an addition of cobalt. In comparison,
the coating 1343 contains tungsten at lower concentration
and showed a lower value of microhardness (1010
HV 0.1). The lowest microhardness values were found in
the coating 1375, which has a high content of chromium
and is tungsten-free (975 HV 0.1).

Thermal cycles caused changes in microhardness of
specimens. The most significant change occurred in the
coating 1343. The hardness of the coating 1375 decreased,
whereas that of the coating 1350 slightly increased. These
values are related to structural changes in the coatings.

Fig. 2 shows fracture surfaces and the appearance of
surfaces of the coatings upon thermal cycles.
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Fig. 1. Trend in microhardness in coatings

EDX spectral analysis of the coating 1343 revealed
the presence of two basic phases — solid WC particles and
cobalt, which is in line with the chemical composition of
the powder. EDX spectral analysis of the coating 1350
showed the presence of WC particles, chrome and cobalt
matrix, in which WC particles were embedded. EDX spec-
tral analysis of the coating 1375 confirmed the presence of
large particles of CrsC, and the prevailing component of
the coating 1375: nickel-chromium matrix. The matrix and
hard particles of WC and Cr;C, are well visible on frac-
tures of the coatings, Fig. 2.

Despite its high hardness, the coating 1350 suffered
thermal cracking after 3 thermal cycles, as seen in Fig. 2 —
showing the surface after thermal cycles. The surface of
coating 1343 covered with a layer of blue oxides and
showed strong chalking during the thermal cyclic loading.
The coating 1375 retained its aesthetic and tactile qualities
after thermal cycles. The appearance of surfaces of coat-
ings during thermal cyclic loading and the character of
their fractures are also shown in Fig. 2. Results of the eval-
uation of coatings adhesion are shown in Fig. 3.

The adhesion of coatings already decreased after three
thermal cycles but then it remained almost constant during
subsequent thermal loading.

The coating 1375 did not fracture in the pull-off test.
Its adhesion may therefore be considered to be higher than
the value listed.

Fig. 4 depicts the dependence of erosive wear on im-
pact angles of abrasive. For all types of coatings, very
similar dependences were observed. Higher weight losses
were recorded at an impact angle of 75° in all types of
coatings. Literature data suggest that hard materials, such
as the coatings suffer heavier wear at larger impact angles.
This was confirmed by the experiment.

The intensity of erosive wear is influenced by the
ratio of the coating — abrasive hardnesses and by the struc-
tural characteristics of the coating. Wear intensities in all
coatings were almost identical, being higher at the impact
angle of 75°. More complex surface states were reached at
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Fractures of coatings (SEM)

Surfaces of coatings after 10 thermal cycles (mag. 50x)

1343 1350 1375

Fig. 2. Fractures and appearance of surfaces of coatings after
thermal cycles
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Fig. 3. Adhesion of coatings after thermal cycles
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Fig. 4. Erosive wear of coatings
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75° impact angle, material was removed and new surface
configuration followed the direction and shape of the inci-
dent abrasive.

At larger impact angles, the forging effect of the abra-
sive prevails, whereas at smaller impact angles, the groov-
ing effect dominates.

4. Conclusion

The coating 1350 (1447 HV 0.1) showed the highest
hardness, whereas the coating 1375 (975 HV 0.1) showed
the lowest hardness value. The coating 1350 cannot be
used in the environment of BOF with high and fluctuating
temperatures because of it cracks after a few thermal cy-
cles. This would disrupt its protective function and allow
high temperature corrosion of the substrate. At high tem-
peratures, the coating 1343 showed strong chalking. This
may cause significant losses in weight (and consequently
in thickness) of the coating and reduce its durability. The
coating 1375 showed lower hardness than others, retained
its integrity and adhesion during thermal cyclic loading.
No other qualitative changes occurred in this material. Its
resistance to erosive wear was equal to that of the other
coatings.

Based on the experimental results obtained the recom-
mend for renovation of components operating under ex-
tremely high and cyclic temperatures and erosion wear
condition would be the coating 1 375 (Cr3C-25NiCr).

This paper is a result of the project: “Unique equip-
ment for evaluation of tribocorrosion properties of the
mechanical parts surfaces” (ITMS: 26220220048) sup-
ported by the Research & Development Operational Pro-
gramme funded by the ERDF and Grant Scientific Project
KEGA No. 059TUKE-4/2012.
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tions of Thermal Cyclic Loading

This contribution presents interim results of evalua-
tion of changes in local mechanical properties of HVOF
coatings. The research was aimed at changes in microhard-
ness of composite coatings deposited by the high velocity
oxygen fuel process. The evaluated coatings were subject-
ed to high-temperature cyclic loading. Microhardness of
the coatings was measured on cross-sections of samples.
Three types of coatings based on WC-Co, WC-Co-Cr and
Cr3C,-25NiCr were examined. Their microstructure was
studied using SEM-EDX techniques.
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Introduction

Continuous casting rolls provide of slab movement in
the line and are therefore the key equipment of a line for
continuous casting of steel. Their reliable operation is
closely associated with their lifetime, which can be extend-
ed by renovation™™.

Wear affecting rolls in continuous casting of steel is
illustrated in Fig. 1 and Fig. 2 depends on the location of
the rolls in the continuous casting line, on the temperature
of cast slabs, surface temperature of the rolls, method of
cooling, cooling water quality and other factors.

The paper explores the impact of heating cycles on
micro-hardness of cladding layers.

Fig. 1. Surface of the roll:
the crack caused by thermal
fatigue

Fig. 2. Exfoliation of clad-
ding layers caused by com-
bined loads

Experimental

The continuous casting roll of 180 mm in diameter
examined in this study was renovated by welding. The roll
was part of the curvilinear section of the continuous cast-
ing line shown in Fig. 3. It was made from forged steel
41CrMo4 EN 10083-1-91 with chemical composition giv-
enin Table I.

Table |
Chemical composition of steel 41CrMo4 roll EN 10083-1-
91 (in wt. %), balance of Fe

C Mn Si Cr Ni Mo P S Fe

041 063 026 112 0.27 0.18 0.017 0.015 bal.

Fig. 3. Continuous casting line

The three-layer weld cladding was created on the
surface of the roll by submerged arc welding technology
(SAW) according to EN I1SO 121 4063. The clad was cre-
ated without an interlayer, using Weldclad GU125LZ —
COREWIRE equipment. This device allows welding

Table Il
Chemical composition of weld wires (in wt. %), Fe bal.

Element Wire
A B C

C 0.1 0.25 0.3
Si 0.6 0.6 0.6
Mn 1.0 1.0 1.0
Ni 25 0.25 -
Cr 12.2 9.0 12.2
Mo 0.8 2.0 0.75
Nb 0.15 - -
Cu - — -
\Y/ 0,15 - 0,15
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Table 111
Chemical composition of the universal flux (in wt. %)
(SIOZ + TIOz) (A|203 + (CaO+MgO) (Can)
MnO)
20 17 38 19

parameters to be changed in the course of rotation of the
roll during the renovation.

Weld wires W3-WLDC3 (A), W5HT-WLDC 5Mod
(B) and W8-WLDC8 (C) with a diameter 3.2 mm from
COREWIRE, Ltd., UK were used for making the clad-
dings. Chemical compositions of the wires (as declared by
the manufacturer) are given in Table I1I.

Universal flux suitable for weld wires with iron con-
tent of up to 50 % was used. Its chemical composition is
given in Table I1I.

Prior to cladding, the roll was preheated to 400 °C.
After cladding, it was wrapped and cooled to room tem-
perature. Then it was pre-heated in furnace at 500 °C and
held for 8 hours, then slowly cooled in the furnace. Weld-
ing parameters are listed in Table IV.

The samples for metallographic analysis, thermal
cycles and microhardnesss testing were taken from the
renovated roll’s surface.

Microhardness was measured by Vickers method,
described in the standard STN EN 1043-2, on SHIMAD-
ZU HMV-2 on polished transverse metallographic sec-
tions. The work load was 980.7 mN (HV 0.1). Test sam-
ples were exposed to thermal cycles at 900 °C for 120 s.

Table IV
Cladding parameters

Wire Voltage Current Oscillation
\ [A] [mm]
A 28 450 45
B 26 600 47
C 26 450 50

Fig. 4. Microhardness before and during thermal load meas-
ured on cladding made by weld wire A
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Fig. 5. Microhardness before and during thermal load meas-
ured on cladding made by weld wire B

Subsequently, the samples were cooled in water at 18 °C.

Fig. 4, 5 and 6 document cladding microhardness
before the thermal load and upon the first and the fifth
thermal cycle.

The highest values of microhardness during thermal
cycles were measured in the cladding made of welding
wire C — 600 HV 0.1. Microhardness value is consistent
with the chemical composition of the welding wire, espe-
cially with the highest carbon content and also high chro-
mium content among the evaluated additional materials.

Due to thermal cycles, microhardness values of all
weld deposits decreased. The cladding made of weld wire
A decreased about 150 HV 0.1, the cladding made of weld
wire B to 60 HV 0.1 and cladding made of weld wire C
there was found the decrease of microhardness of 130 HV
0.1 in comparison with measured values before thermal
cycles. The decline of microhardness values continued
depending on the number of thermal cycles in all tested
weld deposits. As for the microhardness values measured
in the interlayer of cladding A, thermal cycles had not a
major impact, but the microhardness of B and C weld de-
posits decreased compared to microhardness values
measured before the thermal stress.

Fig. 6. Microhardness before and during thermal load meas-
ured on cladding made by weld wire C
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a) b) c)

Fig. 7. Structures of weld clad A, B, C before the thermal
stress

The microhardness values measured in HAZ are in
the range of 500 to 600 HV 0.1, which correspond to the
chemical composition and used cladding parameters. The
higher hardness was found in HAZ of cladding B.

The microscopic analysis of each layer in renovated
rolls was performed using light microscopy.

The structure of the base material of the roll is
formed by coarse-grained martensite. Results of micro-
scopic analysis are presented in Fig. 7.

Fig. 7b presents the structural analyse of interlayer
weld clad A, B, C, which is fine-grained martensite. The
structure of heat affected zone (HAZ) is documented in
Fig. 7c and consists of low-carbon martensite.

Identified microstructure corresponds to the chemical
composition of additional materials. Cover layer of weld A
is formed by a low-carbon martensite-ferrite structure.
Cover layer of weld B and C also has a ferrite-martensite
structure, with less distinct grain boundaries. In the struc-
ture the presence of carbide precipitates has been reported.
Based on the chemical composition of additional materi-
als, especially Cr and Ni, content of the precipitates is of
the type MsC and M;C; (ref.*®). Molybdenum and other
alloying elements, such as tungsten, vanadium and niobi-
um precipitate in the M;Cs, M23Cs and M¢C eutectic car-
bides and also carbides (e.g. Mo,C, VC), which is con-
sistent with the ref.5°. The microstructure of the interlay-
er is formed martensite — ferrite structure as well. The
HAZ has documented martensite of coarse texture.

3. Conclusion

Based on experiments realized by the evaluation of
local mechanical properties of cladding metal parts and the
HAZ can be concluded that the weld made by additional
material B (W5HT-5Mod WLDC) resisted thermal cyclic
stresses the best. The cover layer which is in practice sub-
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jected to the most intense tribodegradation effects de-
creased its microhardness of 60 HV 0.1, while the addi-
tional material A decreased of 150 HV 0.1 and C de-
creased of 130 HV 0.1. The measured values correspond to
the martensite structure of precipitation hardened ferritic
carbides of M3C and M,C; type.

The contribution was elaborated within the Research
Project KEGA No. 059TUKE-4/2012 and within the Re-
search Project ITMS 26220120060 — Management Re-
search Centre for technical, environmental and human
risks to continuous development and production of prod-
ucts in engineering.
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Engineering, Department of Technology and Materials,
Slovakia): Effect of Working Temperatures on Proper-
ties of Continuous Steel Casting Rolls Cladding Layers

This contribution deals with properties evaluation
of cladding layers realized by SAW - submerged arc weld-
ing 121 STN EN 1SO 4063. Worn roll comes from curved
sector of continual steel casting line and was made of ma-
terial 41CrMo4 EN 10083-1-91 by forging. There were
three cladding layers deposited on the roll surface. For the
renovation of the roll following welding wires were used
W3-WLDC3, W5HT-WLDC 5Mod a W8-WLDCS8, diam-
eter @ 3.2 mm. Mixing of cladding layers and their micro-
structure using light microscopy were evaluated. On the
created welds microhardness of the base material, heat-
affected area and cover area of the weld in the initial state
and after the exploitation in simulated work environment
was assessed. Heat cycles corresponded to work condi-
tions of continous casting rolls.
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1. Introduction

Based on EU legislative, classical solders based on
lead and tin are being replaced by their lead-free alterna-
tives with the obvious aim to reduce health risks and envi-
ronmental problems. The search for a replacement solder
material has been underway for some time and a number
of formulations are already in use'. However, solutions
presently used have often reliability problems caused by
worse mechanical properties, higher tendency to oxidation
and higher melting temperature. After a decade of research
it is now an accepted fact that there is no universal replace-
ment for the traditional lead-tin solder.

Nanoparticles of pure metals and alloys exhibit the
depression of melting point compared to bulk materials?,
hence they are able to aggregate and to form firm inter-
layer joints at low temperatures. Exploiting this effect in
soldering industry can save energy, work and materials,
and in particular it may subscribe to the solution of the
above last mentioned problem®.

In this work, Ag nanopowders were prepared as po-
tential low-toxic constituents of novel solders by a chemi-
cal wet synthesis with the aim to study the effect of
melting temperature depression and to evaluate the me-
chanical properties of sintered layers prepared in various
annealing regimes.

2. Experimental

Chemical wet synthesis of Ag nanoparticles procee-
ded in two steps. At first the complex of AgNO; with do-
decylamine was prepared in acetonnitrile and subsequently
it was broken down at elevated temperature (170 °C):

CH,CN

AgNO, + 2NH,C,,H,, — N,

SN[ Ag(NH,C,,H, ), |[NO,

@)

—

170 °C, 15min

[ Ag(NH,C,,H,,), [NO, —tr-c.tomn

Ag°(nano) + NO, +2NH,C,,H,;

@)

170 °C, 15min

Resulting nanoparticles were separated as a solid product
and stored in a toluene bath. They were characterized
using a Philips CM12 STEM transmission electron micro-
scope (TEM). Model joints, i.e. sandwiches consisting of
thin copper plates with Ag nanopowder interlayer were
prepared and annealed at various temperatures (see Ta-
ble I). Samples 3, 4 and 5 were heated up inside the fur-
nace from the room temperature at 15 K min™ rate
(marked as “ramp” in the Table; heating time is not in-
cluded in the annealing time in the Table); the other sam-
ples were placed in the furnace already at the declared
temperature (marked as “flash”). After annealing the sam-
ples were let in the furnace to cool down. Metallographic
cross-sections were prepared from annealed samples and
studied using a TESCAN LYRA 3 XMU FEG/SEMxFIB
scanning electron microscope (SEM) and a JEOL
JSM6460 SEM with an Oxford Instruments energy disper-
sive X-ray (EDX) analyser.

Table |
Thermal treatment of the samples

Sample T[°C] t [min] Regime
1 250 25 flash
2 300 25 flash
3 200 30 ramp
4 250 30 ramp
5 300 30 ramp
6 350 25 flash
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The main emphasis was placed on the characteriza-
tion of sintered Ag layers by means of nanoindentation ex-
periments. Microhardness and other mechanical properties
of sintered Ag layers were measured by instrumented in-
dentation technique using a Fischerscope H100 depth
sensing indentation tester equipped with Berkovich indenter.
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3. Results and discussion

Fig. 1 shows TEM micrographs of Ag nanoparticles
on a holey carbon film. The majority of particles have di-
ameter below 10 nm (Fig. 1a), with a narrow size distribu-
tion. Only sporadic clusters of larger particles were found
(Fig. 1b). Overall quality of this in-house prepared na-
nopowder was better and the particle size smaller than the
one of the commercial nanopowder (Fig. 1c) and the one
of the nanopowder prepared in our laboratory a year ago
using a slightly different method of wet chemical analysis
(Fig. 1d), both reported in our similar previous studies*®.

Fig. 2 shows SEM micrographs of cross sections of
interfacial regions of a selected subset of studied samples.
All samples showed well sintered Ag layers with a small
volume fraction of pores. Only the microstructure of Ag
layer annealed at the lowest temperature of 200 °C reveals
signs of the original powder-like constitution of the layer
(Fig. 2c). Furthermore, the characteristic size of fuzzy ob-
jects in Fig. 2c is substantially larger than the average na-
noparticle size, meaning that we captured an intermediate
stage of sintering with individual nanoparticles fully sin-

Fig. 1. TEM micrographs of in-house prepared Ag nanopar-
ticles (a,b), a commercial product (c) and an older variant of
in-house prepared Ag nanoparticles (d)

LMP 2011
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tered in compact clusters but the clusters incompletely sin-
tered in the macroscopic bulk material.

An increasing thickness of interface layer was ob-
served with increasing temperature of annealing. Series of
EDX analyses across the interface detected high oxygen
content, which corresponds to formation of Cu,O inter-
layer. Comparing pairs of micrographs a vs. d and b vs. e
in Fig. 2, it is seen that “flash” temperature setup produces
(even in a slightly shorter time) more compact and homo-
geneous oxide layers with sharper interfaces and higher
peak values of oxygen content.

The look of cross sections of sintered layers ob-
served in the SEM does not reveal any substantial dif-
ferences compared to previously studied materials after
similar heat treatment*®. However the local mechanical
testing of the layers turned out to be more conclusive. Re-
sults of depth sensing indentation tests are summarized in
Table Il. Each value is the average of at least
40 measurements. Martens hardness HM, indentation
hardness Hir, elastic modulus Er=E/(1-v?), where E is
Young’s modulus and v is Poisson’s ratio, and creep CR
values were obtained at testing load of 5 mN. The creep
values after 5 s dwell time are expressed as the percentage
of the maximum indentation depth.

The results show that the ,,flash“ annealing regime
(samples 1 and 2) leads to slightly better mechanical
properties than the ,,ramp* annealing regime at the same
temperatures (samples 4 and 5). An explanation of this dif-
ference may lie in the time dependence of the intensity of
sintering proces. We suppose that during the slow heating

Fig. 2. SEM micrographs (signal of backscattered electrons)
of Cu/Ag interface in samples 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e),
together with the results of EDX analyses across the interface
in sample 5 (f)
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Table 1l
Results of depth sensing indentation tests

LMP 2011

Sample HM [GPa] Hi[GPa] E;+[GPa] CR [%]
1 0.90+0.10 1.15+0.07  20+2 3.310.9
2 1.08+0.25 1.82+0.15 3743 1.3+0.4
3 0.72+0.12 1.10+0.25 1744 42415
4 0.87+0.14 1.20+0.18  18+4 3.5+1.2
5 1.00+0.46 1.43+0.44 3244 3.0£1.1
6 0.85+0.06 1.07+0.09  35+2 3.0£1.0

up (the ,ramp* regime) individual nanoparticles at some
temperature sinter to bigger clusters and in this stage they
loose all the driving force for easy melting given by their
small size. Further sintering of clusters is more dificult, re-
sulting in pores (observed best in Fig. 2c) and worse me-
chanical properties.

The effect of annealing temperature is stronger than
that of annealing regime. The values in Tab. Il show
a substantial improvement during the annealing tempera-
ture increase from 250 to 300 °C (samples 1 and 4 vs. sam-
ples 2 and 5). The results of indentation tests enabled us to
settle the optimum thermal treatment. The mechanical pa-
rameters of samples 1, 2 and 6 treated in ,flash* regime
showed less scatter than those of samples treated in
»ramp“ regime. The highest hardness and elastic modulus
[Hi=(1.82+0.15) GPa and E;t=(37+3) GPa] were achieved
for sample treated at 300 °C in ,,flash* regime.

The comparison of the values shown in Tab. Il with
the results obtained previously on sandwiches prepared
using a commercial Ag nanopowder* [H;=(0.6+0.2) GPa
and E;r=(35+15) GPa] shows much better mechanical
properties of recently presented Ag layers. The results of
indentation tests of sintered Ag layers of an in-house Ag
nanopowder prepared previously by different procedure
[Hit=(1.25+0.5) GPa and E;t=(35+7) GPa] showed a very
large scatter of measured values because of the heteroge-
neous nanoAg grain size and sample porosity. The de-
crease in particle size to 10 nm and improvement in parti-
cle size uniformity led to well sintered nanoAg layers with
low porosity. Consequently the scatter in mechanical pa-
rameters substantially decreased.

4. Summary

Mechanical properties of sintered layers of Ag na-
nopowder prepared in various annealing regimes were
studied. Comparison between the in-house prepared Ag
nanopowder and a commercial product shows smaller
average particle size and more uniform particle size of the
former. This leads to well sintered nanoAg layers with low
porosity. Consequently the scatter in mechanical
parameters substantially decreases. For Ag nanopowder
the annealing temperature as low as 200 °C is sufficient to
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produce a continuous Ag layer and to form a firm junction
between copper plates. A Cu,O transition layer of in-
creasing thickness is observed at the Cu-Ag interfaces an-
nealed at 200 to 350 °C. Mechanical properties of the sin-
tered Ag nanopowder layer reflect obviously the choice of
annealing temperature. Moreover also other details play
important role, namely the heating rate. The results of
indentation tests enabled us to settle the optimum thermal
treatment. The highest hardness and elastic modulus [Hr=
(1.82+0.15) GPa and E;+=(37+3) GPa] were achieved for
sample treated at 300 °C in fast heating regime.

The financial support was provided by the Czech
Science Foundation (Project 106/09/0700).
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Ag nanopowders were prepared as potential low-toxic
constituents of novel solders by a chemical wet synthesis.
Resulting nanoparticles were characterized using a trans-
mission electron microscope. Model joints, i.e. sandwiches
consisting of thin copper plates with Ag nanopowder inter-
layer were prepared and annealed at various temperatures.
Metallographic cross-sections were studied using a scan-
ning electron microscope. The main emphasis was placed
on the characterization of sintered Ag layers on cross-
sections by means of nanoindentation experiments. Micro-
hardness and other mechanical properties of sintered Ag
layers were measured by instrumented indentation with
Berkovich indenter. Both the mechanical properties and
the observed microstructure were compared with our pre-
vious results obtained on similar materials.
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1. Introduction

Coefficient of friction (COF) of engineering materi-
als may be decreased by application of low-friction nano-
composite nc-WC/a-C coating™?.

The aim of the present investigation was
a microstructure characterization as well as determination
of selected micro-mechanical and tribological properties
(COF, hardness, Young’s modulus, coating’s adhesion to
the substrate) of the nc-WC/a-C coating deposited on high
speed steel by magnetron sputtering.

2. Experimental details

Prior to the coating deposition, the HS6-5-2 high
speed steel (chemical composition is given in Table 1) was
heat treated as follows: heating to 1150 °C with two
5 minutes’ steps (at 550 °C and 850 °C), annealed at
1150 °C for 15 minutes and quenched in oil. In the last
step steel was hold at 550 °C for one hour and cooled
down with the furnace. The nc-WC/a-C coating was de-
posited by magnetron sputtering. The details of coating
deposition are given in ref., An intermediate layer was de-
posited in order to improve the adhesion of the nanocom-
posite coating to steel substrate.

Microstructural investigation was carried out by light
microscopy (LM), scanning- and analytical transmission
electron microscopy (SEM, TEM). The SEM investigation
was performed by Zeiss NEON 1540EsB microscope
equipped in Quantax 200 X-ray Energy Dispersive Spec-
trometer of Brucker. The TEM investigation was per-
formed by JEOL JEM-2010 ARP and FEI Tecnai G2 mi-
croscopes. Specimens for TEM were prepared as cross-
section lamellas by Focused lon Beam (FIB) technique
using Zeiss NEON 1540EsB. Phase identification of the
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coated steel was performed by Selected Area Electron Dif-
fraction (SAED) technique and by X-Ray diffraction
(XRD). XRD investigation was carried out using Siemens
D500 diffractometer (A=1.54 A) on plan view specimens.
The analysis of SAED patterns was supported by JEMS
software®. Surface topography was studied with Atomic
Force Microscope (AFM) Dimension 3000 of Digital In-
struments (using Veeco SNL-10 indenters).

Adhesion of the coating to the substrate was
measured by micro-scratch technique using Rockwell sty-
lus. Scratch-tests were performed under increasing load
(0.03-30 N) and scratch length of 3 mm. The COF of the
substrate-coating system were measured on with a ball-on-
disc apparatus using Al,O3 ball with diameter of 1 mm. In-
dentation hardness and reduced elastic modulus were de-
termined with the CSM Micro Combi Tester (Vickers dia-
mond indenter and load in the range of 10 mN-50 mN).
Indentation data were analyzed by Oliver & Pharr
method?®, (9 indentation tests were performed).

3. Results and Discussion
Microstructure

Investigation of the coating’s microstructure by
SAED and XRD revealed a presence of the W;C phase
(cubic primitive, cp) within the coating. Ferrite and
FesW;C (face centered cubic, fcc) were found in the steel
substrate using Bragg-Brentano (B-B) and Grazing Inci-
dence X-ray Diffraction (GIXRD), incidence angle o,=5°.
The thickness of the coating was measured on SEM micro-
graphs (Fig. 1) as 1.8 pum.

The SEM-EDS investigation showed enrichment of
tungsten in an intermediate layer. The TEM micrograph of
the coating is presented in Fig. 2.

Fig. 1. Microstructure of nc-WC/a-C coating on HS6-5-2 steel,
SEM - cross section
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nc-WC/a-C
coating

Fig. 2. Microstructure of nc-WC/a-C coating on HS6-5-2 steel
and SAED pattern from marked area within the coating as
well as intensity profile from marked line of SAED pattern

The SAED patterns from the coating area exhibited
high blur of diffraction rings due to amorphous structure,
however based on an intensity profile analysis it was pos-
sible to identify W3C phase (a peak 111 ring is clearly visi-
ble).

The nc-WC/a-C coating had a columnar structure
which was observed on FIB prepared lamellas as well as
on cross section thin foils prepared by Precision lon
Polishing System (PIPS). HRTEM investigation of similar
coating deposited on titanium alloy revealed that micro-
structure consisted of different nanocrystaline tungsten
cartéides (size of 2-5 nm) embedded in an amorphous ma-
trix°.

The thickness of the intermediate layer present be-
tween the coating and substrate was measured on TEM
foils as 50 nm.

The surface topography analysis was carried by AFM
in areas of 50 um x 50 um. The results indicated high sur-
face development: surface area factor, SAF=1.0577, root
mean square R;=14.7 nm and center line average height
R.=10.5 nm.

Mechanical properties

Coating hardness measured at 10 mN and 50 mN
loading was similar and equal to about 12.5 GPa, reduced
Young modulus was about 199 GPa.

The investigated coating had a relatively good adhe-
sion to the substrate. First cohesive cracks appeared at
relatively low load of 4 N during scratch test. However the
adhesive cracks were formed at load of 24 N. It was found
that the nanocomposite nc-WC/aC coating significantly
decreased COF from 0.7 for an uncoated steel to 0.1 for
the coated one.
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4, Summary

The nc-WC/a-C coating was deposited on HS-6-5-2
high speed steel by magnetron sputtering. Thickness of the
coating was measured as 1.8 um. The coating consisted of
nanocrystalline W;C carbides embedded in an amorphous
C matrix. The coating had a good adhesion to the steel
substrate. The coating decreases COF and improves wear
resistance properties of the steel.

The authors acknowledge financial support from the
National Centre for Research and Development (NCBIR)
under MNT ERA-NET HANCOC project (no 402/ERA-
NET/2009).
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One possibility to improve friction properties of steel
is deposition of nanocomposite coating. In this work the
nanocomposite nc-WC/a-C coating was deposited on high
speed H6-5-2 steel by magnetron sputtering. Microstruc-
ture investigation of the coating and the substrate were
performed by means of scanning- and transmission elec-
tron microscopy (SEM, TEM) as well as X-ray diffrac-
tometry (XRD). It was found that the coating, 1.8 um
thick, was consisted of the W3C phase (cubic primitive)
embedded in an amorphous matrix. Selected properties
(coating adhesion to the underlying substrate, reduced
Young modulus, microhardness, coefficient of friction and
wear resistance) were determined. The hardness of the
coating was much higher than steel hardness. The nc-WC/
a-C coated steel exhibited and lower coefficient of friction
then the uncoated steel.
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1. Introduction

Silicon carbide (SiC) is a promising material for
a variety of mechanical and high temperature applications
as well as for use in microelectromechanical systems
(MEMS) due to its excellent physical, chemical and me-
chanical properties.

SiC films and coatings are one of the most commonly
used forms of SiC as a functional material, especially due
to low costs and relatively simple preparation.

Amorphous hydrogen-free silicon carbide coatings
(a-SiC) exhibit a variety of attractive properties, such as
high hardness and wear resistance, low intrinsic stress,
good thermal stability and adhesion to steel substrates.
Furthermore, their high hardness can be reached by
performing deposition at room temperature that is
technologically beneficial. On the other hand, they possess
high coefficient of friction, especially in comparison with
carbon-based coatings®~.

Various practical applications of thin films and
coatings require specific combinations of their mechanical
properties like hardness, toughness, wear resistance, coef-
ficient of friction and others that can often be hardly com-
patible. In this respect the interrelationship between depo-
sition conditions, composition, structure and mechanical
properties is a key issue.

The aim of this paper is to outline how the deposition
conditions of DC magnetron sputtering affect mechanical
properties (hardness, modulus of elasticity and coefficient
of friction) of amorphous and nanocrystalline SiC thin
films and how to prepare SiC films with specific combina-
tions of mechanical and tribological properties. The first
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part deals with the effect of substrate bias and temperature
whilst the second part with carbon concentration. The
hardness of the films is also compared with the corre-
sponding single crystal.

2. Experimental details

Amorphous and nanocrystalline SiC films were de-
posited by DC magnetron sputtering using the Leybold-
Heraeus Z 550M sputtering plant. The target-substrate dis-
tance was 50 mm and the discharge power was typically
300 W. All the films were prepared on the Si(111) sub-
strates except the films for tribological tests that were de-
posited on steel substrates.

In the first case DC sputtering of hot pressed conduc-
tive SiCy, target in argon at pressure of 0.5 Pa was used.
Hydrogen-free a-SiC films were deposited on grounded or
biased substrates. A bias voltage ranging from 0 to -160 V
was applied at deposition to unheated substrates using
13.56 MHz power source. Some films were deposited on
substrates preheated to temperatures of 200, 400, 600 and
750 °C.

In the second case amorphous hydrogenated silicon
carbide films (a-SiC:H) were sputtered from SiC,; target
in the gas mixture of argon and CH,4. Flow rate of CH4 was
changed from 0 to 12 sccm in order to prepare films with
various carbon concentrations, corresponding CH4/Ar ratio
varied in the range of 0-48 %. Bias voltage of -55 V was
applied on the unheated substrates.

The film structure was studied by micro-Raman spec-
troscopy. Composition was investigated using electron
probe X-ray microanalysis (EPMA). Internal stress was es-
timated according to the Stoney’s classical formula®.

Nanoindentation was performed using the Nano-
Test™ NTX system in a load controlled mode with a cali-
brated Berkovich tip. Indentation Hardness and reduced
modulus were determined from nanoindentation curves
using the analysis by Oliver and Pharr®. The peak load of
20 mN was chosen in order to ensure fully plasticity and
minimize the influence of surface roughness and other ef-
fects related to the shallow indents, whilst ensuring that
the maximum depth did not exceed ~13 % of the film
thickness. So the presented hardness and elastic modulus
values can be considered as film-dominated. The average
values of hardness and reduced elastic modulus were cal-
culated from 5 independent measurements. The reduced
indentation modulus E, that takes into account also the
elastic deformation of the indenter is defined as

1 1)

EI’

112 1—vi2
E E;

where E and v, and E; = 1141 GPa and v = 0.07, describe
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the elastic modulus and Poisson’s ratio of the sample and
the indenter, respectively.

Pin-on-disc tribometer with alumina ball with diame-
ter of 6 mm was used for investigation of coefficient of
friction. Samples were tested at normal load of 5N and
sliding velocity of 1 cm s™ for a sliding radius of 5 mm.
Each test consisted of 2000 cycles.

3. Results and discussion
3.1. Hydrogen-free amorphous SiC films

Thickness of the hydrogen-free SiC films deposited in
pure argon varied in dependence on deposition conditions
in the range of 3.2-4.4 um. The carbon concentration
changed only slightly with the changing substrate bias or
temperature and was approx. 52 at.% for all of the films.
That means that the change of mechanical properties is
linked with the change of the film structure.

Raman spectroscopy pointed out that all of the inves-
tigated films are amorphous except the film deposited at
750 °C, where traces of crystalline phase were revealed.

Indentation hardness and reduced modulus of a-SiC
films deposited on unheated substrates as a function of
negative substrate bias are shown in Fig. 1. As can be seen
hardness and reduced modulus decrease with increasing
bias voltage. Compressive stress of these films initially in-
creases to 1.4 GPa along with increasing bias voltage up to
—100 V and then decreases.

These effects are connected with the creation of nu-
merous point defects and reduction of the short-range or-
der and strength of interatomic bonding due to the ion
bombardment. The influence of increasing Ar concentra-
tion in the films is also probably involved®.

Increase of substrate temperature during deposition
results in gradual increase of indentation hardness as well
as reduced modulus as can bee seen from Fig. 2. This posi-
tive correlation between hardness and modulus is well
known for hard coatings and has been frequently reported
in the literature”®. Increase of deposition temperature
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Fig. 1. Indentation hardness and reduced modulus of S
films as a function of substrate bias

LMP 2011

Regular Papers

300

+ 290

—+ 280

+ 270

+ 260

T 250

Indentation hardness [GPa]
Reduced modulus [GPa]

0 200 400 600 800

Substrate temperature [°C]

C

Fig. 2. Indentation hardness and reduced modulus of S
films as a function of substrate temperature

simultaneously leads to the monotonous decrease of com-
pressive stress in the films and improvement of the atomic
short-range order and the bonding between the clusters®. It
should be noted that the film deposited at 750 °C, where
the partial crystallization of SiC takes place inside the
amorphous matrix, posses hardness of 40 GPa that is sig-
nificantly higher in comparison with approx. 36 GPa of a-
SiC(001). The details are given in ref.™.

3.2. Hydrogenated amorphous SiC films

Although the amorphous SissCs, films possess high
hardness, they also exhibit very high coefficient of friction
of approx. 0.7.

It is well known that for good tribological perfor-
mance the weak bonding between contacting surfaces and
low surface roughness are required. In the case of amor-
phous carbon based films the former is fulfilled due to the
layered structure with weak van der Vaals bonding be-
tween layers®. The surface roughness of amorphous films
is generally lower than for crystalline ones.

The a-SiC films with various excess of carbon were
deposited by adding CH4 to Ar during deposition at bias
voltage of -55 V in order to investigate the possibilities of
reduction of coefficient friction. Such approach allowed to
limit a content of hydrogen in the films in comparison to
other deposition methods*.

Fig. 3 describes the indentation hardness and reduced
modulus of a-SiC:H films with thickness of 1.9-2.5 um as
a function of carbon concentration. As the carbon content
increases from 52 at.% to 92 at.% the hardness and modu-
lus decreases from 23 to 10 GPa and from 222 to 97 GPa,
respectively. Increase of carbon concentration also leads to
reduction of compressive stress from 1.1 to 0.3 GPa. It is a
result of atomic bonds termination by hydrogen that de-
creases the number of eventual cross-links in the atomic
network®.

The hydrogen concentration in the investigated films
was estimated from the analysis of the Raman spectra
using empirical relation originally presented for hydro-
genated amorphous carbon'. It revealed that hydrogen
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concentration is approx. 26-28 at.% for the films with car-
bon concentration above 67 at.%, i.e. for films deposited at
higher CH, flow rates.

Results of Pin-on-disc experiments are summarized in
Fig. 4. One can see an initial dramatic decrease of coeffi-
cient of friction from 0.7 to 0.15 with increase of carbon
concentration in the films from 52 to 62 at.%. Further in-
crease of carbon content results only in moderate reduction
of friction coefficient. This decrease of friction is probably
connected with the raising number of a-C:H clusters and
passivation of dangling bonds in the a-SiC:H clusters by
hydrogen or its radical groups.

4. Conclusion

The paper demonstrated how appropriate choice of
deposition parameters (substrate bias and temperature) can
lead to the production of a-SiC films with various me-
chanical or tribological properties.
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It has been presented that indentation hardness and re-
duced modulus of hydrogen-free a-SiC decrease with in-
creasing bias voltage, whilst they grow with increasing
temperature.

First traces of crystallization were observed for the
film sputtered at 750 °C with hardness of 40 GPa. Such
high hardness exceeding the a-SiC single-crystal is linked
to the nanocrystalline structure of the film.

Friction coefficient of a-SiC:H films was optimized
by changing the carbon concentration. The film deposited
in pure Ar (52 at.% of C) exhibits value of 0.7. Increase of
carbon concentration leads to gradual decrease of hardness
in the whole range from 52 to 91 at.%, whilst friction coef-
ficient drops dramatically already at small addition of ex-
cess carbon (62 at.%) and then decrease slightly.

Thus using appropriate deposition conditions it is pos-
sible to prepare a-SiC:H films with sufficiently high hard-
ness of approx. 19 GPa and a low coefficient of friction of
approx. 0.15.

This work has been supported by the Operational
Program Research and Development for Innovations -
European Regional Development Fund
(CZ.1.05/2.1.00/03.0058) and co-financed from the
Operational Program Education for Competitiveness -
European Social Fund (project CZ.1.07/2.3.00/20.0017) of
the Ministry of Education, Youth and Sports of the Czech
Republic and by the Technology Agency of the Czech
Republic (TA01010517).
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Sciences of the Czech Republic, Praha, °New
Technologies-Research  Centre, University of West
Bohemia, Plzesn, Czech Republic): Effect of Deposition
Conditions on Mechanical Properties of Magnetron
Sputtered SiC Thin Films

The interdependence of mechanical properties
(hardness, elastic modulus, internal stress, coefficient of
friction), structure and composition of various amorphous
and nanocrystalline DC magnetron and DC reactive mag-
netron sputtered SiC a SiC:H films was studied.

Composition was determined by electron micro
analyses and structure was investigated using Raman spec-
troscopy. Indentation hardness and reduced modulus were
measured by instrumented nanoindentation, the coefficient
of friction was evaluated using pin-on-disc method.

It has been shoved that mechanical and tribological
properties of a-SiC are strongly influenced by conditions
of deposition process. Using appropriate deposition setup
it is possible to obtain superhard nanocrystalline films with
hardness of 40 GPa (higher than a-SiC) as well as films
compromising high hardness (approx. 19 GPa) and rela-
tively low friction (approx. 0.15).
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1. Introduction

The article deals with monitoring of degradation of fi-
bre reinforced thermoplastic matrix composite under cy-
clic loading. The investigated material is composed of
polyphenylensulfid matrix and carbon fibres arranged
symmetrically in 8 plies with three different fibre orienta-
tion (0, 45 and 90 degrees). The material is widely used for
secondary, i.e. non-structural elements in aircraft industry.
The main aim of the presented work is to correlate ob-
served microstructural changes to measurable morphomet-
ric properties and the number of applied load cycles.

2. Materials and methods
Fatigue loading

Four specimens of carbon fibre reinforced polymer*
(CFRP) were subjected to cyclic loading. The investigated
specimens were prismatic, with rectangular cross section
(dimensions 12.5x2.5mm) and length 125 mm. The di-
mensions were chosen due to limited dimensions of
working chambers of used microscopes. The cyclic
loading was carried out using loading device Instron 1293
(Instron, Nordwood, US) in three-point bending arrange-
ment>3, For the cyclic loading sinusoidal run of the
loading force was used. The upper limit of deflection was
5 mm. Frequency 5 Hz was chosen for the cyclic loading
to avoid heat accumulation®® in the tested specimens. Af-
ter selected numbers of loading cycles the surface of the
specimens was observed by scanning electron microscope
(SEM) and laser scanning confocal microscope (LSCM).
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Surface analysis

Using confocal microscope LEXT OLS 3000
(Olympus Corporation, Tokyo, Japan) surface profile was
scanned and images (dimensions 2250x9150 pm) were ob-
tained (1 px in the images corresponds to 9 um). Infor-
mation about the surface was obtained in form of two-
dimensional matrix containing ascertained heights. Each
image was divided into several regions of interest®
(dimensions 500x500 wm) and in these regions roughness
characteristics were estimated (described in detail by Du-
dikova’).

A scanning electron microscope MIRA LMU
(TESCAN, a.s., Brno, Czech Republic) was used for ob-
servation of degradation processes on the surface of inves-
tigated specimens. The images were acquired in high vacu-
um mode using secondary electron detector. Images with
magnification 1000x were used to assess of changes on the
samples* surface.

3. Results
Roughness evolution

Surface characteristics were estimated in 4 states
during the test process. Evolution of the average roughness
is depicted in Fig. 1 and in Fig. 2. Increasing indicators of
the surface roughness were observed with increasing num-
ber of loading cycles.

SEM inspection

SEM was employed to observe changes on the specimens'
surface. Free edge of the specimen in four steps of the fa-
tigue loading is depicted in Fig. 3. The images were ac-
quired with magnification 1000x (white bars correspond to
100 pm).

Average surface roughness [um]

1 10 100 1000 10000

Number of cycles

Fig. 1. Average surface roughness (R,)
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Fig. 3. Free edge of specimen: intact (a) and 10? (b), 10° (c)
and 10 (d) cycles
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4. Conclusions

In this preliminary analysis degradation monitoring of
CFRP composite using surface roughness measurements was
performed. The increase of surface roughness observed with
increasing number of loading cycles indicates at the level of
micromechanics changes in fibre-matrix interface and also
changes in the matrix structure itself. Increasing values of R,
are connected with detachment of matrix from the fibers and
increasing values of R, show degradation of the matrix.
Obtained results of surface analysis correspond with result of
SEM inspection performed after distinct steps of the fatigue
loading. The SEM images show decreasing surface quality
with higher number of loading cycles (both in detachment of
fibres and changes in the matrix).

The research has been supported by Grant Agency of
the Czech Technical University in Prague (grants No.
SGS12/205/0HK2/3T/16 and SGS10/227/0HK1/2T/31),
research plan of the Academy of Sciences of the Czech re-
public AV0Z0710524 and research plan of the Ministry of
Education, Youth and Sports MSM6840770043.
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The article deals with monitoring of degradation of
carbon fibre reinforced polymer (CFRP) under cyclic
loading. The investigated material is composed of poly-
phenylensulfid matrix and carbon fibres. Four specimens
were subjected to repeated cyclic loading. During the fatigue
loading surface of tested specimens was observed by
scanning electron microscopy (SEM) and laser scanning
confocal microscopy (LSCM) to obtain surface roughness
characteristics and micrographs of surface morphology. With
increasing number of cycles the measured surface
characteristics showed increasing surface roughness indi-
cating at the level of micromechanics detachment of matrix
from the fibers and also changes in the matrix structure itself.
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1. Introduction

Regarding economic and ecological requests the main
appeal for design, material science and production tech-
nology engineers is car’s body parts weight decreasing.
Car’s body components design strategies are fixed to opti-
misation of material selection from aspects of both weight
minimisation at first and preservation or improvement of
functional properties (safety, power, fuel consumption,
comfort, etc.)*. ULSAB studies show weight decreasing
potential of steel sheets components consists in lower
thickness steel sheets application with higher strength
properties and combined laser welded tailored blanks from
these steel sheets (Table 1).

Application of steel sheets with lower thickness and
higher strength properties leads to technological charac-
teristics of formability downgrading. Formability, or
reached deformation degree (limit value) in sheet plane,
respectively necking of cup wall thickness depends on ma-
terial properties, stress-strain state, initial blank thickness
and strain rate — Fig. 1 (ref.>?%).

Stress state in sheet plane can be expressed by main
stresses ratio a = o,/c; and strain state by main defor-
mations ratio B = &y/e; (Fig. 2), where first main (major)
deformation ¢; > 0, second main (minor) deformation ¢, <
Ooreg>0.

Table |
Comparison of car’s body parameters produced form dif-
ferent steel sheets

Weight Torsional
[ka] stiffness
[°/Nm]
Car’s body based on typical
high strength steels 300 >15 000
ULSAB 210 > 19 000
Car’s body skeleton based on 160 5 25 000

austenitic steel sheets

5401

Fracture Tearing
m . =1 Fracture
4 :—f::
YA

Failure zone
Forming
window

Fig. 1. Sheets formability window*

Fig. 2. Stress-strain states at stamping

At certain combination of major and minor defor-
mations ¢; and ¢, in sheet plane localised deformation in
critical area occurs, i.e. local narrow area occurs (neck),
followed by fracture. Level of combination of major and
minor deformations in sheet plane before localised defor-
mation (before local narrowing) creates limit between
good drawn parts — B point and failure drawn parts —
A point. This dependence of limit deformations &1, and &
in sheet plane is known as Keeler-Goodwin forming limit-
ing diagram — FLD. Nowadays forming limiting curves
(FLC) are considered as inseparable formability character-
istic of steel sheets, because they quote development of de-
formation depending on time and also allows identifying
deformation mechanism depending on strain state.

Position of FLC curve in FLD diagram depends not
only on material properties, stress-strain state, but also on
initial blank thickness, strain rate and friction between
blank-die contact surfaces. As it is shown in Fig. 1, maxi-
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mal major deformation ¢ is located at areas near to g, =
* &,. When g = — &, wrinkling occurs at pressings produc-
tion. At crash situations wrinkling occurs first followed by
fracture after overloading of limit fracture deformation.
The lowest values of major deformation & are reached in
areas where minor deformation ¢, = 0. In area from g, = —2¢,
to g1 = &, fracture occurs after local necking due to tensile
stresses acting.

2. Methods of experimental research

Within last 50 years there was a lot of experimental
work done and big effort invested in analytic and experi-
mental creation of forming limit curves*>*®. In this contri-
bution there are presented results of limit deformation re-
search by application CCD video camera recording and by
numerical simulation.

As experimental materials were used austenitic stain-
less steel sheet DIN 1.4301 and deep drawing quality steel
sheet DX54D. Their chemical composition and mechanical
properties are shown in Table Il and Table I11.

Localised plastic deformations were researched at de-
formation states within interval g = (-1/2;0). Deformation
schemes were modelled on tensile test specimens with dif-
ferent notch radii - R5, R10, R17.5 and R25. Local limit
deformations at experiments were researched using circle
deformation grid (I, = 2 mm) etched on test specimens.

Testing machine TiraTEST 2300 was used and load
velocity was set to 10 mm/min. Change of specimen’s di-
mensions and grid’s shape in notch area was contuinuous-
ly recorded by CCD camera. Local limit deformations ¢; =
11/lg, & = lo/ly were calculated and evaluated by software
Matlab’s Image Processing Toolbox™®. Used video-
recording method also allows research all deformation his-
tory from test start to specimen fracture.

Deformation net dimensions were evaluated before

Table 1l
Chemical composition of experimental materials [%]

Material C Mn  Si P S Al N

DX54D 0.05 0.2 0.02 0.009 0.01 0.049 0.006
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DIN 0.07 20 1.0 0.045 0.03 Cr Ni
1.4301 19 10
Table 111
Mechanical properties in 90° of rolling direction
Material 0.2% uTsS K Ngo loo
YS [MPa] [MPa] [-] [-]
[MPa]
DX54D 184 311 487 0215 159
DIN 273 621 1491 0515 0.99
1.4301
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deformation (initial state), before crack occurred (limit
state) and after crack occurred (specimen fracture) — see
Fig. 3. Following assumptions were considered to define
limit state of deformations based on deformation history:
homogeneous deformation occurs in the first phase,
deformation history is linear &1; = Bi.(€2i) N Bir = Bi,
localised deformation (diffuse necking) occurs at the
second phase under constant loading, deformation
history isn’t linear &= Bi.(—€2)) N Br2> Pin-t,

at the third phase localised neck (local necking) oc-
curs of width 2.ay and sudden drop of loading force is
recorded, followed by fracture, where g1n_1 < &1, N €211
= &1 N Ppog =< Py

Deformations evaluated from net dimensions at the

Fig. 3a. Etched deformation net

net before specimen cracking

Fig. 3b. Deformation
after specimen cracking

Fig. 4a. Meshed  specimen
in numerical simulation

Fig. 4b. Limit state of major
strain in numerical simula-
tion

end of the second phase were defined as limit defor-
mations; deformations evaluated in the third phase aren’t
useful for application at stamping processes, because frac-
ture occurs — Fig. 3b.

Numerical simulation of necked specimens was done
using Pam Stamp 2G simulation software. Specimen’s
models were defined and simulation set-up was done in
pre-processing.

Specimen’s models were created using 3D CAD/
CAM software Pro/Engineer and exported into simulation
software in neutral format igs. In Pam Stamp 2G meshing
module specimens were meshed to square finite elements
with dimension 2 mm — Fig. 4a. Following input data were
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set up in Pam Stamp 2G preprocessor:

basic material data (density, Young's modulus, Pois-
son's constant,

blank thickness,

strain-hardening curve defined by Hollomon’s law
according to data shown in Table 111,

Lankford’s coefficients in directions 0°, 45° and 90°
to rolling direction, as definition of sheet normal ani-

LMP 2011
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sotropy,

rolling direction 0° in longitudinal axis of specimens,
Yield law defined by Hill 48 model.*’

Visualisation of computed data (post processing) al-

lows displaying major ¢; and minor o, stress distribution,
major g and minor &, strain distribution, wall thickening,
variation of forces, deformation energy etc. Localised de-
formation was researched in postprocessor by visualisation
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of major g and minor g, engineering deformations —
Fig. 4b. Fig . 5 shows deformation paths of selected defor-
mation net element with computed limit forming limit
curves FLC for both materials.

A comparison of Fig. 5 and Fig. 6 shows there is good
agreement between experimentally measured FLC and
FLC computed by numerical simulation.

3. Reached results and discussion

The measured results of plastic deformation distribu-
tion from tensile test of necked specimens shows the de-
formation history is linear to the limit values described by
FLC (Fig. 5). To define the limit formability conditions are
important limit deformations in the sheet plane or limit
values of material thinning before the plastic deformation
localization — neck creation. If we put a curve through the
points where there is a significant change of line slope (the
critical value of deformation), we get the left part of the
FLC. Comparing the FLC defined for austenitic steel sheet
(material DIN 1.4301 — Fig.5) and ferrite steel sheet
(material DX54D) the FLC is situated higher the higher
values of elongation and strain hardening exponent are.
The values of these material characteristics are in the aus-
tenitic steel sheets larger than the values in low carbon
steel sheets — material DX54D / Table Il. The measured re-
sults show that the position of the FLC isn’t affected by
normal anisotropy ratio (austenitic steel sheet r = 1, low
carbon steel sheet r = 1.8). Reached FLC comply with pre-
sent knowledge®®. The finding that the position of FLC
depends largely on the elongation and strain hardening ex-
ponent confirmed the results obtained with strain rate ¢ =
0.0083 s™. When changing the strain rate from 0.0007 s
to 0.0083 s™ approximately 1 % shift for the material
DIN1.4301 as well as for the material DX54D was
reached. When changing the strain rate from 0.0007 s™ to
0.0083 s, the decrease in elongation of about 3 % for aus-
tenitic steel sheet as well as the slight decrease in elonga-
tion of about 2 % for drawing quality low carbon steel
sheets was also recorded”.

As it was mentioned FLC reached by experimental
measurement and by numerical simulation shows good
agreement. Further research should be focused on the
analysis of material models in relation to the FLC.

4, Conclusion

New materials bring to vehicles construction new
ways to improve their performance — passenger’s safety at
crash situations, weight loss, etc. Achieved results show
the austenitic steel sheets should be included in these ma-
terials.

The virtual simulation is commonly used in the de-
sign of different variants of design solutions for vehicles
and their components as well as in the design of produc-
tion. In the simulation is necessary to respect the require-
ments of functionality and manufacturability, which are
defined by material properties and used simulation soft-
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ware. Functionality requirements are defined by material
properties in elastic-plastic area. In crash situations and
manufacture of car components by stamping is necessary
to supplement this data with data allowing to predict the
localization of plastic deformation followed by fracture.
Localised plastic deformation for different stress-strain
states can be described by FLC. This paper presents
a procedure for determining the FLC by video-camera re-
cording and by numerical simulation. Comparing the FLC
at different stress-strain states follows that FLC for aus-
tenitic steel sheet is situated higher than FLC for low car-
bon steel sheet. It means austenitic steel sheet shows better
formability and ability to absorb impact energy.

This contribution was working out with the support
of the grant project VEGA 1/0824/12.
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E. Evin, M. Tomas, and J. Vyboch (Department of
Technologies and Materials, Faculty of Mechanical Engi-
neering, Technical University of Kosice): Prediction of
Local Limit Deformations of Steel Sheets Depending on
Deformation Scheme

Paper presents study results of localised deformation,
described by FLC, at different deformation schemes. FLC
are used for fracture prediction at crash and formability
tests in automotive industry. In experiments were used two
types of steel sheets: hot deep galvanized steel sheet
DX54D and austenitic stainless steel DIN 1.4301. Limit
localised deformations were researched by experimental
tests (CCD video camera recording) and numerical simula-
tion. Deformation schemes were modelled on tensile test
specimens by different notch radii (R5, R10, R17.5, R25).
Reached forming limit curves from experiment and simu-
lation were compared. There was shown good agreement
of FLC experimentally measured and computed by nu-
merical simulation.
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THE INFLUENCE OF ISOTHERMAL ANNEALING ON DEGRADATION
OF MECHANICAL PROPERTIES OF HOMOGENEOUS WELDMENT
OF THE 9Cr-Mo STEEL

LADISLAV FALAT, ANNA VYROSTKOVA, Table |

JAN KEPIC, and LUCIA CIRIPOVA Chemical composition [wt.%)] of CB2 steel BM and WM
Institute of Materials Research, Slovak Academy of C Si M Cr Ni Mo v
Sciences, Watsonova 47, 040 01 KoSice, Slovak Republic BM 012 029 08 914 022 15 0.19
jkepic@imr.saske.sk WM 011 045 065 91 07 13 024
Ti Al Co Nb B N Fe
BM 0002 0006 065 006 0012 0020 Balance
Keywords: 9Cr-Mo creep-resistant steel, homogeneous WM 001 001 109 006 0003 0028 Balance

weldment, hardness, impact toughness, fracture mode

3. Results and discussion
1. Introduction Typical microstructural gradient of the studied weld-
ment is shown in Fig. 1.

With respect to the existence of microstructural gra-
dient, the hardness profiles were determined to charac-
terize the individual regions in all experimental states (see
Fig. 2).

The highest hardness in the coarse-grained HAZ re-
gion next to WM can be attributed to the presence of
»fresh”, carbon-enriched martensite, formed during the

The weldments of 9Cr-Mo martensitic/ferritic creep-
resistant steels are commonly used in construction of
steam boilers of power generating plants™®. It is well-
known that the microstructure of individual regions of
welments, namely weld metal (WM), fusion zone (FZ) and
heat-affected zone (HAZ), depends on location (distance
from weld center-line) and reached peak temperature
during welding. The thickness of HAZ basically depends
on heat input and thermal conductivity of base material I B —
(BM). The weldments of 9Cr-Mo steels require the appli- I Rk Wi\
cation of post-weld heat treatment (PWHT), typically in
the range from 720 to 760 °C. Requirements on the weld-
ments of creep-resistant steels include besides their high
cree;s)-strength also suitable hardness and sufficient tough-
ness”.

The aim of present work is to study the influence of
isothermal annealing on the mechanical properties and
fracture behaviour in the individual locations of homoge-
neous weldment of the 9Cr-Mo ,,CB2* steel.

2. Experimental material and procedure Fig. 1. Microstructural gradient of CB2 weldment
Two bulk pieces (wall thickness 92 mm) of the weld-

ment of CB2 steel were obtained in the Post Weld Heat 280 - ,

Treatment (PWHT) state (730 °C / 24 h / furnace cool) BM| HAZ | wmMm

within the framework of COST Action 536 project. The 260 : ;

chemical composition of CB2 steel BM and WM is shown =) 240

in Tab. . The weldments were annealed at 625 °C for 2

107000 and 307000 h, respectively. Afterwards the weld- @ 200

ments were cut into smaller pieces for metallographic _§

analysis and mechanical testing. Vickers hardness (HV10) § 200 ——AR

and Charpy V-notch impact toughness (CVN) were 625 °C, 10 kh

measured at room temperature (RT) in WM, HAZ and BM 180 625 °C, 30 kh

for the as-received (AR) state and both annealed states. 160 : :

The CVN tests of the samples after 30 kh annealing were -6 -4 -2 0 2 4 6

performed also at 100 °C. Fracture surfaces of the samples Distance from fusion line [mm]

after impact testing were analysed by scanning electron )

microscopy (SEM). Fig. 2. Cross-weld hardness of the CB2 weldment
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welding. The lowest hardness was measured in the inter-
critical HAZ close to BM as a result of ,,double-tempering
effect” of original martensite and back transformation of
unsaturated austenite to the fine-grained ferrite®. Apart
from hardness tests, Charpy V-notch impact toughness
tests (CVN) were carried out (see Tab. I1).

Table Il
Results of CVN impact toughness tests

LMP 2011

Average CVN [ J.cm-?] (material state / testing condition)

\oNcgtt‘izgn (AR/RT) (10kh/RT) (30 kh /RT) (30 kh /100 °C)
BM 48 18 24 57
HAZ 40 18 18 30
WM 67 22 24 56

The coarse-grained HAZ region exhibits the lowest
CVN values in all experimental states which can be as-
cribed to the presence of coarse prior austenite grains in
this location. In contrast, the highest CVN values were
measured in WM due to the presence of oxide inclusions
which promote the formation of dimples during defor-
mation. Compared to the AR state, CVN values rapidly de-
crease after the long-term annealing which can be at-
tributed to the thermal degradation of microstructure®.
However, the small differences in CVN values between
the annealed states are caused by the similar level of their
microstructure degradation.

Fig. 3 compares the fracture characteristics of CVN
samples with notch in WM after RT impact test, in the AR
state (Fig. 3a) and after the annealing (Fig. 3b).

The fracture in Fig. 3a can be characterized by a
presence of cleavage facets and ductile dimples. In con-
trast, the fracture in Fig. 3b is almost fully formed of trans-
granular cleavage.

Fig. 4 compares the fracture characteristics of CVN
samples in the annealed state after the impact test at 100 °C
with notch location in WM (Fig. 4a) and in coarse-grained
HAZ (Fig.4b). The fracture mode in Fig.4a is
characterized by ductile dimple tearing. Such manifes-
tation of fracture behaviour at increased temperature can
be generally related to the thermally enhanced plasticity
via increasing mobility of free dislocations in the lattice.
The appearance of fracture surface of the CVN sample

Fig. 3 Fracture surface of CVN sample with notch in WM
after RT impact test in the AR state (a) and after annealing at
625 °C for 30 kh (b)

Regular Papers

Fig. 4. Fracture surface of CVN sample in the annealed state
(30 kh at 625 °C) after the impact test at 100 °C with notch
location in WM (a) and in coarse-grained HAZ (b)

tested at 100 °C indicates that the impact test was carried
out above the brittle-to-ductile transition temperature
(BDTT). However, the brittle character of fracture from
the HAZ region (Fig. 4b) tested also at 100 °C indicates
the strong influence of local thermal degradation on the re-
sulting mechanical behaviour.

4. Conclusion

The determination of local mechanical properties
such as hardness and impact toughness of the studied
welded joint of CB2 steel revealed significant differences
in the individual locations in different experimental states
after thermal exposure.

The present work was supported by the European in-
ternational collaborative project COST Action 536 and the
Slovak national project VEGA 2/0128/10.
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(Institute of Materials Research, Slovak Academy of Sci-
ences, KoSice, Slovakia): The Influence of Isothermal
Annealing on Degradation of Mechanical Properties of
Homogeneous Weldment of the 9Cr-Mo Steel

This paper deals with characterization of hardness
(HV10), impact toughness (CVN) and fracture behavior in
the individual locations of thermally exposed weldment of
9Cr-Mo creep-resistant steel. The variation of mechanical
properties strongly depends on the duration of thermal ex-
posure and testing temperature. The observed differences
in fracture characteristics of the individual regions and ma-
terial states correspond well with their different local me-
chanical properties.
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1. Introduction

Recently graphene, a monolayer of sp2-hybridized
carbon atoms arranged in a two-dimensional lattice, with
exceptional thermal, mechanical, and electrical properties
has attracted tremendous attention. This material exhibits
exceptional electrical, mechanical and thermal properties.
Recently a new cost effective, high quality carbon based
filamentous was developed in the form of graphene plate-
lets (GPL) also called graphene nanoplatelets (GNP) or
multilayer graphene nanosheets (MGN), which is an alter-
native to the more expensive nanotubes and monolayer
graphene. Walker et al’applied graphene to enhance the
toughness of bulk silicon nitride ceramics. They found that
the ceramics fracture toughness with 1.5% graphene in-
creases from 2.8 MPa m®® to 6.6 MPa m®®. The aim of this
contribution is to investigate the influence of the addition
of various kinds of graphene platelets on the fracture
toughness and toughening mechanism of SisN, — GPLs
composites.

2. Experimental part

Different types of GPLs/multilayer or few-layer
graphene were used as reinforcement material for SizN,
matrix as multilayer graphene (MLG) nanosheets prepa-
red by mechanical milling methode, commercial exfoli-
ated graphite nanoplatelets (xGnP-M-5 and xGnP-M-25)?
and nano graphene platelets (Angstron N006-010-P)*. The
specimens were processed by hot isostatic pressing (HIP)
performed at 1700 °C by a two-step sinter-HIP method at
20 MPa, with 3 h holding time.

The tests of the microhardness (Leco Instruments)
and hardness were performed by the Vickers indentation
method at loads from 9.81 N to 150 N. The small speci-
men size did not allowed to use standard fracture tough-
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ness test, therefore indentation fracture toughness testing
was performed at loads of 147 N using a Vickers indenter,
and the K¢ was calculated using the Shetty equation®:

Kicina = 0.0899 (H.P/41)*° "

where H is the hardness, P is the indentation load, | = c-a
is the length of the indentation crack.

Serial sectioning has been used for the characteriza-
tion of indented crack systems. Microfractography was
used to study the fracture lines and surfaces of the speci-
mens and to identify the fracture micromechanisms in the
monolithic material and in the composites. This study was
realised by SEM analysis (Jeol JSM 700).

3. Results

Fractography study showed that in the present SizN, —
GPLs composites no clusters were found with globular shape
and the GPLs are relatively homogenously distributed in all
systems, Fig. 1a. Beside separated platelets there are often
two or more platelets stuck closely together on the plane
parallel with the plane of the graphene sheets, Fig. 1b.

Fig. 1. Distribution of the multilayer graphene nanosheets in
the SisN, matrix - a, stuck nanosheets — b

The hardness and indentation fracture toughness of
the investigated materials are illustrated in Tab. I.

According to the results beside the system reinforced
by multilayer graphene nanosheets all composites exhibit
lower hardness in comparison to the hardness of monolith.
The lower hardness of these composites compared to the
monolithic material is mainly dependent on the residual
porosity that remains in the material after the sintering,
similar to that observed in other investigations®. The
highest hardness for the mentioned system can be ex-
plained by the lowest porosity and lower grain size of the
matrix in comparison to the other composites and to the
monolith.

All composites exhibit higher indentation fracture
toughness compared to the monolith, thanks to the more
frequently occurred toughening mechanisms during the
crack propagation. These are very similar for all systems
reinforced by different GPLs, only the frequency of their
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Table |
Composition, toughness and hardness of investigated ma-
terials

LMP 2011

Composition of investigated ~ Type of Hardness  Toughness
materials [wt%] GPL addi- HV1 Kic
SiN:  ALOs  Y,0s tives [GPa] [MPa m°?]
90 4 6 - 15.4 6.9
“1-05 I-0.4
90 4 6 XxGnP-M-5 14.6 7.8
1-0.2 1-0.4
90 4 6 XxGnP-M-25 15.1 8.6
*1-0.3 */-0.1
90 4 6 Angstron 14.6 8.8
N006-010-P  */-0.4 “1-0.3
90 4 6 Multilayer 16.4 9.9
graphene *I-0.4 */-0.3

occurrence during the crack propagation or their effective-
ness in toughening process is different.

The main toughening mechanisms are; crack
branching Fig. 2, crack deflection Fig.3ab and crack
bridging Fig. 3c,d.

The origin of this mechanism is the interaction of the
propagating crack and GPLs with smaller size. The length
of the secondary cracks is several micron and the frequen-
cy of occurrence of this mechanism is very high.

Fig. 2. Crack branching during the propagation of crack in
nanographene platelets reinforced composite

Fig. 3. Toughening mechanisms in the form of crack bridging
and branching on the fracture line

s408
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4. Conclusion

The GPLs are relatively well distributed in the SizN,4
matrix of all systems however we often found that two or
more platelets are stuck closely together. These single or
multi platelets are located at the SisN4/SisN4 grain bounda-
ries and are often connected with a presence of pores. The
indentation fracture toughness of the composites is signifi-
cantly higher compared to the monolithic silicon nitride
with the highest value of 9.92 MPam®® in the case of
composite reinforced by multilayer graphene nanosheets.
The toughening mechanisms were similar in all compo-
sites in the form of crack deflection, crack branching and
crack bridging.

Would like to thank Zubomir Caplovi¢, Karol
IZdinsky and Jerzy Morgiel for the help with SEM and
TEM measurement. The work was supported by
NANOSMART, Centre of Excellence, SAS, by the Slovak
Grant Agency for Science, grant No. 2/7914/27 by the
APVV 0171-06 and LPP 0203-07 and by the KMM-NoE
EU 6FP Project.
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The aim of the present contribution is to study the in-
fluence of graphene platelets addives on the fracture
toughness of SizN4-graphene system. The experimental
materials were silicon nitride with various types of gra-
phene additives, multilayer graphene, exfoliated graphene
nanoplatelets and nano graphene platelets. The indentation
toughness was measured using indentation fracture method
and was calculated using the Shetty’s equation. According
to the result the composites exhibit higher fracture tough-
ness in comparison to the monolithic material. The highest
fracture toughness was found in the case of composite with
multilayer graphene platelets. Scanning electron micro-
scope was used for the characterization of toughening
mechanisms.
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1. Introduction

Awustenitic cast steels assigned for operation at high
temperatures are enriched with titanium or niobium mainly
to improve the creep resistance or to reduce the carburising
effect’. Introducing niobium or titanium to 0.3%C-30%Ni-
18%Cr cast steel causes the formation in the as-cast struc-
ture of niobium or titanium MC carbides instead of chro-
mium carbides of M3Cg type. During annealing at 900 °C
the MC carbides undergo transformation into an interme-
tallic G phase of formula Nis(Nb,Ti)eSi;. This transfor-
mation is accompanied by the precipitation of chromium
carbides of the My3Cq type, due to carbon being liberated
from the MC carbides. As a result of changes caused by
partial or total replacement of the chromium MyCg car-
bides with simple MC carbides, the tansformation of MC
carbides into the G phase and secondary precipitation pro-
cesses due to annealing, the complex precipitates com-
posed of several phases appear in the alloy structure?. Each
of the phases has its own hardness which makes their dif-
ferentiation possible by the use of microhardness® or nano-
indentation method*.

In the recent years the nanoindentation method has
become a valuable tool for the evaluation of materials me-
chanical properties. The method allows to determine the
hardness and the Young’s modulus from the nanoindenta-
tion load displacement data. The main advantage of this
method is that the load applied can be very small and
therefore the dimensions of measured microstructure ele-
ments (phase, particles) can be small and it is possible to
determine their individual contributions in multiphase al-
loys.

In the present work the changes of the microstructure
0.3C-30Ni-18Cr cast steel due to titanium and niobium ad-
ditions were investigated in relation to mechanical proper-
ties of microstructure phase constituents. Nanoindentation
experiments were carried out to determine the hardness
and Young’s modulus of matrix and phase particles of cast
steel with and without additions of Ti or Nb.

2. Material and tests

The austenitic 0.3C-30Ni-18Cr cast steel was used for
investigations. The content of individual elements was
varying within the chemical composition of the tested al-
loys and is shown in Tab. I. The investigated alloys were
in the same heat treatment condition — after annealing in
air at 900 °C for 500 hrs and then cooling down together
with furnace.

Table |
The content of Ti and Nb in 0.3C-18Cr-30Ni cast steel
[wt.%]

Alloy no Ti Nb
1 0.03 0.03
2 1.00 0.03
3 0.05 1.84
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The phase composition was investigated by X-ray dif-
fraction method. Detailed analysis of XRD diffraction pat-
terns is presented in work®. The microstructure investiga-
tions were carried out with use of optical microscope,
SEM and AFM microscopy.

Nanoindentation tests were performed using
Nanoindenter XP with a diamond pyramidal-shaped
Berkovich type indenter. The experiments were carried out
by the CSM method at a constant depth of 300 nm. For
each alloy a set of 100 indentations was performed. The
measurements were taken on polished metallographic
cross-sections of etched specimens.

3. Results and discussion
Microstructure

Austenite matrix and phase precipitates compose the
microstructure of tested alloys. Titanium and niobium

Alloy 1 Alloy 2 Alloy 3

50 um

Fig. 1. Microstructure of tested alloys
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(alloy 2 and 3 respectively) induce the refinement of mi-
crostructure of the base cast steel (alloy 1) — Fig. 1. Pa-
rameter SDAS (secondary dendrite arm spacing) is lower
in cast steels with Nb or Ti additions®.

By changing the type of solidified carbides both the
elements Ti and Nb change the morphology of primary
precipitates. The shape and distribution of carbides in the
alloy varies depending on kind of element, as in Fig. 1.
Annealing of cast steel causes the secondary precipitation
processes. The small secondary precipitates are visible in
the matrix of alloy 1, as in Fig. 1.

Chromium carbides of MyCg type are the only pre-
cipitates in alloy 1. They form almost continuous network
at boundaries of dendrites. Chromium carbides M,3Cg are
present in alloys 2 and 3 as well. Mostly they appear at the
precipitate-matrix boundary, but the small precipitates of
chromium carbides can also be seen in the matrix, as in
Fig. 2.

5um

Fig. 2. Microstructure and mapping of elements in alloy 2,
SEM

The main phase constituents in alloy 2 are titanium
carbides TiC and in alloy 3 niobium carbides NbC. Addi-
tionally carbonitride TiN which forms the center of TiC
precipitates was found in very small quantities in alloy 2.
In both alloys 2 and 3 the phase G of formula NiyTieSi;
and NigNbgSi; respectively was also indentified. Phase G
rich in silicon and nickel was found surrounding the pri-
mary precipitates of MC carbides, as in Fig. 2.

Nanoindentation

The indentations were done in the vicinity of inter-
dendritic boundaries. The aim was to encompass the re-

{(‘

50pum

Fig. 3. Indentation grid on the cross section of alloy 3

LMP 2011

5410

Regular Papers

gion of both the austenite matrix and eutectic carbides pre-
cipitates. Indentations of 100 points were performed with a
step of 7.5 um what gave 90 x 55 um of measured area.
Indentations were mostly located in the matrix. The inden-
tations grid in alloy 3 is shown in Fig. 3.

The obtained load — displacement curves for alloys 1,
2 and 3 are shown in Fig. 4. The minimal load was 7 mN.

Fig. 4. Load-displacement curves in alloys 1, 2 and 3
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To reach the indentation depth of 300 nm the maximal
load increased to about 14, 38 and 21 mN in alloys 1, 2
and 3 respectively.

The hardness value is known to be strongly de-
pendent on the indentation depth’. To enable the values of
hardness and Young’s modulus to be comparable between
the alloys the constant maximal depth equal to 300 nm was
chosen for nanoindentation measurements. According to
1ISO 14577-1 the nano range is limited to the maximum
nanoindentation depth hy.y less/equal to 200 nm (ref.*"). It
means that the measurements in terms of depth were done
on nano-micro scale. However, the maximal load of the in-
dentations was below the value of 100 mN, which is con-
sidered as the nano force limit.

Fig. 5 shows the images of the single indentations
performed in matrix and precipitates of alloys 2 and 3.
©)

a) b)

Fig. 5. AFM and SEM images of indentations: a) alloy 3,
screenshot from the optical alignment microscope of the
AFM, b) alloy 2, AFM amplitude image, c) 3D surface plot of
indentation in b), d) alloy 3, indentation in austenite matrix,
SEM e) alloy 3, indentation in NbC carbide, SEM

Fig. 6. Modulus as a function of indentation depth. Curves for
precipitates and matrix in alloy 1
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The curves of Young’s modulus and hardness versus
displacement into surface are presented in Fig. 6-8.

Fig . 7. Modulus vs. indentation depth curves: a) for precipi-
tates in alloy 2, b) for matrix and precipitates in alloy 3

Fig. 8. Hardness curves as a function of indentation depth,
alloy 3
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Alloy 1, in which only two phase constituents were
identified in the microstructure, was the first alloy ana-
lysed on the basis of the parameters obtained from
nanoindentation test for individual precipitates in alloys.
Taking into account the fact that the number of indenta-
tions performed in the matrix was several times higher
than the number of indentations in precipitates, the modu-
lus (E) and hardness (H) of the matrix were the first pa-
rameters, which were determined, Fig.6, Tab.Il. The
highest values of E and H were attributed to chromium
carbides. As the number of indentations was small, only
the approximate values of E=300 GPa and H=10 GPa were
determined. The values of modulus and hardness between
the matrix and carbides were attributed to indentations
taken partly from the matrix and partly from the carbides,
Fig. 6.

The values of E and H for the matrix of the investi-
gated alloys are shown in Tab. Il. The differences among
alloys are minor and, taking into account the standard de-
viation value, they are practically irrelevant.

The modulus and hardness for phase precipitates are
given in Tab. Ill. As the number of indentations re-
sponding to individual precipitates was small, the standard
deviation from the mean value was not evaluated and only
approximate values are presented.

4. Conclusions

On the basis of nanoindentation measurements of
alloys based on austenitic cast steel 0.3C-30Ni-18Cr with
different content of niobium and titanium, the values of
Young’s modulus E and hardness H of phase constituents
identified in alloys were evaluated.

The value of modulus (E ~200 GPa) and hardness
(H ~ 4.5 GPa) of the matrix were similar for all three al-

Table 11
Mean values of E and H for matrix, GPa

LMP 2011

Alloy no E Std dev H Std dev.
1 209 10 4.2 0.45
2 197 16 4.8 0.62
3 203 10 4.3 0.56
Table 111

Approximated values of E and H for precipitates indenti-
fied in alloys, GPa

TiC NbC G phase M,3Cs
(TIiCN)
E 450 400 350 300
H 38 28 18 10
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loys. So, the conclusion can be drawn that the additions of
niobium 1,84 wt.% and titanium 1wt.% do not influence
precipitation processes occurring in the matrix of aus-
tenitic cast steel during annealing in air at 900 °C for
500 hrs. However, the big difference in properties of other
phase constituents (E=300+450 GPa, H=10+38 GPa)
having diverse morphology can suggest that in macro scale
the investigated alloys will exhibit different mechanical
properties. In presented investigations the quantitative con-
tribution of individual phases was not analysed. However,
taking into account a good repeatability of results for indi-
vidual phases (E and H for the matrix), the quantitative
contribution seems to give a possibility of investigation of
the kinetics of phase transformations taking place in inves-
tigated alloys.

Nevertheless, in order to use the nanoindentation
measurements to statistic analysis of phase contribution,
the number of indentations should be increased. Moreover,
it is not only important to carry out the representative
quantitative test for individual phases, but first of all to in-
crease an area subjected to measurements, what is essential
for dendritic structures.

This work was supported by the SK-PL-0019-09 pro-
ject.
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M. Garbiak and B. Piekarski (West Pomeranian
University of Technology, Szczecin, Poland): Nanoinden-
tation Properties of Phase Particles in Austenitic Cast
Steel

The nanoindentation measurements performed on
three cast steels of 0.3C-30Ni-18Cr type with different
content of niobium and titanium were presented and
results compared between the tested alloys annealed at
900 °C/500 hrs. The phase constituents (austenite, NbC,
TiC, M»Cq, G phase) were indentified with X-ray and
SEM analysis and distinguished by nanoindentation
measurements. It was found that the additions of 1.84 Nb
or 1 Ti wit% did not change the precipitation processes
occurring in austenite matrix. The value of hardness and
Young’s modulus for the matrix were similar within the alloys.
Essential differences (E=300-450 GPa, H=10-38 GPa) were
found between the phase constituents of alloy.
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1. Introduction

Electrical steels are soft magnetic materials2. Electri-
cal engines use a variable magnetic filed, parallel to the
sheet surface. For this kind, the ideal steel would be the
non-oriented grain electrical steels (NO steels)®. The high-
est quality of these steels is achieved using the advanced
technology of the very clean steels production with precise
control of both the chemical composition and the micro-
structure of the steels.

Taking into account the directional anisotropy of
physical properties in crystallographic lattice of ferrite
(bcc) and fact that NO steels are mainly used in circuit
electromagnetic field, particularly in electrical motors as
a core material, it is necessary to provide crystallographic
isotropy in the plane of the sheet in order to achieve good
final magnetic properties. The ,rotating* cube or {100}
<Ovw> crystallographic orientation in the sheet plane is
ideal for the NO steels. However this texture is not
achieved in the practise so far.

Nanoindentation has proven to be an effective and
convenient technique of determining the mechanical
properties of solids, especially Young’s modulus and hard-
ness. The most popular metod of extraction of hardness
and modulus from experimental load-displacement re-
sponse relies on an analysis of the unloading part which is
assumed to be elastic, even if the contact is elastic-
plastic®®.

High-temperature or elevated-temperature nanoinden-
tation testing represents an additional capability in
nanoindentation techniques, which have demonstrated tre-

mendous potential in the study of nanoscale mechanical
behaviour. The wuse of the elevated—temperature
nanoindentation enhances our ability to study nanoscale
behaviour of microstructure since by using temperature as
a variable the observation of additional and/or new mecha-
nisms is expected’.

In this study, nanoindentation tests were conducted to
determine the diference in hardness and Young’s modulus
between the grains possessing three predefined orienta-
tions (with (100); (110); and (111) planes perpedicular to
the loading) in dependence on temperature up to 250 °C.

2. Experimental material and procedure

The investigated sample of NO electrical steel with
dimensions of 2x4 mm was taken from industrial line after
hot rolling. The chemical composition of studied material
is presented in Tab. | and the microstructure of the investi-
gated steel is presented in Fig. 1. It is apparent that the
average grain size is about 150-250 pm.

Crystallographic orientation of single grains was
examined using Electron Backscatter Diffraction common-
ly used for microstructural-crystallographic analysis.

Nanoindentation experiments were performed using
NanoTest NT600 instrument equipped with the calibrated
Berkovich indenter at the maximum force of 25mN.
Loading as well as unloading lasted 20 s and the hold
period was 10s. The indentation experiments were
performed at room temperature (RT) and at elevated
temperatures of 100, 200, 250 °C using load control
system.

The NanoTest system was equipped with a computer-
control heating stage for measurement at -elevated
temperatures. Heating was applied to both indenter and the
sample utilizing separate temperature control. This
isothermal contact ensures that there is no heat flow during
indentation process. The sample was fixed to the heated
holder using a special cement paste.

Hardness Hir and indentation modulus E;r were
determined from load-displacement curves using Oliver-
Pharr method®. The presented data here were acquired
during a single continuous heating sequence. Each grain
was measured at target temperature after stabilization
(typically 2 hours). When all grains were measured at
specific temperature the sample was heated to the next

Table |
Chemical composition of investigated NO steel

Element C Mn Si P S Al N

%wt 0.004 0.23 2.8 0.008 0.005 0.48 0.004
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Fig. 1. Microstructure of NO steel

temperature, without intermediate cooling. When all of the
experiments were completed, the specime was cooled
down to room temperature. Heating as well as cooling rate
was 1.6 °C min™.

3. Results and discussion

Investigated grains of the examined material are
characterized by single crystal orientation in space with
low defects (dislocation) density.

The map describing the spatial orientation of single
grains (Inverse Pole Figure — IPF) is in Fig. 2.

In order to study the effect of crystallographic orien-
tation on indentation properties three grains with different
crystallographic orientation were choosen; G1 (111), G2
(001), G3 (011). These grains were subjected to the
nanoindentation measurements. 20 indentations have been
carried out for each grain at each temperature in array of 2
x10 with spacing of 25 um. Fig. 3 shows the residual in-
dents in the grain G2 with (001) crystallographic orienta-
tion.

Typical nanoindentation results from NO steel are il-
lustrated in Fig. 4. Since we are interested primarily in the
presence or absence of serated flow at elevated tempera-
ture in the present work, the loading portion of the F-h
curve was analysed and two important observations ap-
parent from Fig. 4 were found.

Fig. 2. IPF map representig the grains of NO steel

LMP 2011

s414

Regular Papers

Fig. 3. The indentation array at G2 after room and elevated
temperatures measurements

First, we observed that the maximum depth of the in-
dentations does not change very much as temperature in-
creases up to 100 °C. Further increase to 200-250 °C leads
to a sudden increase in the indentation depth. Second, one
can see that as the temperature increases, there is a clear
accentuation of serrated flow due to a thermal activation of
dislocations. This phenomenon becomes pronounced espe-
cially at higher temperature 200 and 250 °C.

This effect with the load drops/serrated flows at ele-
vated temperature was observed in all three grains. Schuh
et al.” observed a similar trend during the elevated tem-
perature Berkovich indentation of metallic glasses, or
Leipner et al.'® observed the ,,pop-in“ effect as homogene-
nous nucleation of dislocations during nanoindentation.
This process is related to a sudden displacement shift in
the load-depth curve (F-h curve).
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Fig. 4. Individual load-displacement (F-h) curves obtained by
nanoindentation of NO steel
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Hardness and modulus analysis

Indentation hardness H;r slightly decreases with
increasing temperature for grains G1, G2 and G3 from RT
up to 250 °C from 2.7 to 2.3 GPa, from 2.7 to 2.1 GPa and
from 2.8 to 2.1 GPa, respectively, Fig. 5.

As one can see in Fig. 5 there are some diferences in
hardness values between particular grain orientations. De-
crease of hardness with increasing temeprature for grains
G1, G2 and G3 was about 15, 22 and 26 %, respectively.
This differences between individual grains can be related
to various number of active slip systems in grains*’.

Similarly to hardness, the differences in indentation
modulus of particular grains are also observed, E;r de-
creases with increasing temperature as illustrates Fig. 6,
however, not so pronounced as for Hyr.

The average value of indentation modulus for grains
G1, G2 and G3 decreases by the temperature change from
RT up to 250°C from 198 to 185 GPa, from 193 to

@26 °C B 100 °C 0200 °C 0250 °C

Hir [GPa]

*P

2.0
1.5 A

1.0 4

0.0

Gl G2 G3

Grain

Fig. 5. Dependence of hardness on temperatures in each of
grain orientations

E 250
[} @26 °C W 100 °C 0200 °C 0250 °C
—
W 200 - {» I
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100 +— —
50 1 L
0
G1 G2 G3
Grain

Fig. 6. Dependence of indentation modulus on temperatures
in each of grain orientations
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171 GPa and from 204 to 201 GPa, which expressed in %
is 6.7, 11.2 and 1.5 %, respectively.

These results, when the values of both hardness and
indentation modulus decreases with increasing temperature
are in agreement with other research paper'.

Conclusions

In situ high temperature nanoindentation experiments
were performed in order to study the influence of tempera-
ture on indentation properties of grains with different crys-
tallographic orientation.

On the basis of results from elevated temperature
nanoindentation measurements in each of particular grain
orientations it was observed following:

Analysis of the load drops/ serrations in the load —
displacement curves allowed for the identification of
onset of serrated flow during elevated temperature
nanoindentation. This pop-in effect or the transitions
from smooth to serrated flow were observed at 200—
250 °C. The pop-in effect could be related to homo-
geneous nucleation of dislocation during nanoinden-
tation or with increasing temperature so that the tran-
sition is tempereture-dependent.

Hardness was found decrease for all investigated
grain orientations G1 (111), G2 (001) and G3 (011)
with increasing temperature from room temperature
up to 250 °C. The differences of hardness values
were observed also between particular grain orienta-
tions. This can be explained with various number of
active slip systems in the individual grains.

The values of indentation modulus are slightly de-
creasing with increasing temperature. These results
are in agreement with other research papers. The pre-
sented results proved that high temperature indenta-
tion is a promising technique which extends the pos-
sibilities of studying of local mechanical properties.

This work was realized within the frame of the
project ,,New Materials and Technologies for Energetics*,
ITMS: 26220220037, which supported by the operational
Program ,,Research and Development financed through
European Regional Development Fund.
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The elevated temperature response of NO electrical
steel was examined using a nanoindenter Nano Test NT
600 with tip and sample heating. Hardness was faound to
decrease with increasing temperature in each of tested
grain orientation. The similar situation occured in the case
of elastic modulus. It was shown some diferences in
values of hardness and indentation modulus between
particular grain orientations. Conversely, the magnitude of
the load drops/ serrated flow in the load displacement
curve was found to increase with temperature.
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1. Introduction

As the hardest and one of the most durable load
bearing tissues of the body, enamel has attracted con-
siderable interest during the last decade from both material
scientists and clinical practitioners due to its excellent me-
chanical properties*?. Knowledge of the mechanical and
wear properties of human teeth is of importance as they act
as a mechanical device during masticatory processes such
as cutting, tearing and grinding of food particles. In the
last years, depth-sensing indentation has become a useful
technique for mechanical characterization of mineralized
biological tissues, including enamel and dentin®*. Due to
its small probe size, nanoindentation is suited to measure
local material properties in small, thin samples and allows
characterizing the properties of individual constituents
within composite tissues, such as enamel and dentin, or
mapping their mechanical properties across a sample sur-
face®.

The aim of this investigation is to characterize the
hardness and elastic modulus of human teeth using instru-
mented indentation.

2. Experimental materials and methods

2.1. Sample preparation

The used samples were fresh intact human premolars
extracted due to orthodontic reasons. The samples were
collected with the patients’ informed consent with
professional dentist (team of dentists from UPJS Kosice).
Teeth were stored in salt solution after removal and before
testing, were embedded in EpoFix20 epoxy cold-mounting
compound (Buehler Ltd., Lake Bluff, IL). Samples were
cut with a precise diamond saw so that the teeth were
divided into two halves. Cutting parameters were: low
speed rotation (150 rt./min) and cooling with water to
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protect dehydration and heating.

The sample surface was polished sequentially with
6-, 3-, 1- um diamond paste and 0.25 — um alumina sus-
pension. Between polishing steps, the sample was ultra-
sonically cleaned in de-ionized water to remove any
polishing debris and stored in a saline solution at 4 °C. Ef-
fect of the epoxy compound on the measured hardness is
minimal, due to the used low indentation load.

2.2. Nanoindentation

The nanoindentation experiments were performed
using instrumental hardness tester (TTX/NHT by CSM In-
struments) equipped with Berkovich indenter using the in-
dentation load of 5 mN. The indents have been applied to
the area of enamel, dentin and dentin-enamel junction
(DEJ). The number of indents was 20 in three rows. The
first indents were located near the occlusal surface, fol-
lowed by indents toward dentin across DEJ, with the dis-
tance of 0.25 mm between the indents. The indentation
hardness, Hr, and reduced modulus, Er, were calculated
by Oliver-Pharr method®. The average values of hardness
and reduced elastic modulus were calculated at least from
three independent measurements. Light microscopy (LM)
and atomic force microscopy (AFM) was used for the
characterization of indents.

3. Results and discussion

In Fig. 1 characteristic indents are illustrated located
in different parts of human tooth. The hardness of enamel
is significantly higher (Fig. 2a) than that of the dentin with
values different for the area close to the surface ~ 5 GPa
and area close to the DEJ (~ 3 GPa). The hardness of den-
tin is significantly lower in comparison to the enamel with
the average value of ~ 0.4 GPa. Similar behaviour was
found in the case of reduced modulus (Fig.2b), however
the decrease in its value from the enamel surface (~ 88
GPa) to DEJ (~ 81 GPa) is not so visible as in the case of
hardness. There is a significant change in reduced modulus
at the DEJ from ~ 81 GPa to ~ 20 GPa. Cuy et al.* used
nanoindentation for mapping mechanical properties of hu-
man molar teeth enamel. They found the enamel surface
hardness, Hir > 6GPa and reduced modulus, E; >
115 GPa, while at the enamel-dentine junction H;r <
3GPa and E;r < 70GPa. He and Swain® also used
nanoindentation for characterisation of hardness of
enamel. Their results are similar as the results of Cuy et
al., but with slightly lower values of hardness and reduced
modulus, which can be explain with the higher applied in-
dentation load. Our results are in good agreement with the-
se findings and can contribute to the design and develop-
ment of functionally graded coatings.
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Fig. 1. Light microscopy observations of Berkovich indents in enamel and dentin, near to DEJ, (a), AFM observation of the same

area, (b)

Fig. 2. Profiles of the hardness (a) and reduced modulus (b)
across the enamel — dentin cross section

4. Conclusion

The values of indentation hardness and reduced
modulus of human teeth were characterized as a function
of position on the cross-section of enamel/DEJ/dentin are-
as. The H,t and E, t of enamel exhibits a distinct decrease
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on traversing from the outer surface of enamel to the DEJ.
According to the results at the enamel surface, H,t >
5.0 GPa and E, r > 90 GPa, while at the enamel — dentin —
junction H,+ < 3.0 GPa and E, 1+ < 80 GPa. The indentation
hardness and reduced modulus of dentin, H,+ ~ 0.6 GPa
and E,+ ~ 20 GPa.
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The aim of the present contribution was to investigate
the local mechanical properties on cross-section of fresh
extracted human molar teeth using nanoindentation
method and Berkovich diamond indenter. The indentation
hardness, Hir and reduced modulus, E;r in enamel de-
creased on traversing from the outer surface of enamel to
the DEJ from H;r > 5.0 GPa and E;r > 90 GPa to H;r <
3.0 GPa and E;r < 80 GPa, respectively. The characteris-
tics of dentin are; H;r ~ 0.6 GPa and E;+ ~ 20 GPa.
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1. Introduction

Instrumented indentation with spherical indenter is
widely used for characterization of local mechanical
properties of various materials including metals, ceramics
or polymers and offers several advantages comparing to
the indentation with sharp indenters. Using spherical in-
denter, plastic deformation under the indenter is gradually
changed as the indentation depth increases’. This can ap-
propriately be utilized for characterization of the defor-
mation-induced phase transformation during indentation®.
On the other hand, the triaxial stress-strain field under the
indenter differs substantially from tensile stress-strain
field.

2. Experimental details

Recrystalized metastable austenitic stainless steel
(AISI 301) was chosen as an experimental material. The
chemical composition is given in Tab. I. Surface of sam-
ples was electro-polished to avoid the subsurface layer af-
fected by mechanical grinding and polishing.

Nanoindentation measurements were performed on
CSM Instruments NHT Nanoindentation Tester with
spherical indenter (with radius of 50 um) using instru-
mented indentation technique®”’. Increasing load was ap-
plied up to maximum load of 400 mN. The indents were
subsequently characterized by light microscopy using dif-
ferential interference (Nomarski) contrast, scanning elec-
tron microscope (SEM) JEOL JSM5510LV using back-
scattered electron channeling contrast and by three-
dimensional reconstruction (Alicona™) using stereopair
technique.

Local analysis of martensite transformed in the vi-
cinity of the indents was carried out by electron back-
scattered diffraction (EBSD) HKL™ system mounted on
scanning electron microscope JEOL JSM 7600F equipped
with field emission gun (FEG).

Table |
Chemical composition of AISI 301 steel (in wt.%)

Cc Cr Ni Si Mn Mo
Nominal max 0.12 16-18 6.5-9 <15 <2 <0.8
Analyzed  0.05 17 7 05 15 0.1

s419

3. Results and discussion

Light and SEM micrographs are shown in Fig. 1. It
can be seen that AISI 301 steel undergoes at room tem-
perature deformation-induced phase transformation of face
-centered cubic y austenite to body-centered cubic o’-
martensite® 0,

Fig. 1. Deformation-induced martensite in the vicinity of
spherical indent - light microscopy (Nomarski contrast), SEM
back-scattered electron channeling contrast and 3D stere-
opair reconstruction
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Martensitic transformation is accompanied by
volume change which results in a significant relief on the
surface sample in the vicinity of indent (see Fig. 1).

Non-transformed austenite and deformation-induced
martensite in the vicinity of spherical indents were charac-
terized by EBSD. The crystallographic orientation of the
transformed martensite is in the relation to the parent aus-
tenite grain according to the Kurdjumov-Sachs (K-S) ori-
entation relations (see Fig. 2). The transformation is sig-
nificantly influenced by the stress state. The transfor-
mation texture arises because not all possible martensite
crystallographic variants grow when the austenite is sub-
jected to external stress; i.e. the total number of selected
martensite variants within a y-grain is much lower than
24 theoretically allowed by K-S orientation relation.

Fig. 2. Electron back-scattered diffraction in the vicinity of
spherical indent — inverse pole figure of austenite with orien-
tation triangle (top-right). Variant selection of the defor-
mation-induced martensite — pole figures of parent austenite
grain and transformed martensite (bottom)
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4. Conclusions

The results of the study can be summarized as fol-
lows:

High internal stresses are generated due to an incom-
patible transformation strain accompanying the y — o’
transformation.

Multiaxial stress-strain field under the indent has a
significant effect on the orientation of the martensite vari-
ants.

Combining nanoindentation with scanning techniques
such as SEM and EBSD brings more insight into the
whole indentation process.

This work was carried out in the frame of research
project GACR 101/09/0702.
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CAUSES OF INCONEL 622 WELD CRACKING

JAKUB HORNIK, PAVLINA HAJKOVA,
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Table |
Chemical composition of Inconel 622 [wt.%]

CTU in Prague, Faculty of Mechanical Engineering, De- C S P Mn
ggrtln;in:t%ngMagerizals Engineering, ICDAM, Karlovo nam. 0.01 0.015 0.03 1.0
, raha -
jakub.hornik@fs.cvut.cz Si Cr Mo w
0.2 20.0-225 125-145 25-35
Keywords: inconel, weld, fractography, nanohardness, im- Cu Co Fe v
pact test 05 2.5 20-6.0 0.35

Introduction

This paper is dealt with the topic of welding of duplex
steel with Ni alloy Inconel 622 being used e.g. in aero-
space, offshore and chemical industry. The welding proce-
dure for Ni based alloys typically requires a cautious con-
trol over parameters outlined by the Welding Procedure
Specifications (WPS) and using high quality filler metals.
Even if the welding procedure matches the WPS require-
ments, the random occurrence of weld defects may cause
the failure initiation.

Experimental

By evaluating the weldment, a tendency to cracking
was indicated in the SMAW region of the weld metal and
at a fusion zone during the bend test. In order to estimate
causes of undesired behaviors of the weld metal, a metal-
lographic evaluation was applied. Light and electron mi-
croscopy have been used for a structural analysis of the
weld. Furthermore, the Charpy impact testing and fracto-
graphic analysis of the fracture surface was used. For the
mechanical properties of discrete material areas, the
nanoindentation method was applied. Carl Zeiss Neophot
32 metallographic microscope, Jeol 7600F High Resolu-
tion Scanning Electron Microscope with EDS analyzer
(Oxford) and Nanohardness Tester was used.

Results and discussion

The welding procedure used for the joining of thicker
plates had two steps. The root of the joint was prepared
using the Gas Tungsten Arc Welding (GTAW) method. In
next, filing passes were made by Shielded Metal Arc
Welding (SMAW). Tab. 1 shows the typical chemical
composition of Inconel 622.

Metallographic evaluation carried out on polished
samples showed a significant disproportion in micropurity
in different weld regions. The root of the weld, produced
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by the TIG method (GTAW), had a relatively low content
of inclusions (Fig. 1a). The SMAW region shown in
Fig. 1b exhibited a large number of spherical inclusions of
various dimensions.

The microstructure of both weld regions was similar.
The weld metal had a typical dendritic form (Fig. 2 and
Fig. 4). Fig. 3 shows that the microstructure of the filler
metal rod was oxide-less. On the other hand, Fig. 4 shows
the SEM image demonstrating that the presence of inclu-
sions was significantly higher in SMAW region. Table Il
displays the example of a chemical composition measured
by EDS on large spherical inclusions.

a) GTAW b) SMAW

Fig. 1. Microstructure of weld metal, unetched

Fig. 2. GTAW region,
Beraha I11 etched

Fig. 3. Filler metal rod, Be-
raha 111 etched
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SMAW

GTAW

Fig. 4. SEM micrograph of SMAW / GTAW regions

Table Il
Chemical composition of large inclusion, [wt. %]

LMP 2011

(0] Al Ti Cr Mn

45.5 32.2 35 12.1 2.2

The Charpy impact test was conducted on samples
from different areas of the weld. The 2 mm V notches of
samples were positioned to the weld metal, fusion edge
and root. The orientations of the notch in the root area per-
mitted a simultaneous fracture analysis in both weld re-
gions (GTAW and SMAW).

The average impact energy KV, measured at room
temperature on samples with different positions in the
weld region, was 55 + 4 J. This value was lower than the
material standard value declared by the weld wire supplier.

Following the Charpy impact test, fracture surfaces
were analyzed. The priority was given to a sample special-
ly oriented to the weld notch region. The fracture surface

GTAW SMAW

GTAW SMAW

Fig. 5. Fracture surface after Charpy impact test
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typical for GTAW and SMAW regions is documented in
Fig. 5. Fractographic analyses revealed an increased num-
ber of oxide particles in GTAW region in accordance to
the microstructural evaluation.

The surface morphology of both weld regions indi-
cated a predominantly ductile fracture. The dendritic ar-
rangement of microstructure was evident. Sporadically, a
brittle transgranular fracture was observed in small iso-
lated areas. In SMAW region a large amount of particles
was monitored. Predominantly, spherical inclusions with
various diameters were observed. Approximately 5 % of
the present particles were fine angular shaped.

Fig. 6 shows the distribution of selected chemical ele-
ments in the fracture surface. The inclusions had an oxide
origin of varied chemical composition. The predominantly
detected elements were Al, Mn and Ti.

The increased number of the oxide particles had nega-
tive influence on toughness'. The crack initiation and
propagation was easier due to the presence of the de-
scribed particles?.

Electron image

Ti

Mn

Fig. 6. SMAW region — oxide particles, distribution of selected
chemical elements
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Table I11 Table IV
Experiment details Results of nanohardness measurement
Maximal load Indentation times Region Hardness Reduced Elastic
[mN] Load[s]  Dwell[s]  Unload [s] modulus work
200 10 5 10 [GPa] [GPa] [nJ]
GTAW 3.46 124.36 24.49
+0.23 +16.05 +3.27
The standard methods for testing of mechanical
properties as the Charpy impact test, hardness and micro- SMAW 4.18 201 16.32
hardness measurements have not been sufficiently sensi- +0.30 7 0.55
tive to indicate the difference between both monitored Region Plastic Maximal depth Contact
weld regions (GTAW and SMAW). The nanoindentation work depth
method was then used for the evaluation. [nJ] [nm] [nm]
Indentation was performed in line and in grid form in
both evaluated regions®. Parameters applied were summa- GTAW ilg gé 17633 155855
rized in Tab. I1l. Indents map of line profile measurements - - -
and corresponding indentation curves were documented in SMAW 100.17 1533 1438
+4.04 +53 +54

Fig. 7 (GTAW region) and Fig. 8 (SMAW region).

200

Inconel 622

1800-,

01 i . . i . . 3
5 20 abo e sl 1000 120 1w 183
Depih )

Fig. 7. GTAW region indents and indentation curves

Fig. 8. SMAW region indents and indentation curves

Tab. IV compares the hardness of GTAW and SMAW
regions. The measurement conditions have been identical
(Tab. II). The hardness and reduced modulus of GTAW
were lower than that of SMAW region. It was evident that
the indentation plastic work of GTAW region was higher
by about 12 %. It could be assumed that the GTAW matrix
was more ductile than that of SMAW.

However, certain interaction has been indicated be-
tween the indenter and the particles dispersed in the matrix
(see the indents map in Fig. 7 and related indentation dia-
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grams in Fig. 8). The deviation was affected by the hetero-
geneity in chemical composition of the dendritic structure.
As expected, interdendritic regions had slightly higher
hardness values then the dendrite axis. The presence of
oxide particles was observed only in the interdendritic
spaces.

4, Conclusions

It was demonstrated that the weld microstructure con-
tained hard particles, mostly of an oxide origin. The
volume fraction of these particles was significantly higher
in the SMAW than in GTAW region of the weld.
Nanoindentation proved a high hardness of oxide particles
and the proper toughness of the matrix. As expected, the
plasticity of the GTAW region was higher. An increased
volume fraction of oxide particles caused a decrease of the
toughness of the weld metal in SMAW region. Oxides
played the role of the crack initiators and facilitated the
crack propagation.

The oxide presence was probably caused by
a technological discrepancy.

This paper has been supported by the CTU project:
SGS number SGS10/258/0HK2/3T/12, MEYS project
FRVS number 2610/2011, OPPA project number
CZ.2.17/1.1.00/32213 and OPPK project number
CZ.2.16/3.1.00/21037.
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Problems related to the welding of duplex steel with
Ni alloy Inconel 622 are described. The GTAW welding
procedure was used for the root and SMAW of the main
weld. The weldment was characterized by a tendency of
the weld metal to cracking in the SMAW region during the
bend test. Microstructural analysis of the weld was per-
formed and supplemented by nanohardness measurements.
The Charpy impact test and fractographic analysis were
carried out. Microstructure of the weld exhibited the
presence of hard particles, mostly of an oxide region in
SMAW region. Their presence had a negative effect on the
ductility of the weld. The oxide presence was probably
caused by a technological discrepancy.
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1. Introduction

Measuring of object deformation is a frequent
measurement used in mechanics. There are several
methods allowing to obtain the needed information as
strain or stress. However, most of them are based on close
contact of a measuring tool with a measured object what
often leads into destructive effect. Optical methods offer
one of suitable solutions since light in optical region can
serve as a non-destructive agent.

Speckle interferometry’ forms an important group of
the optical methods. Speckle is the peculiar appearance,
which is generated, if an object with a rough surface is
illuminated by a coherent beam. The speckle
interferometry utilizes optical interferometers for the
coherent addition of speckle fields diffracted by object and
reference fields. This method have achieved intense
progress during last decades in consequence of
development of modern optoelectronic components and
converted to their electronic or digital modification®™.

Currently correlation methods®>™*! join the speckle
interferometry in the speckle metrology. In these methods
linear or matrix detectors detect the speckle field generated
by the object under investigation during its deformation.
Their output signals are then mutually correlated by means
of computer or hardware correlators. The results of
correlation enable to get the information about behaviour
of deformation of the object.

The measurement method presented in this paper uses
the same principle as aforementioned correlation methods.
Deformation of an elementary area of rough surface of an
object responsible for the speckle character of reflected
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coherent light in a general way results in shift of the
corresponding speckle pattern in the detection plane and
partial modification of its chaotic structure. The position of
the global maximum of a cross-correlation function of two
intensity sets (speckle patterns) recorded before and after
the surface deformation determine the speckle pattern
displacement. The displacement is then used for evaluation
of small deformation tensor components describing the
deformation state of the elementary area of object’s
surface. The theoretical study of speckle displacement and
decorrelation in the diffraction and image fields was made
by Yamaguchi®2.

The aim of this paper is to present a design of an
optical sensor and its experimental verification in non-
contact detection and quantitative evaluations of a local
strain of a rubber specimen used in tire manufacturing by
a speckle correlation method.

2. Theory

For measurement of strain g of a surface element of
an object it is convenient to use an optical set-up with the
symmetrical arrangement of two detection planes and one
illumination source (see Fig.1). Observation directions
form the angles -, and &, with illumination direction.
There are placed thin lenses with identical focal lengths f/
between the object and detectors to magnify the speckle
field.

The equation™ ** for evaluation of &, is valid for this
case of the sensor arrangement

AA)( = AX (05 ' 90 )_ AX (95 ’_90) (1)
L,—f'
=2¢,tand,| — L, 7 +L |,
where AAy represents the difference between the

displacements of speckle fields detected in the planes
(X1,Y1) and (Xz,Y2), Lc and L7 are the distances of the thin
lens from the object plane and detection plane,
respectively.

Knowledge of strain g enables to state local stress oy
according to the known relation oy = Eg valid in the case
of one axis elastic tension of the object, where E is
modulus of elasticity of isotropic material of the object.

In general case of study of object’s surface stress state
it is necessary to carry out the measurement of specific
elongation in three different directions in the plane of
object’s surface. There is a direct analogy with the usage
of resistance strain gauges and the term of an optical
speckle strain gauge appears™.
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Fig. 1. Designed optical sensor for measuring of the object’s
strain gy (or local strain)

3. Description of an optical sensor

There is a designed optical sensor for measuring of
strain gy in x-axis outlined in Fig. 1 and Fig. 2.

A He-Ne laser is chosen as a source of coherent light.
Its beam is directed perpendicularly on the surface of a
measured object. The investigated object is represented by
a rubber specimen. It is a specific type of black rubber that
is convenient for tire manufacturing. The specimen has
form of a thin tape that is 118.3 mm long and 6.6 mm
wide. Its thickness is 2.1 mm. The specimen is firmly
fastened at its both ends into two clamping jaws. One is
static and the other movable. The position of the adjustable
clamping jaw is actuated by means of an electronic linear
actuator. Therefore specimen loading or unloading can be
controlled very exactly. Besides an electronic transducer
touching the movable jaw supervises the jaw
displacement.

The reflected speckle field is captured with a pair of
monochrome cameras containing matrix CMOS image.
The sensors have resolution of 1288 x 1032 pixels with
pixel size of 7.5 x 7.5 um? and bit depth of 8 bits per pixel.
Since for the measurement by the speckle correlation
method only linear detectors are sufficient the scanning
area of the CMOS detectors is reduced in order to obtain
only one row from the whole matrix.

Geometrical and optical parameters of the designed
sensor are Lp=181mm, L,=111mm, & =45° f'=
19.96 mm.

4. Measurement process

The measurement process is divided into two stages.
First the electronic linear actuator elongates the rubber
specimen with required constant loading rate and accuracy
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of 0.1 um. The maximum deformation is 2100-10°. This
value corresponds to linear expansion of 200 um while the
initial pitch of the jaws is 95 300 um. In the second stage
the linear actuator unloads the rubber specimen into the
reference state. The initial pitch of the jaws is 95 500 um
and the unloading actuator displacement is 200 um. The
unloading rate is the same as the one used in the first stage.

During each stage of the measurement process
both cameras capture N + 1 times the developed speckle
field with defined capturing frequency. So that
N measurement steps are obtained in each stage of the
measurement process. The selection of the constant rate of
the specimen loading/unloading and the capturing
frequency defines value of strain &, for each measurement
step. Then the maximum deformation in the corresponding
stage of the measurement process is given as Ng.

In our case of measurement both the loading and
unloading rate is 7.6 um/s and the capturing frequency is
4 Hz. Exposure time is 40 ms. With these conditions the
strain £, =20-10° is achieved for each of 105
measurement steps in every stage of the measurement
process over the maximum deformation 2100-107.

Each capture of the developed speckle field is
represented by a set of 8-bit numbers. The 8-bit number
represents an intensity level of light detected by the
corresponding pixel of the row of the CMOS matrix.
Obtained sets are numerically processed in the PC by
a program that determines the maximum position of the
normalized cross-correlation function and next the
deformation components & are evaluated using Eq. (1).

5. Experimental results

The example of reached results of measurement is
plotted into a graph shown in Fig.3. Since the
measurement process consists of two stages there are two
lines in the graph. A straight line corresponds to the

Fig. 2. Close view on a part of the measuring sensor (clamping
jaws with rubber specimen, pair of lenses and a camera)
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specimen elongation. A dashed line represents the results
of the following specimen unloading. On the horizontal
axis there is strain Al/l measured by means of the
electronic transducer where Al is longitudinal increment to
the initial specimen length | determined by the jaws pitch.
On the vertical axis there are results of strain & obtained
by means of the presented speckle correlation method.
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Fig. 3. Strain g of the rubber specimen obtained by means of the
presented speckle strain gauge plotted as a function of strain Al/l
determined by means of the electronic transducer. A straight line
corresponds to elongation of the rubber specimen under investi-
gation. A dashed line represents the results of the displacement
during unloading

6. Conclusion and discussion

The paper shows good agreement of results obtained
with the electromechanical and optical measurement
instruments. In the ideal case the results should be the
same and both lines in Fig. 3 (the solid line and the dashed
one) should merge into one line with the slope equaled to
unity. However presented real case shows small difference
from the ideal case. The results obtained using the speckle
strain gauge differ from those obtained with electronic
transducer no more than 5 %. Hysteresis in the results can
be related to the measurement in real time and to the
expected inertia of the rubber specimen during its
unloading.

The sensor has advantages: measurement is non-
contact and non-destructive, sensitivity and accuracy of
measurement is defined through geometrical and optical
parameters of the sensor and measurement runs in quasi-
real time. On the contrary there are limiting factors of the
sensor: source of coherent light needs to be used and low
level of background light has to be secured because of the
reason of use of CMOS (CCD) cameras.
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Physics of the Academy of Sciences of the Czech Republic,
Joint Lab. of Optics, Olomouc, Czech Republic): An
Optical Sensor for Local Strain Measuring of an
Object by Means of a Speckle Correlation Method

The paper presents design of an optical sensor and its
experimental verification for non-contact detection and
quantitative evaluations of a local strain of a rubber
specimen by a speckle correlation method. The presented
optical method gives results comparable with the ones
obtained by means of electromechanical method using
electronic position transducer. Non-contact and non-
destructive measuring is one of the sensor’s advanteges.
Next sensitivity and accuracy of measurement is defined
through geometrical and optical parameters of the
designed sensor and measurement runs in quasi-real time.
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1. Introduction

The Cr;C,-25%CoNiCrAlY HVOF (High Velocity
Oxy-Fuel) sprayed coating belongs to the group of hard-
metal coatings intended for wear protection of highly me-
chanically and thermally stressed components. The hard-
metal based HVOF coatings benefit from the combination
of hard particles, embedded in tough matrix. While the
hard particles ensure the high hardness, the tough matrix is
responsible for lowering the brittleness, usual for hard ma-
terials. Compared to WC-based, the CrC-based coatings
have lower inner cohesion, thanks to the lower bonding of
CrsC, grains into the metallic matrix, typically found in
coatings of this composition. On the other hand, they of-
fer the resistance to high temperatures due to the content
of Cr in the carbides and matrix. Two CrC-based types of
cermets are commercially available: CrC in NiCr matrix
and CrC in CoNiCrAlY matrix. The used CoNiCrAlY ma-
trix offers better sliding properties and thermal resistance.

In the case of thermally sprayed coatings, the quality
and properties of coatings are strongly influenced by
spraying parameters. The not optimal choice of parameters
can significantly deteriorate the qualities of sprayed mate-
rials.

The most common way of coatings evaluation is the
microstructure analyses (presence of tensile or adhesion
cracks, amount of porosity, oxides, shape of individual
splats), surface hardness (HR15N) measurements and mi-
crohardnes (HV0.3) measurements. It is usually sufficient
for confirmation of coatings quality.

In the paper, the results of measurement of coating
hardness and elastic modulus by continuous stiffness
measurement (CSM) method and Vickers indentation frac-
ture toughness (IFT) of Cr;C,-25%CoNiCrAlY are pre-
sented. The results are compared with the results of previ-
ously measured Cr3C,-25%NiCr coating. From the com-
parison, the deterioration of CrsCx-25%CoNiCrAlY
coating cohesive strength due to used parameters are ap-
parent, even if the coating microstructure and surface hard-
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ness measurement does not show any imperfections. The
lower coatings cohesion became evident analyzing the re-
sults of corrosion and abrasion wear tests.

2. Experimental

The HVOF coatings were sprayed by the HVOF
TAFA JP5000 spraying equipment onto a grid blasted
steel surface in Vyzkumny a zkuSebni Ustav Pzen, s.r.o.,
using the standard spraying procedure. While the spraying
parameters for CrzC,-25%NiCr were previously opti-
mized®, the CrsC,-25%CoNiCrAlY coating was sprayed
by the same spraying parameters. The thickness of the
coatings varied from 350 to 400 um. The cross sections of
the samples, embedded in an epoxy resin, were mechani-
cally grinded and polished using the Struers automatic
polishing machine.

The instrumented microhardness and Young’s elastic
modulus in dependence on the depth of indentation was
measured by the MTS Nanoindentor. For each coating,
more than 50 measurements were done. The methodology,
described in ref.® was used for determination of properties
of carbides, matrix and coatings.

The superficial coating’s hardness was measured on
the as-sprayed coating surface by HR15N method to avoid
the influence of the substrate. For the IFT measurements,
the CSEM Scratch Tester, equipped with the Vickers in-
denter, was used. The indentations in to the coatings cross
sections were done using 25, 50, 75, 100, 125, 150, 175
and 200 N loads, for each load 16-20 indents were made
in dependence on their size. The space between the
individual indents equaled at least 3 indents diagonal to
avoid their mutual affecting. The methodology,
recommended by Chicot* was used to determine the value
of Ki.. The equation of Chicot* enables to incorporate the
Meyer’s index, characterizing the Indentation Size Effect,
in to the equation for K, and exclude the Indentation
size effect from the IFT evaluation.

The lengths of indents diagonals, as well as the
lengths of cracks (Fig. 1), were measured by NICON
EPIPHOT 200 microscope with software LUCIA. For the
K. calculations, the equation proposed by Chicot* was
used:

The E/H ratio used in in the Eq. (1) was determined
1)

E L
Kiem_w) = (0,0074 —0,0043q) f (?j o=

as an average value of the E/H ratio in the range defined
from the depth of indentation 2-8.5 um.

The wear tests were realized according to ASTM G-
65 — Dry sand rubber wheel test (DSRW)®. The wear rate
Kabr [mmslm] was calculated from measured volume loss
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Fig. 1. Schematic picture of the Vickers indent

of the coatings material and the length of abrasive dis-
tance.

2. Results and discussion

The results of instrumented hardness and Young’s
elastic modulus of the hard particles, matrix and coatings
is shown in the Fig. 2 and Fig. 3 and summarized in the
Table I.

The H and E values of Cr-based carbides, embedded

Fig. 2. Cr3C,-25%CoNiCrAlY hardness values in dependence
on indentation depth

Fig. 3. Cr3C,-25%CoNiCrAlY Young’s elastic modulus values
in dependance on indentation depth
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Table |
Hardness and Young’s elastic modulus of the CrC-based
coatings

CrC-25% CrC- 25%
CoNiCrAlY NiCr®

H carbides [GPa] 195+1.7 30.2+0.8
E carbides [GPa] 293 + 58 398+ 7
H matrix [GPa] 93%1.1 10.7+1.2
E matrix [GPa] 167 + 13 280 + 47
H coating [GPa] 85104 151+1.2
E coating [GPa] 135+ 12 259 £ 26
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in 25%CoNiCrAlY matrix is significantly lower compare
to the values, measured for CrC-based carbides in 25%
NiCr matrix (published elsewhere®®).

This effect can be caused by not sufficient amount of
measurement in the case of Cr;Cy-25%CoNiCrAlY
coating. But with respect to the previous experiences with
measurements of coatings with comparable hard particles
size the set of 60 measurements is sufficient to hit several
of them.

The other explanation can be found in coating worse
inner cohesion, indicated in particular by the IFT measure-
ments.

The results of the IFT measurements are shown in the
Fig. 4 and Fig. 5.

In the Fig. 4, the K. values calculated according to
formula Chicot* for Palmqvist cracks mode (P), Radian-
median cracks mode (R-M) and mixed cracks mode are
shown in dependence on used indentation load. It can be
seen, that while for Palmqvist cracks mode and Radian-
median cracks mode formulas the indentation size effect
(ISE) is significant, it is successfully excluded using the
formula for mixed cracks mode proposed by Chicot®.

In the Fig. 5 the comparison between K. of Cr;Cy-
25%CoNiCrAlY and Cr;C,-25%NiCr coating is displayed.
The average value of K. was calculated to be 0.395 +
0.045 for CrsC,-25%CoNiCrAlY, while for CrsC,-25%
NiCr it was 0.763 £ 0.059.

The difference in the toughness of two coatings can
be seen also from the measured length of cracs. In Fig. 6
and 7, the dependence of cracks length on the indentation
load is demonstrated for Cr;C,-25%CoNiCrAlY and CrsC,
-25%NiCr resp. In the Ponton-Rowlings work’, the
Palmgvist and Radial-median cracking mode was recog-
nized according to ratio c/a (c/a < 2.8 for Palmqvist cracks
and c/a > 2.8 for Radial-median cracks). The slopes of the
length of the crack — load of indentation dependencies
measured in this work confirm the Ponton — Rowling rule.
The tougher Cr3C,-25%NiCr coating reached the transition
between the Palmgvist and Radial-median cracks mode at
higher load, than the coating with lower inner cohesion.
The transition between the two cracks mode in the material
in dependence on used load was described by Rios®. For
thermally sprayed coatings it was observed in Lima’s
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work®. The WC-12%Co coating was found to have the
transition load between Palmgvist and Radian-median
cracks load about 150 N.

The transition between the Palmqvist and Radial-

Fig. 4. The dependence of HV and K, on the indentation load
for CrsC,-25%NiCr coating

Fig. 5. The dependence of K. on the indentation load for
Cr3C,-25%CoNiCrAlY and for Cr;C,-25%NiCr coating

Fig. 6. The transition between Palmqvist and radial-median
cracking mode for Cr3C,-25%CoNiCrAlY coating
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median crack mode is characterized by a significant in-
crease of cracks length. The sudden decrease of K. value
calculated according to the formula for Palmqvist crack
mode is induced by the increase of cracks length. For the
K. value calculated according to the formula for Radial-
median crack mode the decrease is less pronounced, while
it has no influence on the K|, value calculated according to
the Chicot formula for the mixed crack mode.

The Dry sand rubber wheel wear test according to

Fig. 7. The transition between Palmqvist and radial-median
cracking mode for Cr;C,-25%NiCr coating

Fig. 8. The Vickers indent in Cr;C,-25%CoNiCrAlY coating
made at 75 N

Fig. 9. The Vickers indent in Cr;C,-25%CoNiCrAlY coating
made at 100 N
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ASTM G-65 showed the wear rate 0.01 mm3/m for CryC,-
25%CoNiCrAlY and 0.08 mm®/m for Cr;C,-25%NiCr. For
the abrasive wear, the hardness and microhardness of ma-
terial is the crucial property. The fracture toughness does
not play such a significant role in the case of abrasive
wear, but is essential in erosive and cavitation conditions'®.

In our case, the superficial hardness HR15N was
measured to be 85.3 + 0.9 for Cr3;C,-25%CoNiCrAlY and
84.0 + 0.5 for Cr3C,-25%NiCr resp. In contradiction to
that, the measured microhardness HV0.3 was 848 + 30 for
CrsC,-25%CoNiICrAlY and 1030 + 114 for CrzC,-25%
NiCr resp.

The higher microhardness and fracture toughness of
CrsC,-25%NiCr coating is responsible for its better abra-
sive wear resistance.

In the Fig.10, the appearance of the CrC,-25%
CoNiCrAlY and Cr3C,-25%NiCr after the 150 h exposition to
the steam environment (550°C, 245 bar) can be seen.

It is obvious, that the corrosion of Cr;C,-25%

a b

Fig. 10. The corroded a)Cr;C,-25%CoNiCrAlY and b)Cr;sC,-
25%NiCr coating

CoNiCrAlY is much more pronounced compare to Cr;C,-
25%NiCr coating, although the CoNiCrAlY was expected
to increase the corrosion resistance of CrC-based coating.
The poor corrosion resistance is believed to be caused by
coatings low intersplat cohesion.

3. Conclusions

The indentation test measurements pointed to the ne-
cessity of optimization process of spraying parameters for
CrsC,-25%CoNiCrAlY. The parameters, successfully used
for Cr3C,-25%NiCr, have to be modified for using
CoNiCrAlY matrix to reach coating’s expected mechani-
cal properties. The lower microhardness of coatings com-
ponents as well as coating’s itself and significantly lower
fracture toughness lead to the deterioration of coating’s
wear and corrosion resistance.

The methodology of fracture toughness determination
according to Chicot’s mixed cracks mode excludes the in-
dentation size effect, and enables to compare the values
measured at different load. More to that, it enables do de-
termine the load, representing the transition between the
Palmgvist and Radial-median cracks mode.On the other
hand, it requires creating and measuring a big amount of
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indents, which although it’s not experimentally de-
manding, is time-consuming. This fact is limiting for its
common, routine use in parameters optimization process.

The paper was prepared thanks to the project of
Ministry of Industry and Trade of Czech Republic no. FR-
TI1/273.
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S. Houdkova, O. Blahova, and M. Ka3parova
(University of West Bohemia): The Mechanical Proper-
ties of HVOF Sprayed Crz;C,-25%CoNiCrAlY Coating
Determined by Indentation

In the paper, the experimental evaluation of basic me-
chanical properties such as hardness, Young elastic modu-
lus and fracture toughness of HVOF sprayed Cr3;C,-25%
CoNiCrAlY coating are presented. The continuous stiff-
ness measurement method was used to determine the
coatings hardness and Young elastic modulus of single mi-
crostructure phases as well as the composite properties.
The Vickers indentation with high loads was then used to
evaluate the coatings indentation fracture toughness. The
methodology of Chicot was used to calculate the indenta-
tion fracture toughness independently on used load, ex-
cluding the ISE effect.

The measured results are compared with previously
determined behavior of other CrC-based coating. Com-
pared to them, the Cr3C,-25%CoNiCrAlY coating shown
poor results considering the coating microstructure, cohe-
sion strength and hard particle instrumented indentation
hardness, but not the superficial hardness and overall
coating microhardness. The not optimal spraying parame-
ters were indentified to be responsible for the deteriorated
coating properties.
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1. Introduction

Vitreous enamels are glazes formed on a metallic un-
dercoat by burning at temperature exceeding 800 °C (ref.*™).
Final brittle-fracture properties of the coatings are de-
pendent on the structure, texture and chemical composi-
tion. Clay is one of the most important inorganic compo-
nents of enamel slurry used in the technique of wet enamel
coating. The addition of clay in suspension prevents sedi-
mentation of particles milled glassy frit. The resulting
quality of the coating is influenced by the use of compo-
nents with different particle size. The main goal of this pa-
per is to compare brittle-fracture properties of vitreous
enamel coatings made by using commonly-dimensioned
and nano-dimensioned inorganic particles.

2. Sample preparation

For experimental testing, as a substrate was used steel
plate Kosmalt E 300T (produced by U.S. Steel KoSice),
thickness 3 mm, with the following chemical composition
(wt.%): C: 0.041; Si: 0.02; S: 0.007; N: 0.006; Mn: 0.241,
P: 0.010; Al: 0.052; Ti: 0.067; Cr: 0.023; Mo: 0.005; V:
0.005). The surface of hot-rolled steel plate was treated by
mechanical shot blasting to obtain the surface cleanliness
of Sa 2.5 (CSN EN 1SO 12944-4 Paints and varnishes —
Corrosion protection of steel structures by protective paint
systems — Part 4: Types of surface and surface preparation)
and degreased for 5 minutes in the degreasing alkali liquid
Simple Green (pH 9.4) with the concentration 1:10. The
24 hours-old enamel slurry was applied on degreased steel
substrate by pneumatic spraying, dried at the temperature
100 °C for 5 minutes, and subsequently burned at the tem-
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perature 820 °C for 8 minutes. Finally the samples were
cooled in air at room temperature. In accordance to the
colour of enamel slurry two types of enamels were distin-
guished: the grey under-coat and the green top-coat. Den-
sity of both enamels is 1400 kg m™ and main chemical
composition (wt.%): quartz ground: 25; clay MIC: 8; boric
acid: 0.4; Sb,Os;: 0.3; K,COsz: 0.05; NaNO,: 0.15;
colouring pingments:10,1 and water: 56. Undercoat
enamel layer forms the function interlayer in enamel-metal
system. Increasing content of elements (Si, Ni, Ca, K ...)
causes improving adhesion of glassy phase to the substrate
and strongly influences a surface design of final product.
MIC clay is a valuable kind of clay and has a quite fa-
vourable plasticity and it is suitable for the enameller’s
purposes. Chemical composition of the MIC Clay (wt.%):
mineralogical pure clay: 83.5; admixtures: feldspar: 8; sili-
ca from feldspar 8.5 (of which SiO,: 60; Al,Os: min 30;
Fe,03: max 3; TiO,: max 1.5, CaO: max. 0.2; MgO: max.
0.4). MIC clays used for surface enamel coatings: MIC
coarse clay fractions — average size of particles 15 um,
MIC fine clay fraction — average size of particles 1.85 um
with a 1D dimension of 400 nm. Fine clay had been pre-
pared using jet vertical mill STURTEVANT. The enamel
slurry was applied on steel substrate after mechanical shot
blasting and degreasing processes. The thickness of both
layers of enamel coatings (under-coat and top-coat) is
200 pum. Sample 1 is the substrate covering by grey under-
coat with MIC coarse clay fractions. Sample 2 is the sub-
strate covering by grey under-coat with MIC fine clay
fractions. Sample 3 is the substrate covering by grey under-
coat and green top-coat enamel layers with MIC coarse
clay fractions. Sample 4 is the substrate covering by grey
under-coat and green top-coat enamel layers with MIC fi-
ne clay fractions.

3. Results and discussions

To realize these experiments number of modern ex-
perimental methods were applied kinematic viscosity
(CSN EN IS0 2431~ Paints and varnishes — Determination
of flow time by use of flow cups), microhardness measure-
ments and fracture toughness, resistance to shot (shot fir-
ing test), surface roughness — (CSN 1SO 4287 Geometrical
product specifications — Surface texture: Profile method —
Terms, definitions and surface texture parameters),
scratch, static and nano-indentation test.

On the basis of the kinematic viscosity measure-
ments: enamel slurry with fine clay showed higher viscosi-
ty than enamel slurry with classic coarse clay (usage of fi-
ne clay at the same weight content as coarse clay), and
therefore its rheological properties are different. Finally
milled clay (with average size of particles 1.85 um) shows
more uniform structure and the fraction. By measuring the
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brittle-fracture properties was proved a significant positive
effect of fine clay fraction in enamel slurry.

For sample 2 can be observed increasing the parame-
ter Hv and analogue fracture toughness in comparison with
sample 1. Higher microhardness comparable to the frac-
ture toughness is obvious for sample 3 (in comparison
with the sample 4). Increased levels of bursting force Fp
for fine-clay coatings represent an increase in enamel ad-
hesion to the steel substrate. The most significant damage
at minimal perpendicular force arises to the sample 2.
There is rapid penetration of the indenter to the volume of
coating. On the edges a large expansion of the cohesive
crack is visible. Significant damage of coating is also evi-
dent on sample 1. Similar to sample 2 there is a great
damage on the incision edges. These results correspond
with the lowest values of the parameter Hv (see Table I).
For samples 3 and 4 there is a distinct shift in the begin-
ning of damage to higher loading forces. At the scratch
edges the expansion and cohesion damage is lower. Sam-
ple 4 also shows significant wear of surface on the bottom
of the scratch. Set of nano-indentation curves with the
maximal normal loading of 200 g displays the highest
nano-hardness for sample 1-610 DHV, which is related
to damage during scratch indentation test. Significantly
lower value of nanohardness is recognized for the
sample 2-480 DHV, but in total it achieves the lowest
value for sample 3-460 DHV. The higher hardness due to
brittle cracking is apparent for the fourth sample.
Decreasing acoustic emissivity at high perpendicular
forces can be seen for sample 1. This corresponds to
deeper penetration into the enamel volume. The significant

Table I

Average values of kinematic viscosity, microhardness,
fracture toughness, bursting force by the shot firing test,
nanohardness and surface roughness of the vitreous enam-
el (Ra, Rg, Rt parameters from CSN 1SO 4287)

LMP 2011

Sample Sample Sample Sample
1 2 3 4
Kinematic 510°  60.10° 10.10° 80.10°
viscosity
[m?s™]
HVo1 [MPa] 4042 4227 5136 4376
Kic [MPam¥?] 0.88 0.87 1.01 1.04
Bursting force 50 55 50 70
Fp[N]
Nanohardness 610 480 460 530
DHV DHV DHV DHV
Surface Ra Ra= Ra Ra =
Roughness =1.02 0.87 =0.56 0.52
[nm] Rq = Rq = Rq=0.7 Rg=
1.31 1.08 1 0.67
Rt Rt Rt Rt
=25.75 =13.64 =1521 =16.42
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stress generation occurs deep in the volume of the coating,
which corresponds to the morphology of the crack.
Increase of acoustic emission (at high perpendicular
forces) for sample 3 corresponds to a slower rate of
damage in the morphology of the rift.

4, Conclusion

The use of clay with different particle size affects the
cohesive and adhesive degradation of metal — vitreous
enamel coating, leading to significant changes in the defor-
mation processes as well as the initiation of damage of the
surface enamel layer. On the basis of experimental tests
positive affect of fine clay onto the brittle-fracture and
functional properties of the coat have been shown. Ten-
dency to defect formation is also substantially reduced.
These benefits can be used in practice especially in assem-
bling of enameled segments.
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Final brittle-fracture properties of vitreous enamel
coating are dependent on its structure, texture and chemi-
cal composition. The most important inorganic compo-
nents during production of this coating are clay and fritted
glass. Usage of various sizes of these components influ-
ences final quality of the coating. The main goal of this
thesis was to compare functional properties of vitreous
enamel coatings made by using commonly-dimensioned
and nano-dimensioned particles.
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1. Introduction

Hardness measurement enables fast and reliable iden-
tification of low quality material and helps to prevent its
use in the production process. Automatic hardness
measurement can speed up the measurement process and
provides repeatable results in contrast to manual measure-
ment that is time consuming and always affected by a hu-
man factor. On the other hand, the automatic measure-
ment often fails, when the specimen surface is not well
prepared. This article introduces an algorithm that enables
measurement of rough polished specimens and minimizes
the effect of specimen surface properties.

2. Hardness measurement

Hardness is one of the important mechanical proper-
ties of construction materials and therefore it is very often
measured in the technical practice. The main advantage of
hardness tests is their easiness, repeatability and also the
fact that in many cases the measurement can be performed
directly on a product or on samples produced and designed
for other types of mechanical tests.

Hardness can be defined as the resistance of material

(surface of the material in the measured spot) against local
deformation caused by pressing indenter of a specific geo-
metrical shape at a defined load. The degree of hardness is
determined by the size of the permanent plastic defor-
mation.
Hardness tests can be divided according to different crite-
ria: In terms of principle, we can recognize a scratch test,
indentation test, impact test and rebound test. In terms of
the loading force we can recognize static and dynamic
tests for hardness.

The most frequent methods of measuring microhard-
ness are static methods of Brinell (CSN EN 1SO 6506),
Rockwell (CSN EN ISO 6508), Vickers (CSN EN SO
6507) and Knoop (CSN EN ISO 4545). The article focuses

Table |
Hardness according to Vickers — areas of testing load for
metals

Ranges of testing ~ Symbol of  Previous marking
load F [N] hardness (1SO 6507-1:1982)
F >49.03 HV >5 Test of hardness

according to Vickers

0.2<HV <5 Testof hardness
according to Vickers
with low load

0.01<HV< 0.2 Test of micro-hardness
according to Vickers

1.961 <F < 49.03

0.0980 <F < 1.961

on Vickers test.

Test of hardness according to Vickers is prescribed by
European standard, for three different ranges of testing
load (Tab. I).

The penetrating body — made of diamond shaped as a
regular tetragonal pyramid with the square base and with
preset vertex angle (136°) between opposite walls — is
pushed against the surface of testing body. Then, the di-
agonal size of the indent left after load removal is
measured (Fig. 1).

Vickers” hardness is then expressed as the ratio of the
testing load applied to indent area in form of regular te-
tragonal pyramid with square base and the vertex angle
equal to the angle of penetrating body (136°) as:

HV = 01891 © 1)
d

Where HV — Hardness according to Vickers, F — Testing
load in N, d — Arithmetic average of two diagonals dy d;in
mm.

Fig. 1. The basic principle of hardness testing according to
Vickers
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Evaluated sample has to have smooth and even sur-
face, without flakes, lubricants and foreign particles. The
sample is thus prepared as a metallographic scratch pat-
tern. Generally, the preparation is done by wet grinding
and then by polishing on diamond pastes or by electro-
polishing. Exact method of sample preparation is chosen
according to respective materials. Thickness of testing
body or layer has to be at least 1.5-6 times longer than the
diagonal length of the indent.

3. Automatic hardness measurement

Several different approaches to automatic hardness
measurement were presented in the past. Straightforward
technique of indentation vertex calculation is presented in
ref!. It uses the least square method for the average diago-
nal length calculation. Key issue of the threshold determi-
nation is discussed there as well. Region growing tech-
nique is presented in ref’. More sophisticated method that
utilizes thick line Hough transform is discussed in ref°. In
ref*, the hardness measurement process is divided in three
steps: image preprocessing, indentation recognition and in-
dentation measurement. Different techniques for each
stage are briefly introduced. Another advanced approach
that utilizes wavelet functions is discussed in ref>®,

The proposed algorithm is based on a parametric de-
scription of indentation. The indentation is described by
the following parameters: centre of horizontal and vertical
axes, horizontal and vertical diagonal length and rotation
of the axes with respect to the image axes

0={x,y,a,b,p}eR". @)

Using these parameters we are able to compute ver-
texes of the indentation in the frame of the image. The fi-
nal edge is constructed by connecting the vertexes with
lines in the proper order. In digital images the lines are
composed of pixels and we will denote the set of the pixels
that form the edges as Ey. The goal is to find such values
of the parameters that match a processed camera image of
indentation the best. Testing of all combinations of values
is numerically overwhelming and therefore some of the
global optimization techniques can be employed. Our arti-
cle describes the usage of the particle swarm optimization.

Fig. 2. Original image of an indentation
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The first step of the algorithm is filtering of the origi-
nal image that is depicted in Fig. 2. The goal is to highligth
important objects in the image. In the case of hardenss
measurement, we focus on filtration of indentation edges.
To process the image we use a bank of filters for gradient
estimation. General form of the filters’ kernels which re-
spect the diagonal direction of the indentation edges is the
following

0 -1 0 [0 -1 0] )
F=|-1 0 1| R=1 0 -1
0O 1 0 10 1 0]
0 1 O [0 1 0
F,=|1 0 -1| F,=|-1 0 1
0 -1 0] [0 -1 0

The image |1 is filtered four times. Each time we use
a different kernel F;

IF(Gy)=(1*F)(x,y)=
&42}1 I(x—m,y—n)-IF(M+2,n+2),

4)

where 1F;i(x,y) can be seen as an indication of a match be-
tween the filter F; and the image | at position (x,y). Thus,
for each pixel we obtain four responses from four filters.
For each pixel we choose the largest response as the ap-
proximation of the gradient magnitude (Eq. (5)). The fil-
tered gradient image is denoted as I

Iy (X, y) = max; IF,(x, y). ®)

In our calculations we use wider kernels which re-
spect the character of the visual data. The result can be
seen in Fig. 3. Since the image is too noisy we do not use
any post processing of the gradient image to obtain thin
edges. We are interested in the magnitude of the gradient.
The larger the magnitude is for a pixel the larger is the cer-
tainty of the edge in the position of the pixel.

When the gradient magnitude in the image is esti-
mated we can begin to search for the best set of the model
parameters. One set of the model parameters is called
a particle. We consider a constant number of particles
during iterations of the algorithm. The set of particles is
defined as

IM={x, e®:k=1.N}, (6)

where N is the number of particles. At first, the set of par-
ticles is initialized by values that cover the parametric
space reasonably, as in Fig. 4. Each particle generates an
edge model of the indentation. We fit each edge model to
the gradient image and we compute the sum of the magni-
tude of the gradient field in positions defined by the model
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Sk = Z:(x,y)eEk Ig (X’ y) (7)

This sum is the score sy for the given particle. Ey is
the set of coordinates of the edge defined by the particle xy.
In the next step we do the re-sampling. This means that the
particles that achieved the highest score have the highest
probability of being re-sampled (used in the next iteration
of the algorithm). Since we use a constant number of parti-
cles we draw each particle independently from the distri-
bution given by the particles’ scores. All particles that are
passed to the next iteration are shifted towards the particle
that achieved the best score in the current iteration

X' =argmax, S, ®)
The shifting of the particle means that we compute
a vector

Ve =X =X, ©)
and the particle in the next iteration (denoted as x*) is
given as

X =% +C-V, +0, (10)

where the ce(0;1)constant defines the extent of the
shifting towards the best particle. A small Gaussian noise
o is added to the shift, so that the particles cover larger
volumes in the parametric space.

Correspondence of particle set is evaluated by the
weighted average based on the score of all particles

Eweighted = Z

N
k=1

S X 11)

1,(%,Y). (12)

S = Z(x,y)eE

If the score is the highest achieved so far it is remem-
bered as the best result. The algorithm iterates until the

weighted

Fig. 3. Filtered image
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Fig. 4. First iteration

Fig. 5. Second iteration

score of the weighted particle decreaces below a given val-
ue or the maximum number of iterations was achieved.
Then the intermediate result with the highest achieved
score S is chosen as the final result. In Fig. 5 and Fig. 6 we
show specific iterations of the algorithm. The final result is
shown over the original image in Fig. 7.

4, Conclusion

A novel technique of automatic hardness measure-
ment was described in the paper. The goal was to auto-
matically measure the length of indentation diagonals. The
algorithm is based on the particle swarm optimization. It
enables to measure hardness even if the specimen is etched
or rough polished. Emloyment of the automatic algorithm
speeds up hardness measurement process and increases
measurement repeatability.

On a standart PC (Intel® Core™ 2 Quad @
2.83 GHz) with four CPU cores the algorithm runs
~ 0.3 sec. The algorithm is optimized for multi-core CPU.
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Hardness measurement enables fast and reliable iden-
tification of low quality material and helps to prevent its
use in the production process. Automatic hardness

Fig. 7. Detected indentation measurement can speed up the measurement process and
provides repeatable results in contrast to manual measure-
ment that is time consuming and always affected by a hu-
man factor. On the other hand, the automatic measure-
ment often fails, when the specimen surface is not well
prepared. This article introduces an algorithm that enables
measurement of rough polished specimens and minimizes
the effect of specimen surface properties.
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1. Introduction

Zirconia is proving an exciting novel material which
is gaining in popularity due to its specific key advantages
over other more traditional ceramics. It does not have the
malleability of metals but does have significantly high
fracture toughness. Zirconia is wear resistant and inert and
can therefore be utilised in areas where traditional metallic
systems would not be able to function. That’s why zirconia
is widely used in the oil and gas industry. In sub-sea sys-
tems where metallic systems would corrode, zirconia ex-
cels. Zirconia has great wear resistance, which, combined
with its high fracture toughness makes it an ideal material
for pumps and turbines. As zirconia is so hard, it is the
perfect material from which to manufacture knives and
blades — cutting edges remain sharp for much longer. Zir-
conia is also used for femoral head components in hip im-
plants. Now it is successfully applied in dental medicine
too. Zirconium dioxide is used for making single crowns
and bridges with 4 elements, veneers and laboratory-made
fillings. These have high aesthetic qualities because they
do not have the grey metallic color that is often shown
through the porcelain in metal-porcelain constructions.
Zirconium  constructions  are  distinguished by
unique resistance to breakage, perfect biocompatibility,
good transmittance, low heat conductivity by showing no
darkish borders of the crown towards the gum; and by
color stability over time.

Zirconium oxide thin films are excellent candidates
for hard and protective coating applications where trans-
parency is required. They may be used as diffusion barrier
coatings in nuclear energy reactors, as protective layers on
metal cutting tools', as insulating layers in micro-
electronics and in optical filters.

Excellent chemical stability, mechanical strength,
wear resistance as well as some peculiarities of electron
conductance allow zirconia layers to be used as catalysts
or catalyst supports® in exhaust-gas purifying devices
where high thermal, mechanical and corrosion stability are
required.
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Cerium oxide is a technologically important material
with remarkable properties that is used in a number of ap-
plications such as oxygen storage — in automobile exhaust
catalytic converters thanks to its ability to uptake and re-
lease oxygen under oxidizing and reducing conditions. The
cause of this effect is the continuous transformation be-
tween two Ce oxides: the oxygen-rich CeO, and the oxy-
gen-deficient Ce,O; depending on the external oxygen
concentration. Other important properties such as high die-
lectric constant and good epitaxy on Si, make Ce oxide
a promising material for future microelectronic applica-
tions. In particular, CeO, is considered candidate for re-
placing silicon dioxide in electronic appliances®. Cerium
oxide layers deposited on metals and alloys offer also ex-
cellent corrosion-protection against various aggressive
media®®. This explains the present intensive attention that
is drawn to this oxide and its properties’.

La,05 is used to make optical glasses, to which it pro-
vides increased density, refractive index, and hardness.
Together with oxides of tungsten, tantalum, and thorium,
La,05 improves the resistance of the glass to attack by al-
kali. La,Oj3 is an ingredient for the manufacture of piezo-
electric and thermoelectric materials. Automobile exhaust-
gas catalytic converters contain La,0; (ref.g). La,O; is also
used in X-ray imaging intensifying screens, phosphors as
well as dielectric and conductive ceramics. La,O3 has been
examined for the oxidative coupling of methane®.

The broad spectrum of applications of zirconium, ce-
rium and lanthanum oxides and the fact that properties of
thin films are typically very different from the properties
of bulk material make investigation of properties of ZrO,,
Ce,03-Ce0;, and La,O3 films very important.

There are many studies of their electrochemical
properties, numerours SEM and XPS studies of these
films'®?2, but little information is available on their me-
chanical properties. That’s why the aim of the present
work is to investigate mechanical properties of these films
by means of instrumented indentation testing.

2. Theoretical

Instrumented-indentation testing (I1T) has been de-
veloped over the last decade for the purpose of probing
mechanical properties of very small volumes of material.
IIT is ideal for exploring mechanical properties of thin
films, coatings, and surface layers. Because indents can be
positioned to within about 1 micron, IIT also enables one
to map the spatial distribution of surface mechanical
properties with a good resolution. For example, one could
map the mechanical properties within and around a weld.
Even if a sample is spatial-large enough to be tested by
other means, IIT often remains the method of choice be-
cause it requires little sample preparation. At its most basic
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level, IIT employs a high-resolution actuator to force an
indenter into the tested surface and a high-resolution sen-
sor to continuously measure the penetration. One of the
great advantages of this technique is that the contact area
under load can often be inferred from the continuous load-
displacement data alone. In other words, the residual hard-
ness impression does not have to be directly imaged, thus
facilitating property measurement at the sub-micron scale.
Hardness (H;7) and indentation elastic modulus (Er) are
the properties most frequently measured by 1T using Oli-
ver& Pharr approximation method™.

The fundamental relationships, from which H,r and E
are determined, are:

H,=P/A )

where P is the load and A is the projected contact area at
that load, and:

V7S
28 A

where E, is the reduced elastic modulus, S is the slope of
the upper portion of the unloading curve (S =dP /dh) and
£ is a constant that depends on the geometry of the in-
denter. For indenters with triangular cross section like the
Berkovich one g =1.034.

A reduced modulus, E,, is used in Eqg. (2) to account for
the fact that elastic displacements occur in both the in-
denter and the sample. The elastic modulus of the test ma-
terial, E|r , is calculated from E; using:

@)

©)

EIT

where v is the Poisson’s ratio for the test material, and E;
and v; are the elastic modulus and Poisson’s ratio, respec-
tively, of the indenter. For diamond, elastic constants E; =
1141 GPa and v; = 0.07 are often used. While it may seem
counterintuitive that one must know the Poisson’s ratio of
the material in order to compute its modulus, even a rough
estimate, say v = 0.25 £ 0.1, produces only about a 5%
un(isertainty in the calculated value of E for most materi-
als™.

3. Experiment
3.1. Deposition of films

The samples/substrates from stainless steel (SS)
(SS OC 404, containing 20 % Cr, 5 % Al, 0.02 % C and up
to 100 % Fe) were plates with sizes 20x20 mm, which we-
re cut from a steel foil with a thickness of 50 um. Films of
ZrO;, Ce,03-Ce0; and La,05 with thickness 0.5 um were
electrodeposited from non-aqueous electrolytes using the
compositions and schedules, described in ref.1>,
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3.2. Nanoindentation experiments

Mechanical properties of ZrO, Ce,0;-CeO, and
La,0; films were investigated by nanoindentation experi-
ments, using Nano Indenter G200 (Agilent Technologies).
These films were electrochemically deposited on stainless
steel substrate (SS OC 404) with a thickness of 50 um.
The nanoindenter is equipped with a Berkovich three-sided
diamond pyramid with centerline-to-face angle 65.3° and
a 20 nm radius at the tip of the indenter. The minimum al-
lowed load is 10 mN, and the maximum load is 500 mN.
Displacement recording resolution is 0.01 nm and the load
recording resolution is 50 nN. The device is equipped with
an optical microscope with 2 objectives with magnifica-
tions of 250x and 1000x. We made series of
25 indentations on each sample probe in order to have bet-
ter statistics. We used an indentation method which pre-
scribes series of 10 loading/unloading cycles in a single in-
dentation experiment. Hardness and modulus are deter-
mined using stiffness calculated from the slope of the load-
displacement curve during each unloading cycle. Basic in-
put parameters used in this indentation method are given in
Tab. I.

Table |
Input parameters for nanoindentation experiments

Parameter Unit Values
Percent To Unload [%] 90
Surface Approach Velocity [nm/s] 10
Delta X For Finding Surface [um] -50
Delta Y For Finding Surface [um] -50
Maximum Load [of] 50
Load Rate Multiple For Unload [-] 1
Rate

Number Of Times To Load [-1 10
Allowable Drift Rate [nm/s]  0.05
Approach Distance To Store [nm] 1000
Peak Hold Time [s] 20
Time To Load [s] 15
Surface Approach Distance [nm] 5000
Surface Approach Sensitivity [%] 40
Poisson Ratio [-1 0.3
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4. Results and discussion

As a result of nanoindentation experiments, load-
displacement curves were obtained and two mechanical
characteristics of substrate and investigated films —
indentation hardness (Hr) and indentation modulus (E,r)
were calculated using Oliver&Pharr approximation
method'®. Dependence of indentation modulus and inden-
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tation hardness on depth of indentation was investigated as
well.

Dependences of indentation modulus E;r and indenta-
tion hardness Hir on depth of indentation for the stainless
steel substrate are shown on Fig. 1 and Fig. 2.

Fig. 1 and Fig. 2 clearly show that with increasing
depth of indentation the indentation hardness and indenta-
tion modulus of the substrate decrease. In our opinion, this
effect is associated with the presence of a thin natural pas-
sive film on the surface of the stainless steel. The chemical
and phase composition of the film are quite different from
those of the bulk steel. XPS investigations showed that the
film’s thickness is about 1.5 nm and that consists of Fe’,
FeO, Fe,0;, FeOOH, Cr° Cr,0; AI° and Al,O;. At the
same time, the concentrations of the metallic Cr and Al,
their oxides respectively, in it are higher than concentra-
tions of metallic Fe and its oxides, when compared with
the ratio of metallic Fe, Cr and Al in the bulk steel*’*®, Re-
sults for stainless steels presented in ref.” suggest that in
this case, a passive film may form that will contain Fe*",
Cr** and AI**; most probably an AI**-containig spinel of
the type of Fe?"(Fe®*",Cr*")0,. In this case, a Cr**:Fe’" ra-
tio of about 3 is attained. Obviously, the surface passive
film consist vastly highest concentration of metallic Cr, Cr
oxides and Al oxides will determine measuring of con-

H{{{ {
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Fig. 1. Dependence of indentation modulus on depth of inden-
tation for stainless steel substrate
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Fig. 2. Dependence of indentation hardness on depth of inden-
tation for stainless steel substrate

LMP 2011

s440

Regular Papers

siderably highest indentation hardness and indentation
modulus in beginning stages of nanoindentation. The
average values of indentation hardness and indentation
modulus of the substrate obtained are H;r = 2.67 GPa, Er
=119.13 GPa.

They were calculated using Eqg. (4) and Eg. (5),
where H; and E, are measured hardnesses and modu-
lus at 10 different depths of indentations, shown on Fig. 1
and Fig. 2.

10
4
> Hi @
H — =l
I 10
10
5
ZEIT. ®)
E — i=1
IT 10

The dependences of indentation modulus E;r and indenta-
tion hardness H,r on depth of indentation for investigated
films are shown in Fig. 3 and Fig. 4. It’s evident from
Fig. 4 that the hardness of zirconium and lanthanum films
decreases with increasing depth of indentation, due to the
influence of the soft substrate. At one point, it becomes
close to the hardness of the substrate. The reason is that
below the depth of indentation of 500 nm, the substrate is
reached. This boundary is marked with a vertical dashed
line in Fig.4. The hardness of the the cerium film
increases with increasing of depth of indentation, due to
the influence of the substrate. The substrate shows higher
hardness (2.67 GPa). Below the depth of indentation of
500 nm hardness becomes equal to the hardness of the
substrate. Moreover, the lanthanum film has the highest
hardness (3.09 GPa). Hardnesses of zirconium (2.69 GPa)
and cerium films (1.11 GPa) follow. Fig. 3 shows that the
lanthanum film has the highest elastic modulus (185.28 GPa),
followed by the modulus of zirconium (162.09 GPa) and
cerium films (158.52 GPa). They were calculated using Eq.
(6) and Eq. (7), where H, and ij are measured
hardnesses and modulus at first 5 depths of indentations (only
inside the films), shown on Fig. 3 and Fig. 4.

5
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Mechanical properties of ZrO, Ce,03-CeO, and
La,0; films with thickness of 0.5 um were investigated by
means of nanoindentation using Nanoindenter G200
(Agilent Technologies), equipped with Berkovich dia-
mond indenter. These films were electrochemically de-
posited on stainless steel substrate — SS OC 404 with a
thickness of 50 um. Two mechanical characteristics of in-
vestigated films: indentation hardness (H,r) and indenta-
tion modulus (E;r), were determined by means of instru-
mented indentation and Oliver&Pharr approximation
method. We used an indentation method that prescribes se-
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experiment. Hardness and modulus are determined using
stiffness calculated from the slope of the load-
displacement curve during each unloading cycle. The de-
pendences of indentation modulus and indentation hard-
ness on depth of indentation were also investigated.
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1. Introduction

Overall material properties of trabecular bone are
function not only of bone density and architecture, but
they are strongly dependent on the tissue properties. These
properties at level of individual trabeculae can be obtained
using nanoindentation of polished larger blocks of trabecu-
lar bone, however, one cannot distinguish between superfi-
cial layers and core of the trabecula where the properties
are expected to differ’.

The only study that uses nanoindentation of individu-
al trabeculae in their cross-sections is the study by Bren-
nan el al.}, however, the properties were measured only in
three distinct areas (core, middle, outer) and the authors
used quasi-static nanoindentation. To our knowledge,
modulus mapping (MM) has not been applied to measure
properties of trabecular bone.

In their pioneering work?, Asif et al. used modulus
mapping to measure elastic properties of a carbon fiber
epoxy composite. MM has been used to measure the na-
noscale elastic properties of the collagen fibers, fibrils and
mineral deposits in extrafibrillar space® in order to evaluate
properties of nanocomposite films to mimic the hierarchy
of natural bone. Recently the technique was used to
measure the local variations in dentin and enamel in hu-
man teeth* but no verification with other experimental
method has been done.

This study aims for the first time to investigate the lo-
cal variations in material properties of single human tra-
becula in its cross-section. Average material properties ob-
tained using MM technique are compared to elastic modu-
lae measured by micromechanical testing.
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2. Materials and methods

Thin and straight trabeculae (n=5, n — number of
specimens) were located in a thin slice of trabecular bone
extracted from proximal femur under magnification glass
(4x). First, the samples were subjected to micromechanical
testing and then modulus mapping procedure was per-
formed.

Micromechanical tests

The trabeculae were tested in tension (n=3) and in
three-point bending (n=2) to determine elastic modulae,
yield strains and yield stresses. For tensile experiments,
ends of the extracted trabeculae were embedded in epoxy
resin. Samples were glued in custom tension-compression
loading device, specially designed for these deliberate me-
chanical tests. For the three-point bending tests, no gluing
was necessary and the samples were carefully placed on
supports made of thin metal sheets.

Positioning of the samples as well as loading was pro-
vided by means of stepper motors and precision linear
stages (UMR-3.5, Newport Corp, Irvine, CA). Deforming
samples were recorded using a high-resolution CCD
camera (CCD-1300F, Vosskuhler GmbH, Germany). Mag-
nification was provided by an optical microscope (Navitar
Imaging Inc., USA). Design of the experimental setup is
shown in Fig. 1.

The samples were tested until complete fracture oc-
curred. From the recorded images, displacements were
evaluated using Lukas-Kanade tracking algorithm®®. From
the displacements, strains were calculated and complete
stress-strain diagram was ascertained for each tested sample.

Fig. 1. Experimental setup for micromechanical testing of
isolated trabeculae (three point bending)
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The broken samples were then scanned in scanning
electron microscope to quantify the damaged volume and
later embedded in a low shrinkage epoxy resin, polished
with diamond discs with decreasing grain sizes to reach
the surface roughness of 20 nm to reveal the cross-section
in undamaged part of trabecula. Detailed description of the
sample preparation process can be found in a paper by Du-
dikové et al”. Example of cross-sectional image of the
polished sample is depicted in Fig. 2.

Fig. 2. Cross-section of trabecula embedded in epoxy resin.
Image acquired by optical microscopy

Modulus mapping procedure

To measure elastic properties in a larger area
(35x35 um) of trabecula’s cross-section, modulus map-
ping technique (combination of dynamic mechanical
analysis — nanoDMA and in-situ scanning probe microsco-
py — SPM) was applied in samples’ undamaged parts. In
this process, the probe is sinusoidally oscillating over the
polished surface with a given frequency and load. From
the recorded displacement amplitude and phase lag storage
and loss modulae are determined.

During MM a small sinusoidal force is superimposed
on top of a larger quasi-static force. Motion of the vi-
brating system of indenter and the surface sample can be
described by equation of motion for one degree of free-
dom. Harmonic equation describing the motion is:

@

F, sin(wt) = m X+ ¢ X+ kx

in which F is the magnitude of the harmonic force, o is
the circular frequency of the system, c¢ is the damping co-
efficient and k is the stiffness of the system. The system is
assumed to be linear viscoelastic.

Denoting C; stiffness of the indenter, Cs stiffness of the
sample and Ao amplitude of the system’s response, we can
write following equation for the time evolution of the dy-
namic response:

@)
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Denoting k=kstk; (ks is stiffness of the sample, k; is stiff-
ness of the indenter and k is the total spring stiffness) we
can calculate the phase difference ¢ between the force and
displacement from:

(Ci + Cs )C()
k- mao?

tangp = @)

Prior the measurement, a dynamic calibration of the sys-
tem is performed to establish three parameters of the sys-
tem (indenter mass m, damping coefficient of the capaci-
tive displacement sensor C;, stiffness of the indenter k;),
leaving only stiffness ks and damping coefficient C, of the
sample as unknown values.

In indentation, the contact stiffness ks is proportional to the
projected contact area A.:

A @)

k =2E",|-C

S 7T

Using this, storage modulus E’, loss modulus E’” and
phase shift between the force and displacement & can be
calculated using following equations:

. kN7 . oC AT wC (5)
E=—S_ E =—3 ,tan&:k—S
2,/A 2,/A s
C C

From the storage and loss modulae, complex modulus E*
can be computed using:

E =E +iE Q)

Comparison with quasi-static nanoindentation

Modulus mapping provides information about storage
and loss modulae in a 256x256 square matrix. In our ex-
periments, this matrix represented physical area 35%35 um).
To compare results from MM technique with quasi-static
indentation, each sample was indented with a set of 9 in-
dents in the center of the area used for MM.

In quasi-static indentation, maximal force 1000 uN
was applied in 5 s loading part, which was followed by 5 s
holding part, finally finished with 5s unloading part.
Nanoindentation curves, i.e. plots of force to depth for
sample No. 4 are depicted in Fig. 3.

3. Results

Five samples have been successfully tested using mi-
cromechanical tests, modulus mapping and quasi-static
nanoindentation. For nanoindentation, Poisson’s number
equal to 0.32 (ref.®) was considered.
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Fig. 3. Example of the indentation curves from quasi-static
indentation of sample No. 4

Young’s modulae obtained from quasi-static indenta-
tion were in good correlation with results from microme-
chanical testing.

In every sample, matrices with loss modulae, storage
modulae and tan delta (see Fig. 4) were stored. From these
matrices, complex modulae were computed using equa-
tions (5) and (6).

To compare the MM technique to quasi-static
nanoindentation, average values of complex modulae were
determined for each sample. This required interpolating

Table |
Average values of reduced and elastic modulae obtained
by quasi-static indentation

LMP 2011

Sample No. Reduced Young’s
modulus [GPa] modulus [GPa]
1 13.26 12.04
2 17.48 15.93
3 17.79 16.22
4 19.52 17.82
5 19.62 17.91
6 13.29 12.07

Fig. 4. Image maps of (a) complex modulus, (b) loss modulus
and (c) storage modulus for sample No. 4
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Fig. 5. Typical topography of the surface sample acquired by
in-situ SPM (dimensions of scanned area 35x35 um; sample
No. 4)

the complex modulae with a smooth surface and extrapo-
lating the values to the region representing the whole cross-
section of the sample.

We used this technique to study the variations in ma-
terial properties in the cross-section of the trabecuale. Re-
sults were showing similar trend to the findings published
by Brennan et al.}; i.e. the stiffness is highest in the core
section of the trabecula and toward its surface it is de-
creasing. However, for two samples it was not possible to
fit smooth surface through the values of complex modulae
due to the large size of the samples compared to the rela-
tively small area used for modulus mapping. Average
values of the modulae are summarized in Tab. Il and com-
pared to the values obtained from micromechanical tests
and from static nanoindentation.

In the table, values denoted by E., represents average
values of complex modulae after fitting the smooth surface
through the data and integrating the values over the whole
cross-section. Values denoted by Egs are average values

Table Il

Young’s modulae (in GPa) obtained by modulus mapping
(Emm), quasi-static nanoindentation (Eqs) and from micro-
mechanical testing (Eym)

Sample 1 2 3 4 5 6
Emm -*) 1417 1491 1690 --*) 13.29
E,s 12.04 1593 1622 17.82 1791 12.07
Em 10.71 14.61 #) 15.87 9.5**) 11.60
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*) For these samples it was not possible to extrapolate a smooth
surface over the whole cross-section, #) samples 2 and 3 repre-
sents two surfaces prepared for nanoindentation from one sample
used in micromechanical testing, **) this value is influenced by
overestimation of the cross-sectional area of the sample, see dis-
cussion in Jirousek at al. °
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obtained by quasi-static nanoindentation and finally E,m
are elastic modulae measured by micromechanical testing.

4. Conclusions

Comparison of elastic properties obtained from mi-
cromechanical testing and modulus mapping technique
was determined for each sample. After MM analysis, each
sample was also tested using quasi-static nanoindentation.

Local variations in elastic properties were determined
in cross-section of each sample using MM technique. Cor-
relation between average elastic properties in cross-section
and properties from micromechanical tests was found for
all tested samples. Modulus mapping shows the trend of
larger stiffness in core, smaller values are measured in su-
perficial areas.

Both quasi-static nanoindentation and MM can be
used to measure the elastic properties of extracted trabecu-
lae, however, to identify material constants for more com-
plicated material model (e.g. von Mises plasticity with
kinematic hardening) it is necessary to use micromechani-
cal testing.

The research has been supported by the Grant Agen-
cy of the Czech Republic (grant No. P105/10/2305), Minis-
try of Education of the Czech Republic (Transdisciplinary
research in Biomedical Engineering IlI, No. MSM
684077001) and research plan of the Academy of Sciences
of the Czech republic AV0Z0710524.
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J. Sepitka®, and J. Lukes® (* Academy of Sciences of the
Czech Republic, Institute of Theoretical and Applied Me-
chanics, Prague, ®Czech Technical University in Prague,
Faculty of Mechanical Engineering, Prague, Czech Re-
public): Use of Modulus Mapping Technique to Investi-
gate Cross-Sectional Material Properties of Extracted
Single Human Trabeculae

This study aims to investigate the local variations in
material properties of single human trabecula in its cross-
section. Thin and straight trabeculae were located in a thin
slice of trabecular bone extracted from proximal femur.
Tensile and three-point bending tests were performed to
determine elastic modulae, yield strains and yield stresses.
To determine local variations in elastic properties in tra-
becula’s cross-section, modulus mapping (MM) technique
was applied in samples’ undamaged parts. Using MM the
storage and loss modulae are determined. Correlation be-
tween average elastic properties in cross-section and
properties from micromechanical tests was found for all
tested samples.
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1. Introduction

Austenitic stainless steel AISI 316L is one of the
most spread austenitic stainless steel, due to excellent cor-
rosion resistance, superior cryogenic properties, good high-
temperature strength, for these properties, it is used in the
food and chemical industry and in medicine for surgical
instruments®. But strong limitation as low wear resistance
and poor hardness defend their applications. Duplex sur-
face system was applied to improve surface and subsurface
properties. The combination of both plasma nitriding and
subsequent deposited thin film Diamond Like Carbon
(DLC) were used as duplex treatment. Plasma nitriding is
very universal treatment was used for creation of super-
saturate austenite layer’®. This layer is non magnetic, it
has very high hardness and good corrosion resistance.
High hardness, chemical inertness and excellent tribo-
logical properties of amorphous carbon coatings often
called diamond-like carbon (DLC) coatings, are of great
interest for technological applications®®. When these
coatings are deposited on soft substrate material due to
their very thin thickness, further increase in the wear and
especially in the load-bearing resistance is limited by plas-

Fig. 1. The chemically etched (by aqua - regia) cross-section
showing the morphology of the duplex coating in a confocal
micrograph
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tic deformation of the substrate, which results in the even-
tual collapse of the coating. In case of austenitic stainless
steel plasma nitrided layer can created very useful transi-
tion layer between soft substrate and very hard thin
coating’™. The duplex treatment consisted of a plasma ni-
triding at 510 °C for 6 hours and subsequent coating with
DLC layer was applied on AISI 316L stainless steel. The
article is concerned to a study of the chemical composition
and mechanical properties of duplex system.

2. Experimental material, methods and

surface treatment

Samples of an AISI 316L stainless steel in the un-
treated state had the diameter of 30 mm and a thickness of
7 mm. The substrate had a microhardness of about
230 HV. Before the plasma nitriding process, the samples
were wet ground using silicon carbide paper from 120
down to 4000 grit and finally polished with 1 um diamond
paste. Plasma nitriding was carried out in
PN 60/60 Rlbig equipment with these parameters:
temperature of 510 °C, duration 6 h, pressure 320 Pa, gas
mixture of H, flow 8 I/min and N, flow 24 I/min, pulse
length 100 um, voltage 520 V. The pre-nitrided samples
were afterwards coated with DLC coatings in PVD
industrial equipment HTC 625 Hauser. Depth profiles of
plasma nitrided layers and PVD coatings were measured
by GDOES/QDP method. GDOES measurements were
performed in a LECO SA-2000. Calibration of nitrogen:
JK41-IN and NSC4A standards. Confocal laser
microscope LEXT OLS 3000 was used for observation of
the cross section morphology of duplex coatings and
craters after adhesion Rockwell tests. The surface hardness
of duplex systems was evaluated by a Vickers
microhardness test in a LECO automatic microhardness
tester LM 247 AT. Surface microhardness was measured
in range of load 0.1 N to 9.81 N. For each load, there were

a b

2. GDOES depth profile of a) plasma nitrided layer b) DLC
coating on nitrided surface
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made 5 measurements and the resulting value is the
average of these. Adhesion test was performed on the
duplex coatings as a standard Rockwell test, while using
aload of 1471 N and a diamond Rockwell indenter of
0.2 mm in diameter to assess the vertical adhesion of the
coatings.

4. Experimental results

Fig. 1 shows an optical micrograph of a cross-section
of the surface of an AISI 316L sample treated by a combi-
nation of a plasma nitriding and a PVD coating. The plas-
ma nitriding process created a nitrided layer of 25 um
thickness. The DLC coatings subsequently deposited by
PVD have the thickness of 1.5 um. Depth profiles of the
plasma nitrided layer (Fig. 2a) for both carbon and nitro-
gen are in good agreement with the proposed plasma treat-
ment schedule. Carbon and nitrogen contents decrease
along the layer depth (from surface to substrate). For car-
bon concentration there is a local maximum twenty mi-
crometers from the surface. In the DLC coating on nitrided
surface (Fig. 2b) carbon concentration gradually decreases
to local maximum in depth 1 um and decreased to zero
value in the substrate. Indentation adhesion tests were per-
formed by Rockwell indentation test (Fig. 4). The sample
shows good adhesion in range HF1, without any delamina-
tion of coatings. The surface hardness of duplex treated
samples (Fig.3) showed that the highest values
3400 HV, o, were found in the duplex treated sample with
the DLC coating. The single coated sample reached only
1700 HVq ;.

5. Conclusion

Duplex surface treatment consisted of deposition of
a plasma nitrided layer and subsequently deposition of a
DLC coating. The analysis carried out by using GDOES/
QDP method was in a good agreement with observation of
the metallographic cross-section and microhardness
measurement. The thickness of the nitrided layer was 25 p
m and microhardness values were around 1150 HV gs.
The surface hardness of duplex coatings reached

Fig. 3. Surface microhardness of treated samples
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Fig. 4. Rockwell indentation test of duplex coating

3400 HVq ;. Rockwell adhesion test shows that the plas-
ma nitrided layer contributes to good adhesion of the DLC
coating, which has then better adhesion than on a non-
nitrided substrate.

The work was supported by the specific research pro-
ject “Application of Modern Technologies for Components
of Special Technology” at the Department of Mechanical
Engineering, University of Defence in 2011.
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In this article a duplex treatment was investigated.
Duplex treatment consists of plasma nitriding and deposi-
tion of a DLC coating on AISI 316L stainless steel. This
study covers the microstructure, chemical composition and
mechanical properties of this duplex system. Analysis and
discussion of the results showed that combination of these
two processes improves considerably the surface hardness.
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1. Introduction

Metallic glasses have an attractive combination of
mechanical and other physical properties. These materials
can be prepared by rapid cooling of melt with proper com-
position. In the as-quenched alloy a significant amount of
free volume is frozen due to the non-equilibrium pro-
cessing conditions. As the periodical long-range order is
absent in these materials, the creation and propagation the
narrow shear bands with the thickness of cca 20 nm is the
only micromechanism of the plastic deformation. The
shear band creation is carried out under adiabatic condi-
tions, and intensive local heating and subsequent rapid
cooling cause the increase of the atomic disordering and
the free volume creation®. The structure of amorphous al-
loys is influenced by the free volume amount and the
structural relaxation is related to the free volume annihila-
tion. Differential scanning calorimetry (DSC) analysis is
the effective method to characterize the structural changes
in amorphous materials. In the work we studied the local
deformation-induced structural changes in the Fe-Ni-B
amorphous ribbon.

2. Experimental

The specimens of the amorphous metallic ribbon
FeqoNisBig with the thickness of 17.3 um were annealed
inside the tube furnace at the temperature of 200 °C for
2 hours in a flowing nitrogen atmosphere to anneal-out the
quenched-in free volume. The structure of the annealed
amorphous alloy was modified by the local plastic defor-
mation performed by repeated impactions of a small ham-
mer of 200 g with a tip of 1 mm radius, similar to ref..
The impactions were randomly distributed through the
both sides of ribbon samples. The accumulated defor-
mation was characterized by the total number of these im-
pactions per unit area of the sample. In this way the sam-
ples with different deformations were obtained (sample 1 —
160 impactions per 1 cm?, 2 — 240/cm?, 3 — 320/cm? and 4
— 640/cm?). The enthalpy changes were measured using
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DSC 8000 calorimeter in two subsequent runs up to the
temperature of 350 °C at a heating rate of 20 °C/min in a
flowing nitrogen atmosphere. The third run was measured
up to 520 °C (above the crystallization temperature). For
characterization of structural changes, the differences be-
tween the first and the second runs were used.

3. Results and discussion

Fig. 1 shows representative DSC thermograms for the
as-quenched sample up to the temperature of 520 °C. The
dominant narrow exothermic peak with maximum at 442 °C
corresponds to the transition from the amorphous to the
crystalline phase. The enlarged portion of the DSC traces
depicted by dash-line box for repeated heating up to 350 °C
(with saved amorphous structure) can be seen in the insert
of Fig. 1. At the temperatures above 140 °C the small
enthalpy changes associated with irreversible structural
changes occur. This thermal effect is connected with an
annihilation of the excess free volume during structural re-
laxation in the amorphous state.

Repeated tip impactions on the annealed sample sur-
face led to the local plastic deformation of the amorphous
ribbon through the creation of narrow shear bands. The
typical shear band morphology of a deformed specimen
can be seen in Fig. 2. The plastic deformation in complex
geometrical conditions occurs via sliding along the shear
bands in different directions. Similar morphology of the
deformed surface has been observed for other metallic
glasses®®. The total deformation energy is stored into the
volume of narrow shear bands and into the regions of elas-
tic deformation outside the bands. The structure of the

Fig. 1. DSC scans of Fe-amorphous alloy in the as-quenched
state in three subsequent heating runs. The enlarged portion
(depicted by dash-line box) in the insert shows the structural
relaxation of the amorphous state
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Fig. 2. The typical morphology of shear bands of the amor-
phous alloy after repeated impactions

sample part corresponding to the shear band volume is en-
hanced with free volume due to the intensive local heating
in adiabatic conditions during shear band creation’.

DSC traces for samples in the state after different
plastic deformation as well as in the initial state after an-
nealing are in Fig. 3. All samples exhibit very similar ther-
mal behaviour. The enthalpy change for the as-quenched
sample is added for comparison. During annealing at 200 °C
for 2 h the sample underwent the structural relaxation and
the wide region of enthalpy changes due to free volume
annihilation diminished as can be seen on the DSC trace of
the annealed sample.

DSC traces of the deformed samples revealed the an-
nihilation of the free volume introduced by plastic defor-
mation. With the increasing the amount of stored defor-
mation energy the larger enthalpy changes are observed.
Similar results were obtained in®°. In more deformed sam-
ple the amount of shear band regions is higher and so the
total free volume increases. In disordered systems the free
volume is distributed with activation energy spectrum and
therefore the relaxation peak is very wide. At lower tem-
peratures the defects (or free volume) with lower activa-
tion energy annihilate’. The defects in the as-quenched
state begin to anihilate at temperatures above 140 °C. The

Fig. 3. DSC scans of the Fe-amorphous ribbon in the as-
quenched state, in the state after annealing and in four differ-
ent deformed states
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defects introduced by the local plastic deformation have
lower activation energy and annihilate at lower tempera-
tures. Moreover, higher deformation causes the increasing
the amount of defects with higher activation energy and
the deformation is then accumulated into the existing shear
bands.

Structural changes in the Fe-Ni-B amorphous ribbon
at nanoscale level in the narrow shear bands were studied
by means of measuring of integral properties like enthalpy
changes. Although the plastic deformation is accumulated
into 20 nm-narrow shear bands and the part of the sample
volume corresponding to the shear band regions is small,
the thermal effects connected with the free volume re-
leasing are observable by DSC method. In this way the de-
formation-introduced free volume was estimated as 1/3-
1/2 of the free volume introduced by rapid cooling during
metallic glass preparation.

This work was supported by implementation of the
project No. 26220120021 provided by the European Re-
gional Development Fund. The authors are grateful to the
Centre of Excellence Nanofluid;' VEGA 0185/11 and Slo-
vak Research and Development Agency — contract APVV-
0171-10.
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In metastable amorphous metals the structural relaxa-
tion is closely related to the free volume annihilation. In
the work we studied the deformation-induced structural
changes in the Fe-Ni-B amorphous ribbon. The enthalpy
changes connected with structural relaxation of the de-
formed samples as well as non-deformed samples were
measured. With the increasing the amount of stored defor-
mation energy the larger enthalpy changes are observed.
The deformation-introduced free volume has lower energy
and can achieve ~ 1/3 of the free volume amount intro-
duced by rapid quenching of the melt during metallic glass
preparation.
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1. Introduction

Composites are materials formed from a mixture of
two or more components to produce a material with
properties or characteristics superior to those of the indi-
vidual materials*2. The matrix is a continuous phase mate-
rial which is usually less stiff and weaker than the rein-
forcement. It is used to hold the reinforcement together
and distribute the load among the reinforcements. Rein-
forcements in the form of fibers, fabric, whiskers, or parti-
cles are embedded in the matrix to produce the com-
posite®*. These properties depend mainly on the polymers
phase state, temperature, time, size and direction of exter-
nal forces™®. The hardness value is an important value to
characterize the mechanical properties of the material®®.It
is gives an indication of the material resistance against
wear, its workability, the heat treatment state, etc. The
Shore hardness was determined using standard methods.

2. Material, experiments, results

The investigated composite materials were prepared
from recycled components. The matrix was polyvinyl-
butyral produced by Schirmbeck, Germany, arising from
the recycling of car glass. We used the recycled material in
the flake's shape®, dispersed, spherical, spatially oriented
with size of 1-25 mm, Fig. 1.

The fibres were from used tires from passenger cars
and trucks, extracted by recycling process (company
VODS, Slovakia), then cleaned by separation on vibrating
screens, FRITSCH (Germany). Fibres were made of syn-
thetic polymer material, based on polyamide and polyester,
Fig. 2, with mean diameter of 30 um and mean length of
3.55 mm. The properties of investigated materials are pre-
sented in Tab. I.

Fig. 1. Recycled polyvinyl-
butyral (Schirmbeck GmbH,
Germany)

Fig. 2. Textiles from used tires
(V.0.D.S,, Slovakia)

The homogenization of mixtures was conducted in
the temperature range of 80180 °C (ref.’).

The character of the mixing process as well as the
emerging nature of the mixture depends on whether the
mixed components are completely miscible, partially mis-
cible or completely inmiscible®°,

The homogenization began with pre-heating of de-
vice at 150 °C, at first adding gradually the thermoplastic
material — matrix, polyvinylbutyral, which was thoroughly
homogenized for a period of about 30 minutes, then the
separated fabrics from used tires were added gradually. On
the basis of the previous homogenization of fabrics and
PVB, we produced the test boards for 10, 20, 30, 40 and
50 % of fabrics using pressing technology***2. The depen-
dence of tensile strength omax, Young's modulus, and ten-
sile strain €max ON percentage ratio of textile in composite
materials is presented in Fig. 3. Data were obtained from
tensile testing on composite specimens (test board).

Great rubber particles were allways visible on the
fracture surface of broken tensile specimens. Young’s

Table I
Mechanical and physical properties of materials

Mechan. PVB PVB-rec. Fabric from Kevlar29 Comp.

and Kuraray, Schirm-  usedtires  Aramid material
physical GmbH beck V.0.D.S.as. Fiber
properties  DEY GmbH,  Slovakia® DuPont®
DE°®
Young's 3.2 5 - 7.03 5- 62
modulus
[N.mm™?]
Omax 39.2-49.2 175 - 20.92-3.62 7-18
[N.mm™]
€ max [%0] 205 146 - 3.60 17-146
Shore A/D 70 Shore A 85 Shore A - - 36-45
Shore D

T4[°C] 60-65 50 73 - 46
Tm [°C] 125-200 150 218-255 149-177 259
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Young’'s modulus, opyax IN.mm™?]

Fabricin [%]

Fig. 3. Dependence of tensile strength 6y, tensile strain gmax
at tensile strength and Young’s modulus E on % ratio of fab-
rics (Young's modulus ,

Omax -+«

modulus of the material increases with increasing the con-
tent of textile fibres in the composite material. However,
both the tensile strength oma and tensile strain emax de-
crease.

After pressing the test boards, ineligible rubber parti-
cles (1-3 mm in the size) were visible in some areas,
Fig.4. The Shore hardness (durometer hardness®,
DIN 53505-D) was analyzed on the composite material
with 50 % textile using a Durometer indenter on test boards,
200x200x6 mm (ref.*%), by 23 °C and 60 % humidity.

Three boards were tested for each composite on that
places where appeared broken rubber particles which were
part of the textile and materials remained in spite of sepa-
ration on vibrating screens”**. The hardness measurement
began always starting from the centre of rubber particle
(distance = 0, Fig. 5), going away up to 15 mm from the
edge of the sample. The distance between the individual
indents was 5 mm. The analysed area with one Shore hard-
ness indent® was about 1 x 1 mm. The ineligible rubber
particles which remained after separation play a significant
role and affect negatively fracture properties of the compo-
site. The Shore D hardness in the rubber particle (distance

Fig. 4. Composite material with ineligible rubber particles
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Fig. 5. SHORE hardness for average value of test boards

= 0) is higher (41-42), the material around the particles is
softer (37-38), Fig. 5.

Conclusions

Based on testing of local and global mechanical pro-
perties of composites based on fabric from used tires and
recycled polyvinylbutyral can be concluded:

Increasing the fabric volume from 0 up to 40 % the
Young's modulus E is linearly increasing from 5 up
to 62 MPa, the tensile strength is linearly decreasing
from 17 to 7 MPa, the g is sharply decreasing from
146 to 17 %.

Near the bigger rubber particles was detected an af-
fected zone with lower hardness, which was the cause
of fracture.
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The paper deals with testing of new composite mate-
rials based on fabric from used tires. The matrix in the
composite material is a thermoplastic polyvinylbutyral
(PVB), which was obtained after recycling the carglass,
where it forms a part of the safety film. The goal of this
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1. Introduction

Purpose of special fast thermocouples is to measure
temperature of fast thermal processes with very little time
delay (few ms). The response of the thermocouple to the
real temperature of the environment depends mainly on
heat capacity of the thermocouple and it’s encapsulation.
To fasten the response of measurement no encapsulation
and the thinnest wire should be used. But such a thermo-
couple would be damaged in the measurement, so it is only
for single usage.

Such a thin thermocouples, with wires of diameter in
the scale of 1-100 um, can be used to measure the real
temperatures of the combustion products of explosives,
propellants and so on. Interesting application includes tem-
perature measurement of combustion products during air-
bag ignition in the car'.

Because the thermocouple needs to have both wires
welded, main difficulty producing thin thermocouples is
the welding technology giving high quality welds with
perfect repeatability of the welding process and results.

2. Experimental

As welding technology we have selected microplas-
ma welding (micro-PAW), because it offers advatages for
welding of thin materials (e.g. thermocouples). Plasma arc
has very high temperature (up to 25000 °C), has high
energy density, is very stable and well controlable. All the-
se features improve possibility to create sound welds even
on very thin materials and wires. Plasma Arc Welding
(PAW) has developed from Gas Tungsten Arc Welding
(GTAW). In PAW the arc is struck between tungsten elec-
trode and Cu nozzle. By the flow of the plasma gas
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through the copper nozzle the created plasma is forced to
exit the orifice of the nozzle and becomes the heat source,
which is very stable and well controlable by setting the
current and plasma gas flow. The schematic of the micro-
PAW welding method is at the Fig. 1.

For the construction of thermocouples copper, nickel,
chromium, platinum alloys are used. Often used thermo-
couples are e.g. Cu-CuNi, Fe-CuNi, NiCr-Ni, Pt-PtRh. As
the basic thermocouple for testing suitability of micro-
PAW for welding of thermocouples the Cu-CuNi thermo-
couple was selected because easy availability of Cu and
CuNi (konstantan) wire at the market. Cu-CuNi thermocou-
ple can be used easily in the temperature range from —250 to
+400 °C where it’s temperature resistivity is linear.

Cu and CuNi wires, both of diameter 0.1 mm, were
used and welded by micro-PAW with very low welding
parameters. Set welding current was | = 5 A. Tungsten-
thorium electrode (WT) with diameter 1 mm and trans-
ferred arc wiring was used. At the Fig. 1 the transferred arc
can is done by connecting the switch at the position 11.

Weld quality and fusion of the 2 metals was checked
by metallography. Because of the miniature size of the
sample the metallography was rather difficult. Special
fixing of the sample in the thermoset with very low ther-
mal shrinkage, grinding with SiC emery paper 2500, 4000,
polishing with diamond (3 um) and coloid silica was
necessary. For etching (1 part HNO; and 9 parts H,0) was
used and photographs are done on metallurgical micro-
scope (Carl Zeiss — AxioObserver D1m) in DIC contrast.
Microhardness according to Vickers (load 10 g) of the

Fig. 1. Scheme of micro plasma arc welding, 1 — shielding
nozzle, 2 - shielding gas, 3 — water cooled nozzle, tube, nozzle, 4
— focusing gas, 5 — water cooling, 6 — plasma gas, 7 — tungsten
electrode, 8 — high frequency ionizator, 9,10 — power source, 11 —
switch, 12 - BM, 13 — plasma arc
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base metals (wires) and across the joint was measured
along the red dashed line shown on Fig. 2. By Hysitron
system the nanohardness and Young’s modulus of the BM
and WM were measured (load of 1 mN). This measure-
ment was done acoording to Oliver and Pharr® using
Berkovich indeter, because it is very favourable for small
samples (diameter 0.1 mm).

3. Results and discussion

The heterogeneous joint of welded Cu-CuNi thermo-
couple had a favorable circular shape.

The metallographic cut of the welded thermocouple
was done to check penetration, size and quality of joint.
The cut is shown at the Fig. 2, where the regular circular
shape is visible.

The average results of nanohardness measurement
and Young modulus is stated in Table I.

At the Fig. 3 is shown measurement of the Vickers
hardness along the red dashed line drawn at the Fig. 2. It is
obvious that the joint is ductile without any hard brittle
phases, because hardness in HAZ and WM the hardness is
quite low, approx. between 70-200 HV0.01, without any
hardness peaks.

Hardness measurement by nanoindentation was done.
Nanoindentation was made in different parts of the welded
part — see Fig. 4. Both measured results are in reciprocal
compliance.

Fig. 2. Welded thermocouple Cu-CuNi, upper wire - Cu, low-
er wire - CuNi

Table |
Average values of Young’s modulus and nanohardness

Fig. 3. Microhardness of the welded thermocouple

Fig. 4. Areas of welded sample nano indentation measurement,
tested area 40x40 pm, measured results stated in Table |

4., Conclusion

The creation of the thermocouple Cu-CuNi with fa-
vorable circular shape of the weld joint was possible by
microplasma welding. No hard brittle phases were found
by hardness measurement, so mechanical strength of the
joint is satisfactory without any risk of brittle failure. It is
possible to say that technology suitable for welding of
heterogeneous joints of thin Cu-CuNi thermocouples was
found.

The research was financed by the Czech Ministry of
Education, Youth and Sport within the frame of project
SGS CVUT 2010 — OHK2-038/10.
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This article focuses on production and testing of ther-
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1. Introduction

This paper presents results of tribological testing of
duplex coatings that have been presented in the previously
published paper “The Effect of Duplex Coating on Wear
Properties of Tool Steels”. In detail it includes results of
testing by Modulus Mapping™ method. Modulus Mapping
combines in-situ SPM imaging capability of Hysitron’s
nanomechanical testing instruments with the ability to per-
form dynamic, or nanoDMA tests.

2. Experiment

The specimens from the low-alloy steel 31CrMoV9
were inert gas quenched and tempered. The duplex treat-
ment had two phases. In the first phase, the specimens
were pulse plasma nitrided (depth of nitrided layer is 70 um).
In the second phase, various PVD coatings were deposited:
TiN, CrN, TiAIN and a multilayer 3x(TiN-CrN). All
coatings were 3 um thick. Because of the miniature size of
the coating, the metallography was rather difficult. There
were also problems with the production of sample because
plannar surface was required for measurement. The dif-
ference in hardness of the substrate, PVD coating and
mounting materials cause grinding of sample edge. There-
fore, a small steel plate with the same hardness as the base
material sample was glued on the coatings. Then the edge
gringing was minimalized and the plannarity of the sample
was sufficient for nanomechanical tests.

Special mounting of the specimens in thermoset with
very low thermal shrinkage, grinding with SiC emery pa-
per with 2500 and 4000 grit and polishing with diamond
(3 um) and coloid silica were necessary. Photographs were
taken in a metallurgical microscope (Carl Zeiss — AxioOb-
server D1m). Treated specimens were tested on Hysitron
TI 950 Tribolndenter™ to obtain 3D topography of cross
section and a map of complex modulus. The measurement
methods are described in details in ref." and ref.2.

The analysis of the dynamic test is derived from the
classical equation for a single degree of freedom harmonic
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oscillator as given in Eq. (1):

Fo sin(wt) = mx”+ Cx’ + kx 1)
where F, is the magnitude of the sinusoidal force, w is the
frequency of the applied force, m is the mass, C is the
damping coefficient and k is the stiffness of the system.
The solution to this differential equation is seen as Eq. (2)
where a displacement amplitude response (denoted as X,)
is given for a given sinusoidal force F,, at a frequency w
for a system with a given stiffness, mass and damping.

F

X, = o
Jk=mo?)? +((C, +C,)o)?

The phase difference between the force and the displace-
ment is given in Eq. (3):

@

s=tanr G F Cs)zw 3)
k-maw
where the total spring stiffness, k, consists of two parts,
k =ks+k; (4)

The subscripts in Eq. (1-4), i and s stand for indenter and
sample respectively. From a dynamic calibration m, C;,
and K; are known, X, and g are measured, leaving K and
C; as the only unknown variables. By assuming a linear
viscoelastic response, these equations can be used to calcu-
late the stiffness and damping of a system from the dis-
placement amplitude and phase lag. The stiffness and
damping can be used for calculation of the storage modu-
lus and loss modulus using Eg. 5a and b.

kA7 v @CNz
24, 24,

3FR

&

where a is the radius of the contact area and R is the radius
of curvature of the tip®.

Eqg. (6) shows the relationship between complex
modulus (denoted as E*), storage modulus (denoted as E’),
and loss modulus (denoted as E”’), where i is the imaginary
unit.

f (5)

a) b)

c)

E*=FE +IiE” (6)

Another theory is presented in ref.*and ref °.
3. Results
Results of Modulus Mapping are shown in Fig. 1 and

Fig. 2. Topographic information obtained by in-situ SPM
is shown in Fig. 3. The tested area was 5x5 pm. We can
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Fig. 1. Maps of complex modulus for individual coatings: CrN
(top left), TiN (top right), TIAIN (bottom left) and multilayer
3%(TiN-CrN) (bottom right). The area in red circle represents
a transition zone between substrate and PVD layer

Fig. 2. Analyses of complex modulus on cross section (The
area in red circle represents a transition zone between sub-
strate and PVD layer. The green dashed line shows the aver-
age value of complex modulus of substrate)

LMP 2011

s457

Regular Papers

Fig. 3. Example of topographic information for individual
coatings obtained by in-situ SPM

see an increase in values of complex modulus on the area
of PVD coating. Measured values of complex modulus are
CrN ~ 357 GPa, TiN ~ 305 GPa, TiAIN ~ 443 GPa and 3x
(TiN-CrN) ~ 295 GPa.

Complete results of tribological tests are given in
ref.? and ref.%.

4. Conclusion

Results for all coatings show that deposited PVD
coatings did not affect the properties of nitrided base
material. No gradient or transition layer between deposted
coating and substrate were observed.

The research was financed by the Czech Ministry of
Education, Youth and Sport within the framework of pro-
ject SGS CVUT 2010 — OHK2-038/10.
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1. Introduction

Aluminium foams belong to the group of modern
structural materials with high potential to many engi-
neering applications. It is a highly porous material with
cellular inner microstructure. It is also known for attractive
mechanical and physical properties. The application of this
material is very wide. Some structural and functional
applications of aluminium foams for industrial sector
which covers mainly automotive, aircraft but also building
industries have been reviewed e.g. by Banhart®.

In this study, commercially available aluminium foam
Alporas® (Shinko Wire Co., Ltd) was tested. Alporas is
characterized by a closed cell microstructure as shown in
Fig. 2. The large inner pores have usually round of poly-
hedral shape with the mean size ~ 4.5 mm?. The very thin
cell walls (typically ~ 100 um thick, Fig. 1) of closed cells
create randomly distributed solid metal phase. The overall
porosity of this material reaches ~ 90 % (ref.?). The manu-
facturing process of the Alporas is a batch casting process
and can be found in details e.g. in Miyoshi et. al.>.

In this paper, we deal with the assessment of the two-
scale microstructural model that takes into account hetero-
geneity taking place on the cell wall level, as well as at the
whole foam level. For this reason, we utilize micro-
mechanical up-scaling procedures that are commonly used
in finding effective properties of classical composites. Up-
scaling mechanical properties from microscale to the upper
level uses so called homogenization techniques® in which
microscopically heterogeneous material is replaced by a
fictitious homogeneous one having equivalent overall be-
havior.

2. Definition of the model

The Alporas foam is characterized by a hierarchical
microstructure. At least two characteristic length scales
can be distinguished: the cell wall level and the foam level.
Therefore, two-scale microstructural model for the predic-
tion of macroscopic elastic properties on the whole foam
level is proposed based on the utilization of nanoindenta-
tion data received on cell walls*. The model covers:
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Level I (the cell wall level).

In this level, characteristic dimension of the cell wall de-
fined by the mean midspan wall thickness is L ~ 100 pum.
This level consists of prevailing aluminium matrix (Al-rich
area) with embedded heterogeneities in the form of Ca/Ti-
rich areas (as further discussed in section 3.2). Distinct
elastic properties of the microstructural constituents were
assesed using nanoindentation at this level.

Level Il (the foam level).

At this level, the whole foam containing large pores
with an average diameter ~ 2.6 mm (as evaluated for our
samples) are considered. Cell walls are considered as
homogeneous having the properties that come from the
Level I homogenization.

Fig. 1. Detailed ESEM image of a cell wall showing Ca/Ti-rich
area (light zones) — Level |

Fig. 2. Overall view on a typical micostructure of aluminium
foam — Level 11

3. Experimental part
3.1. Sample preparation

Samples for nanoindentation testing were prepared
from small Alporas block 18x18x14 mm which was firstly

embedded into cylindrical mould and filled with a low vis-
cosity epoxy resin (Struers®). Then, ~5 mm slice was cut
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by diamond saw and polished with fine SiC papers with
selected technological process®. Resulting surface rough-
ness was checked with in-situ imaging (surface scanning
was performed with the same tip as for nanoindentation).
Quadratic deviation from the mean plane (root-mean-
square®) was found to be Rq = 9 nm which was more than
acceptable compared to the maximum indentation depths
100-300 nm. As a rule of thumb, the surface roughness
should be kept within 10 % of the expected maximum
depths used in nanoindentation which was fullfilled in our
case.

3.2. ESEM and microstructural analysis

The microstructure of the cell wall was studied in
electron microscope (ESEM). Two distinct phases, visible
as differently colored areas in ESEM images were identi-
fied (Fig. 1). The chemical composition of the two phases
was checked with EDX element analysis in ESEM. As ex-
pected, the majority of the volume (dark zone) was com-
posed of aluminum and aluminium oxide Al,O3 (further
denoted as Al-rich area). Lighter zones contained signifi-
cant amount of calcium and titanium (further denoted as
Ca/Ti-rich area). The non-uniform distribution of these
zones shows on inhomogeneous mixing of the admixtures
added during the production process.

3.3. Nanoindentation

The nanoindentation testing was performed using a
Hysitron Tribolab system® located at the CTU Prague's
laboratory. This system consists of in-situ SPM imaging
which was used for scanning the sample surface. Berko-
vich tip was used for all measurements.

Two distant locations were chosen on the sample to
capture its heterogeneity. Both locationss were covered by
a grid of 10x10 indents with 10 um spacing. It yields 200
indents in total which was considered to give sufficiently
large statistical set of data. Standard load controlled test
for an individual indent consisted of three segments:
loading, holding at the peak and unloading. Loading and
unloading of this trapezoidal loading function lasted for
5's, the holding part lasted for 10 s. Maximum applied load
was 1500 pN.

3.4. Results of the experimental part

Elastic modulus was evaluated for individual indents
using standard Oliver and Pharr methodology’. The results
are depicted in Fig. 3 in which a frequency plot of all elas-
tic moduli merged from two different positions are shown.
No significant differences between the positions were
found.

Statistical results of elastic moduli have been further
analyzed with a deconvolution technique®® which seeks
for parameters of individual phases covered in overall re-
sults. The deconvolution algorithm searches for n-Gauss
distributions in an experimental probability density func-
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tion (Fig. 3). Random seed and minimizing criteria of the
differences between the experimental and theoretical
overall PDFs are computed in the algorithm to find the
best fit”. Two-phase system (one dominant Al-rich phase
and one minor Ca/Ti-rich phase) was assumed in the de-
convolution. Tab. | contains numerical results from the de-
convolution with the estimated volume fractions of the
phases.

It can be seen in Fig. 3 that a significant peak appears
around 62 GPa appears. This value can be considered as a
dominant characteristic of the Al-rich solid phase. This
value is in excellent agreement with the value measured by
Jeon et al.** on melted Al-1.5 wt.% Ca alloy (61.7 GPa).

Fig. 3. Deconvolution of elastic moduli in two phases (Al-rich
and Ca/Ti-rich) from two measured positions

Table |
Elastic moduli and volume fractions from deconvolution

Phase Mean  St.dev. Volume
[GPa] [GPa] fraction

1 (Al-rich zone) 61.9 4.6 0.638

2 (Ca/Ti-rich zone) 87 17 0.362
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4. Numerical part
4.1. Level I homogenization

Continuum micromechanics provides a framework, in
which elastic properties of heterogeneous microscale
phases are homogenized to give overall effective proper-
ties on the upper scale®. A significant group of analytical
homogenization methods relies on the Eshelby’s solution™
that uses an assumption of the uniform stress field in an
ellipsoidal inclusion emnedded in an infinite body. Effec-
tive elastic properties are then obtained through averaging
over the local contributions®. Based on previous experi-
ence, we selected two most frequently used analytical
schemes and two bounds in the following. At first, rough
estimates can be done by computing bounds (limits) based
on mixture laws of Voight (parallel configuration of
phases with perfect bonding) and Reuss (serial configura-



Chem. Listy 106, s458-s461 (2012)

tion of phases). The disadvantage of using these bounds
(or limits) is that they are usually quite far from each
other.

Very often, the Mori-Tanaka method® can be used for
the homogenization of composites with continuous matrix
reinforced with discontinuous spherical inclusions. In this
method, the effective bulk ket and shear e moduli of the
composite are computed as follows:

) (@h)
;frkr(lmo(ki—l))‘l
et = kro -1
frQ+apg(—-1)
r ko
_ 2
;frur(uﬁo(z—r—l» 1 @
0
Heff =
3 1+ B (7~
r Ho

“0 = 3 v ag 70 T 15k, + 20
0+ 4ug 0 +201

where f, is the volume fraction of the r'" phase, k; its bulk
modulus and the coefficients oo and S, describe bulk and
shear properties of the 0" phase, i.e. the reference medi-
um?®. The bulk and shear moduli can be directly linked
with Young’s modulus E and Poisson’s ratio v used in
engineering computations as:

_ 9k u 4
3K+

o 3k—2u (5)
6k +2u

At second, the self-consistent scheme® was used. It is
an implicit scheme, similar to Mori-Tanaka method, in
which the reference medium points back to the homoge-
nized medium itself.

The homogenized elastic property for the two con-
sidered microscale phases in the cell wall (i.e. Level 1) is

Table Il
Effective values of Young’s modulus computed by differ-
ent homogenization schemes
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summarized in Tab. Il for individual homogenization tech-
niques. Very close bounds and insignificant differencies in
the elastic moduli estimated by the schemes were found.

4.2. Level Il homogenization

In this level, cell walls are considered as a homogene-
ous phase having the properties that come from the Level |
homogenization. The walls createa matrix phase and the
large air pores can be considered as inclusions in this ho-
mogenization.

At first, effective elastic properties of the Level Il
were estimated with the same analytical schemes used in
Level I. The volume of air pores was assessed experimen-
tally by weighing on our samples as 91.4 %. The homoge-
nized elastic modulus for the Level Il structure is summa-
rized in Tab. Il1. It is clear that the analytical methods do
not give appropriate results, because the basic assumptions
following from Eshelby’s solution of an ellipsoidal inclu-
sion in an infinite body and volume fraction restrictions
are not fulfilled. Nevertheless, the correct solution should
lie between Voight and Reuss bounds that are, in this case,
quite distant (Tab. I11). The Mori-Tanaka ends up close to
the average phase value, whereas the self-consistent
scheme tends to reach lower stiffness value (i.e. the air)
due to the very large volume fraction of pores.

At second, more appropriate two dimensional micro-
structural FEM model was applied. The model geometry
was generated from high resolution optical images of Al-
foam cross-section (Fig. 4a), which was embedded to
blackwashed gypsum and than polished with fine SiC pa-
pers. Size of this representative area is 36 x 44 mm and
represents a higher structural level of the material. At this
image, pore centroids were detected, Delaunay triangula-
tion applied and VVoronoi cells created. Then, an equivalent
2D-beam structure was generated from cell boundaries
(Fig. 4b). As a first estimate, uniform cross-sectional area
was prescribed to all beams (~ 8.6 % of the total). Bounda-
ry conditions appropriate to the loading (axial tension) are
specified in Fig. 4b. The tension test leading to the evalau-
tion of the homogenized elastic modulus was performed
using program Oofem software package®.

In our computations, the homogenized elastic modu-
lus reached Epom~ 0.3-0.6 GPa depending on the stiffness
of the contour beams. The higher En.m, value appllies for
the contour beam stiffness which has the same stiffness as
the rest of the beams. The lower Epnon Value applies if a half

Table 111
Effective values of Young’s modulus by different homog-
enization schemes

Scheme  Mori- Self- Voigt Reuss Scheme  Mori- Self- Voigt Reuss
Tanaka consist. bound bound Tanaka consist. bound bound
scheme scheme
E [GPa] 70.076 70.135 71.118 69.195 E[GPa] 3.1510 0.0012 6.0200 0.0011

s460
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Fig. 4. (@) High resolution optical image of Al-foam. (b) 2D-
beam structure with prescribed boundary conditions

-stiffness is used for contour beams. Such result is in good
agreement with the range of experimental values
(0.4-1 GPa) reported for Alporas® e.g. by Ashby et. al.*.
Our preliminary experiments show on the Ep,, value
0.27 GPa.

5. Conclusions

Elastic parameters of cell walls were obtained on
a statistical set of nanoindentation results from which one
dominant and one minor mechanical phase were separated
by the deconvolution algorithm. Analytical homogeniza-
tion schemes showed very similar results of effective cell
wall elastic properties (Epevert = 70 GPa). This value to-
gether with corresponding volume fraction of cell walls
and large pores were used in micromechanical up-scaling
to the upper level (Level I). Effective elastic properties of
Level Il were estimated with the same analytical schemes
used in Level I. However, the analytical methods do not
give satisfactory results in this case. Therefore more ap-
propriate two dimensional microstructural FEM model
was applied. Homogenized elastic modulus reached
0.3—-0.6 GPa. These values are in good agreement with the
range of experimental values obtained by conventional
methods. Further development of the numerical model
(influence of boudary conditions, influence of beam stiff-
ness variations, size of RVE, extension to 3D) and ex-
tending an experimental program is planned in the future.
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1. Introduction

Indentation techniques are widely used in the indus-
try for more than one century. They serve as quality con-
trol measurements and as an economical, routine probe for
estimating the strength of engineering materials. Indenta-
tion tests offer simplicity and speed because they require
access only to a flat surface of component rather than, for
example, the manufacturing of special specimen for con-
ventional tensile testing. In connection with microdevices,
material scientists discovered that they could quickly and
conveniently probe the small-scale response of material di-
mensions by micro- and nanoindentation techniques.

In the Brinell test, a hard ball of diameter D is
pressed under a load P into the plane surface to be
examined. After removal of the load, the chordal diameter
d of a remanent impression left by the indenter is
measured. The Meyer hardness Hy is calculated as the
load divided by the projected area of the impression.

Tabor! demonstrated that for metals with a power-law
work-hardening the Meyer hardness is

d

zsvo(o.z—j ,
D

and the plot Meyer hardness versus d/D closely reproduces
the tensile true stress versus true strain curve. Here Yy is a
critical tensile stress below which the deformation is elas-
tic, and n is work hardening exponent.

So, by making a series of Brinell tests with indenta-
tions of various diameter d the important plastic stress-
strain characteristics of the material may be extracted from
the observed Hy-d relation.

As regards the conical or pyramidal indenters, Tabor
argued that due to the “principle of geometric similarity”
the hardness should not depend on the size of the remanent
impression left by the indenter or on the indentation load.
He demonstrated that for the Vickers indenter

4P @

2

Hy

2P . @)
Hy =—5~3(Y at 8% strain).
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Here d represents the Vickers indent diagonal.

Conical or pyramidal indenters whose sizes exceed
tens of microns really produce size-independent hardness
values for most metals.

But smaller indenters, in the range from submicrons
to about ten microns, often display a significant size effect.
That is, the impressions left by such indenters are smaller
than expected from the size of impressions left by large in-
denters. Thus the apparent hardness of a specimen in-
creases as the impression size decreases.

The increase in strength is explained in terms of the
local dislocation hardening due to geometrically necessary
dislocations (GNDs). These dislocations are required to
account for the permanent shape change at the surface.
The micron-scale permanent impressions produce the den-
sities of GNDs that are comparable to or exceed the densi-
ties of statistically stored dislocations, that is the disloca-
tions present in the material prior to the indentation. The
smaller is the size of the non-uniform deformation, the
larger is the relative density of the GNDs and the greater is
their contribution to the work hardening.

This explanation is suitable for behaviour after plastic
deformation has started and the indentation process is
“well developed”. This theory cannot describe the situa-
tion near the initial deviation from the elastic regime at the
initiation of the plasticity, as there are no GNDs. So, the
hardness data may not follow the theory for very small im-
pression sizes.

2. Theory

The objective of this contribution is to modify the
Nix and Gao model to account for the indentation of solid
solutions.

Nix and Gao? considered the indentation of a pure
metal by a rigid cone. Resultant impression is accommo-
dated by circular loops of GNDs with Burgers vectors nor-
mal to the plane of sample surface. Assuming that the in-
jected dislocation loops are stored in a hemisphere under
the contact perimeter, they found that the density of GNDs
is proportional to the reciprocal of indentation depth.

Nix and Gao used the Tabor’s finding that the inden-
tation hardness is a measure of the yield stress of the
metal, the von Mises yield criterion connecting the yield
stress with the critical resolved shear stress, and the Tay-
lor’s relation stating that the shear strength is proportional
to the square root of the dislocation density.

Expressing the total dislocation density as the sum of
densities of statistically stored and geometrically necessary
dislocations, Nix and Gao finally found that

. ®)
1+h—

0
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Here Hy is the hardness that would arise from the statisti-
cally stored dislocations alone, and h” is a length that char-
acterizes the depth dependence of the hardness.

As the indenter penetrates the solid solution, it not
only produces and emites GNDs, but it also “picks up” the
solute atoms from the indent volume. The solute atom
either remains “stuck” at the indenter’s surface (with
probability p”), or leaves the surface (with probability
p=1-p’) and diffuses into indenter’s vicinity. The solute
atoms “stuck” at the indenter change its effective shape
and size and thus modify the density of GNDs. The solute
atoms diffused into indenter’s vicinity enhance local con-
centration of solid solution and thus enhance the solid so-
lution strengthening.

Because two strengthening mechanisms take place,
the Taylor’s relation for dislocation strengthening is re-
placed by the expression®

Y =k, ¢ +k, p''% 4
Here k; are particular strengthening coefficients, ¢ is the
concentration of solute atoms, and p is the total dislocation
density (the sum of the statistically stored and geometrical-
ly necessary dislocations).

Incorporating the above mentioned into the Nix and
Gao model, the following relation for the indentation
hardness was found:

H=H" 1+ L+ p*C)hT+ H™ e 1+ p**hlm

Here h”, h™ are two length scale parameters, H” is the
hardness resulting from the statistically stored dislocations
alone, H™ is the parameter quantifying the contribution of
solid solution.

®)

3. Results and discussion

The changes in material’s strength as detected by
microindentation are explained in terms of local strain and
solid solution hardening. The strain hardening decreases
and the solid solution hardening increases with the inden-
tation depth. So the former dominates for lower indenta-
tion depths, while the latter prevails for higher indentation
depths. For a pure metal (c=0) only the strain hardening
takes place and the relation (5) reduces to that of Nix and
Gao (3). In this case the indentation hardness monoto-
nously decreases with increasing indentation depth. For a
solid solution, the indentation hardness firstly decreases,
reaches the minimum, and then slightly increases with in-
creasing indentation depth.

Fig. 1 presents the microhardness of materials made
from iron powder coated with 12 wt.% of copper”. The da-
ta were extracted from the load-displacement curves,
measured by the TTX-NHT apparatus with diamond
Berkovich tip. The sinusoidal/cyclic mode with the maxi-
mum load of 100 mN was chosen. Solid points are for
green sample, that is practically for a pure iron. The hard-
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ness values monotonously decrease. The empty points are
for sintered sample, that is practically for a solid solution.
The hardness values firstly decrease and then slightly in-
crease. This qualitatively agrees with the theoretical re-
sults.

H [GPa]

T T T T
600 900 1200

h [nm]
Fig. 1. Typical curves for indentation hardness as function of
penetration depth for samples prepared from 12 wt.%Cu
coated iron powders: m sample in a “green” state, o sintered
at 1120°C

T T
0 300 1500

4. Conclusion

The relation for the micro-indentation hardness of
solid solutions was obtained theoretically. The results
qualitatively agree with the first data obtained for samples
from copper-coated iron powders (green as well as sin-
tered).

The applicability of relation (5) is now intensively
tested on a series of various sintered samples.

This work was supported by VEGA grant 2/0168/12
of the Slovak Grant Agency.
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1. Introduction

Ultrafine-grained (UFG) metallic material has re-
ceived considerable research interest because it exhibits
high strength along with good ductility and toughness.
Recently, as one of the prominent methods to produce
UFG bulk™® and powder®® metallic material, equal chan-
nel angular pressing (ECAP) has been studied extensively.
The ECAP process (Fig. 1la) is a method that involves
large shear plastic deformation in a workpiece by moving
through a die containing two intersecting channels of iden-
tical cross-sections that meet at a predetermined angle (®).
The process can be repeated extruding the sample through
the same matrix. Several papers evaluated the distribution
the effective strain distribution through the cross section of
the sample after the ECAP process based on finite element
method (FEM) modeling®°. The heterogeneity of non
deformation can be reduced by the axial rotation of the
sample between passes. Thus the slip planes are activated.
ECAP process runs by a discontinuous process, causing
a limiting of a maximum lenght of processed sample,
which is about 200 mm.

Recently a new continuous shear deformation pro-
cess, which has several names in the literature as “a con-
tinuous ECAP process”, "continuous confined strip shear-

F
Guide roll
D
3
o : ()]
_g r NG i e~
=
R Guide roll
Die

Fig. 1. Scheme of: a) ECAP and b) ECAR method
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ing (C2S2)"™* or equal channel angular rolling (ECAR)***
was developed. This process can be applied to strip or
profile form of materials. The sample is extruded through
a matrix with upper guide roll and lower feeding roll, as
shown in Fig. 1b. In this process friction plays a major
role, which must provide a frictional force to prevent spin
on the material in the feeding roll.

Several authors published the effective strain distribu-
tion through the cross section of the strip** and sheet™
after the ECAR process based on FEM modeling. ECAR
process is compared to ECAP much more difficult to oper-
ate the forming process, therefore this technology is to be
reviewed.

This work deals with local comparison of plastic de-
formation in ECAP and ECAR process after the first pass,
on two experimental materials, OFHC copper and allumin-
ium 99.5 %.

2. Experimental material and methodics

For the experiment two materials with different strain
hardening were used. Oxygen-free high conductivity
(OFHC) copper and alluminium 99.5 %. Flow stress is
characterized by the Hollomans's equation ¢ =K. g",
where: o - flow stress, ¢ - strain and n - strain hardening
exponent. Flow stress for copper is o = 460.6>% and for
alluminium is o = 108.8%%. The initial microhardness for
the Cu =117 HV1 and Al= 36 HV1. Both materials were
processed by one pass using ECAP and ECAR technology.

The ECAP was realized by hydraulic equipment at
room temperature, which makes it possible to produce the
maximum force of 1 MN. The die channel angle was
@® =90° with diameter 10 mm. Extrusion speed was
5 mm min—. The length of the sample was 100 mm.

The ECAR was carried out on 210 DUO rolling mill
at room temperature. The groove of feeding roll has a di-
mension of 6 x 6 mm. Output channel has dimensions
6 x 6.5 mm. Angle between feeding roll and output chan-
nel is @ =90°. Angular velocity of rolls were 0.052 rad/s,
corresponding to extrusion speed 5 mm s

Stress-strain analysis was performed using the com-
mercial software product Deform 3D. Geometric dimen-
sions and process variables of ECAP and ECAR process
were simulated under laboratory conditions listed above.
Samples for ECAP and ECAR were defined as a rigid-
plastic object. Flow stress was defined according to the
above Holloman’s equations. All other components of
ECAP and ECAR equipment (die, ram, rolls) were defined
as perfectly rigid objects.

Local heterogeneity of plastic deformation in the
cross section of smaple after ECAP and ECAR processing
was detection by measuring the microhardness as a func-
tion of strain hardening. The microhardness measurements
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were performed on central planes in steady-state defor-
mation region. The average hardness values and their
variation along the length were determined. The Vickers
hardness measurements were done with a load of
Al=0.98 N and Cu=9.8 N for a dwell time of 55 using
a Struers Duramin-5 microhardness tester.

Deformation in the ECAP process was further investi-
gated on the Cu specimen by deformed grids. The sample
for this experiment was lengthwise cutting, where one half
was applied square grid with a sized 1 x 1 mm.

3. Results and discussion

Fig. 2a shows the effective strain in the deformed
Cu sample in the middle of the ECAP process. There
shows that the deformation heterogeneity exists in area
"head" along X axis (HDZ). After head area the defor-
mation tends to be homogeneous along X axis, indicating
that the sample is deformed under steady-state condition.
This region is named as the steady-state deformation re-
gion herein and most analyses below will be conducted in
this region. In the steady-state deformation region but it is
possible to observe heterogeneity of effective strain of the
sample cross-section (Y axis) between upper and lower
surface.

Grid on the Cu sample deformed by one pass
ECAP is presented in Fig. 2b. After one pass ECAP of the
sample exhibits grid pattern inclined by shear deformation.
Is seen that after deformation the elements have been dis-
torted and oriented at shearing angle 6 = 62.7° with respect
to the X axis. Except the lower part of the sample showing
curved grid, which is frequently generated by a geomet-
rical effect of dies or billets'?. In this area, shearing angle
is reduced to 0 = 20°, as seen in detail in A. The undistort-
ed region encompasses about 25 % of the billet thickness.
In lower surface, as it shows the detail area B, the in-
creased distortion of the network can be observed, which
is probably due to the influence of contact friction. Such
distortion in the upper surface was not observed.

Fig. 3 shows comparison of effective strain distri-
bution from FEM and microhardness measurement in
cross-section of Cu sample after one pass ECAP. Distribu-
tion of effective strain can be divided into four areas: I.
uniform minimum deformation extending up to 10 % of
the thickness of the sample; Il. a significant increase in
effective strain about 55 %; I1I. uniform maximum defor-
mation (30 % of the thickness of the sample); IV. slight
decrease in effective strain (30 % of the thickness of the
sample). The development of microhardness has a similar
tendency . The increase in microhardness between the I.
and I11. area is approximately 55 %.

The increase in hardness can also be attributed to the
UFG microstructure and high dislocation density from the
ECAP process. Effect of friction on the lower surface is
also confirmed by microhardness measurements. FEM
simulation of effects of friction didn’t reflect the fiction
effect around the upper surface, because the coefficient of
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Fig. 2. Distribution of effective strain and grid in the de-
formed sample after one ECAP pass: (a) effectiv strain; (b)
deformed grid

friction was defined as a constant value. This investigation
indicates that for the FEM simulations, it is appropriate to
consider a chase of contact pressure due to friction.

Fig. 4 shows comparison of effective strain distribu-
tion from FEM and microhardness measurement in cross-
section of Al sample after one pass ECAP. Effective strain
and microhardness distribution, can also be divided into
four areas, as for copper. Width of the regions is slightly
different, due to the higher plasticity of Al. Even in this
case the microhardness showed a significant effect of fric-
tion on the lower surface of the sample. Simulation did not
reflect this effect.

Fig. 5 shows the effective strain distribution in Cu the
deformed strip in the ECAR process, where the die chan-
nel angle @ is equal to 90°. The processed strip can be
divided into four main zones along the track of ECAR
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Fig. 3. Distribution of FEM effective strain and microhard-
ness in cross-section of Cu sample, after one ECAP pass
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Fig. 4. Distribution of FEM effective strain and microhard-
ness in cross-section of Al 99.5 % sample, after one ECAP
pass

process: the head of deformation zone (HDZ), the steady-
state deformation zone (S-SDZ); the main deformed zone
(MDZ) and the groove deformation zone (GDZ). As in the
ECAP process, there is heterogeneous strain observed
between the lower and upper surface of the sample, which
is dependent on the geometry of matrix and contact fric-
tion. The HDZ zone has a non-uniform effective strain
distribution. The effective strain distribution of the S-SDZ
is uniform along the strip metal’s (X axis). The MDZ is a
shear deformation area which is located at the intersection
of the two channels. Input plastic deformation of ECAR
process is driven by feeding rolls. It reports the value of
ver =~ 0.4 (Fig. 7), which is dependent on groove filling and
friction. Therefore, the strains in outlet channel of the S-
SDZ in the ECAR are much lower than those in the ECAP.

Fig. 6 shows comparison of to the effective strain
distribution from FEM and microhardness measurement in
cross-section of sample in groove and after one pass
ECAR. There is relatively high ¢ observed in the groove,
which linearly increases the thickness of the sample from

Fig. 5. Distribution of effestive strain in the deformed sample
during one ECAR pass
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the bottom to the top of the sample. Microhardness meas-
ured in steady-state of deformation has only two areas: I. a
significant increase in the microhardness about 15 HV1; II.
Uniform hardness. Distribution of ¢ is in Il. area in a
slight increase. The same course was also measured on
samples of Al, which is shown in Fig. 6. On Al samples
was measured microhardness in the groove about 10 mm
before entering the MDZ. In the groove, there was the
increase in the hardness of about 8 HV from the initial
state, the hardening is also dependent on supercharging of
channel. In ECAR process levels ¢ are higher and are
evenly spaced in cross-section than in the ECAP process.
Fig. 5, 6 from FEM simulations show a net contribu-
tion of ge; of ECAR MDZ, where deformation in groove of
feedng roll is not considered. The development of effective
strain in the cross section is the same as the deformation in
GDZ, their values are lower by Age=0.3 [-]. Similar re-
sults were published in the article™®, which were based on
2D modeling of ECAR process, in which the deformation
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Fig. 6. Distribution of effective strain and microhardness in
cross-section of Cu sample, after one ECAR pass
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was not considered in the groove of feeding roll. ECAR
process according to the scheme in Fig. 1 uses a high fric-
tional forces in the roll groove, which are able to overcome
the deformations in the MDZ. These frictional forces are
provide by pressing the material to groove of feeling roll,
and therefore deformation must be considered in the FEM
simulations in the roll groove.

4. Conclusion

Based on experimental results, it can be concluded
that:
— along the sample (X axis) is in the ECAP and ECAR
process highest heterogeneity of g at the beginning
of the sample, followed by a steady state to the end of
the sample.
greater heterogeneity through the cross-section of
samples at steady-state was observed in the ECAP
process.
in the ECAP process was based on the deformed grid
and microhardness observed the effect of friction on
the bottom of the sample.
in the ECAR process levels of ¢ are higher, and are
evenly distributed in the cross-section compared with
the ECAP process.

This work was realized within the frame of the pro-
ject VEGA 1/0359/11.
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The article deals with comparison of two SPD meth-
ods: ECAP and ECAR. An angle between the horizontal
and vertical channels during ECAP and ECAR pressing
was used @ = 90°. The experiment was focused on the
comparison of deformation processes between OFHC cop-
per and Al 99.5 %. Detailed stress-strain analysis of both
methods was performed by a finite element method
(FEM). The deformation distribution achieved from FEM
was made by Vickers microhardness measurement and
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Chem. Listy 106, s468-s471 (2012)

LMP 2011

Regular Papers

NANOSCRATCH AND NANOWEAR OF DENTAL FILLING COMPOSITES

JAROSLAV LUKES?, JOSEF SEPITKA?,
MARIE VALOVA", and RENATA
EICHLEROVA?

Department of Mechanics, Biomechanics and Mecha-
tronics, Faculty of Mechanical Engineering, CTU in Pra-
gue, Technicka 4, 166 07 Prague 6, ” Department of Manu-
facturing Technology, Faculty of Mechanical Enginnering,
CTU in Prague, Czech Republic

jaroslav.lukes@fs.cvut.cz

Keywords: nanoindentation, dental filling composites,
wear, scratch test

1. Introduction

Dental composites and their mechanical behavior
have been studied intensively in the last decade. Findings
are being used for the dental fillings lifetime improvement
in order to prevent fracture of filling, loss of filling and
creating of secondary caries on the tooth-filling interface.
Next to the aesthetic requirements, there are important me-
chanical parameters, which are closely watched in a field
of restorative dentistry. Dental composites experience in-
ternal stresses after polymerization due to the volumetric
shrinkage of an epoxy matrix. Polymerization is initiated
by the light curing from the outer surface of cavity fillings.
Light absorption decreases with depth of cavity and there-
fore, mechanical properties of dental composite also vary
in depth®. Finite element analysis of a stress distribution
caused by shrinkage with respect to a depth gradient of
mechanical properties has been published recently?. Finite
element models were advantageously based on values of
elastic moduli measured by means of nanoindentation.

Wear properties of dental composites are also very
important parameters for applicability of materials in
modern stomatology. Wear resistivity is one of the qualita-
tive parameters for an estimation of dental filling lifetime.
Considering a filling as a nanocomposite material an ex-
perimental technique has to be sensitive in micro- and
nano level in order to describe wear processes. Existing
nanomechanical systems provide wear testing together
with some scratch capabilities. Nanomechanical system
Hysitron Tribolndenter™, which has been used in this
study, provides a scanningWear™ method for a characteri-
zation of a wear resistivity of materials. A probe is at-
tached to a three plate capacitive transducer and drawn
over a surface with a piezo scanner at certain normal force
produced by the transducer. A stage with a sample stays at
a fixed position.

Worn area is visualized by in-situ Scanning Probe
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Microlaligue

Microcracking

Fig. 1. Physical interaction between abrasive particle and
surface of materials® (adopted from Karl-Heinz, 1987)

Microscopy (SPM) at low contact force and wear depth is
measured from 3D topography image afterwards. Standard
nanoindentation tips can be employed in the measurement.

There are different mechanisms of material removal
distinguished during a sliding wear® (Fig. 1). Material
properties such as elastic modulus, hardness, fracture
toughness or coefficient of friction together with an attack
angle (an angle between the surface and cutting face of de-
bris) influence a wear mechanism. Complementary na-
noScratch tests and analysis of the in-situ SPM scans can
provide a close look at the mechanism of removal of den-
tal composite removal for a specific phase. Scratch tests
also give values of coefficient of friction, which can ex-
plain a wear behavior in more details. This study is fo-
cused on wear mechanism of three types of dental compo-
sites with respect to their fillings.

2. Materials and methods
2.1. Sample preparation

Cylindrical specimens were made from dental filling
composites (Filtek™ Supreme XT, Filtek™ Silorane and
Charisma®) with different chemical composition. A single
material was pushed into a teflon mould, covered by a
transparent plastic film and pressed by a glass slide.
Polymerization of the material was activated with a light
curing unit (Translux Power BlueTM, Hereaus Kulzer
GmbH, Germany) for time period according to the instruc-
tions for use. These specimens were removed from teflon
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mould and all of them were embedded into EpoFix and
polished afterwards. A resulting roughness was approxi-
mately RMS = 5 nm at scan size 15 x 15 pum.

2.2. Testing condition

A nanomechanical testing instrument Hysitron T1 950
Tribolndenter™ (Hysitron, Inc., Minneapolis, MN, USA)
was used for ScanningWear™ and nanoScratch. Scan-
ningWears of a size of 5 x 5 um at different contact forces
of 40 uN, 50 pN, 60 puN and 70 pN for 10 cycles were ap-
plied on each sample. Topography of worn region was ac-
quired by in-situ SPM method in order to calculate a wear
depth as a difference in a mean height of a surface outside
of worn square and a mean height of bottom of worn
square. A local tilt of samples was compensated by
“average” regression of an image within TriboView soft-
ware. Complementary three nanoScratch tests were also
applied at constant force 800 uN on each sample. Scratch
length of 6 um was reached in 30 s.

3. Results
3.1. Statistical analysis

Statistical analyses for 12 datasets at each normal
force for each material were required to determine what
force caused a significant material removal. Statistics was
carried out using the  following methods
(STATGRAPHICS Centurion XV, StatPoint, USA). Tests
for normality were performed via the Chi-Squared,
Shapiro-Wilk test. All data sets were assessed as a normal
distribution. Outlier identification was performed via the
Grubbs and Dixon tests. No outliers were found in our data
sets. Homoscedasticity was checked for the application of
ANOVA parametric tests (the Leven, Bartlett and
Cochrans tests were used). Variances were found to be dif-
ferent for our data sets; therefore, the statistically signifi-
cant differences were in most cases checked by nonpara-
metric methods. The Kruskal-Wallis test was used for this
purpose. The Mann-Whitney test was used as a post hoc
test. The confidence intervals for the mean values were
calculated at a significance level of "alfa" = 0.05. The non-
parametric analysis of variance was performed at a signifi-
cance level of "alfa" = 0.05.

Not significant variances of material removal at cer-
tain forces are indicated by asterisk in the Fig. 2.

3.2. ScanningWear™

The values of wear depth [nm] were used for demon-
stration of different wear resistivity to the normal force
(Fig. 2). Supreme sample showed the least ability for re-
sistance to wear process at all contact forces. Charisma ex-
perienced significant wear depth increase already from the
lowest contact force of 40 uN to 50 uN. There was no sig-
nificant step in wear values between 50 uN and 60 puN
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Fig. 2. Graph shows the wear depth dependence on a contact
(normal) force between a tip and sample surface. In this case,
stars indicate the statistically NOT significant differences
between data sets of measured wear depth at certain contact
forces. ‘Si” stands for Siloran, ‘Ch’ for Charisma and ‘Su’ for
Supreme. Error bars indicates the confidential intervals for
mean values of wear depths at certain normal force

contrary to significant step in wear depth from 60 uN to
70 uN of normal force. Siloran was force. A significant in-
crease in the amount of worn material was observed at
higher forces. Overall, the highest wear resistivity was
measured on Siloran sample.

3.2. nanoScratch

A coefficient of friction also closely relates to wear
behavior. Therefore, six scratch tests were performed on
each sample with a standard diamond Berkovich tip of ra-
dius ~150 nm. Measured mean coefficients of friction are
introduced in Table 1. There was no significant difference
in friction coefficient among the samples.

In-situ  SPM images provide information about
mechanism of material removal during scratch tests. There
were different mechanisms distinguished for hard particle
and softer polymer matrix. Supreme sample contains
largest zirkonia/silica particles, which are clearly seen on
“post” image of nanoScratch tracks (Fig. 6). In this case,
coefficient of friction f = 0.16 + 0.007 was determined for
the particle itself.

Table |

Mean coefficeint of friction f with standard deviation o
measured on dental composits by nanoScratch tests using
a dimond Berkovich tip

Charisma Supreme Siloran

0.22+0.015 0.2+0.01 0.2+0.023

5469
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4. Discussion

Results showed a different wear resistivity of samples of
three dental composites. However, the mean values of fric-
tion coefficient from the same samples did not show any
significant differences. Average coefficients of friction do
not predict a wear resistivity of particular dental compo-
site. Therefore, scratch studies needs to be performed at
the level of fillers (Fig. 6.)

In-situ SPM images clearly showed the different sizes
and distributions of hard particles within composites.
Moreover, in-situ SPM images of worn squares revealed
distinct wear process at composites material phases. Hard

Fig. 3. In-situ SPM of a worn location on Charisma at the
contact force 60 pN

Fig. 4. In-situ SPM of a worn location on Charisma at the
contact force 70 pN
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and larger particles were less worn than surrounding
polymerized matrix already at the lowest normal force of
40 uN (Fig. 3, Fig. 5). This observation was valid for all
three samples; however, there were different wear depths
measured from the beginning of test cycles. Supreme was
the most worn material and kept this lowest wear resistivi-
ty for all used normal forces. The wear depth increased
with increasing contact force between the diamond tip and
the surface.

In case of Charisma and Siloran sample a critical
force, which indicates a sudden decrease of wear resistivi-
ty, was observed. In-situ SPM images revealed that this
critical force is associated with a removal of hard particles

Fig. 5. In-situ SPM of a worn location on Siloran at the con-
tact force 50 uN

Fig. 6. In-situ SPM of a worn location on Siloran at the con-
tact force 70 uN
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on Charisma sample. Large black holes in the Fig. 4 are
more likely associated with a particle separation. In case of
Siloran sample, there were remaining particles in the worn
square even at the highest normal force of 70 uN (Fig. 6).
Materials used as filler vary among the composites. There-
fore, the wear mechanism of particles also differs. Quanti-
tatively, Siloran particles showed the increased wear and
separation resistivity to abrasive loading. A wear
mechanism can be observed from scratch tests performed
with the same diamond probe as was used for Scan-
ningWear™. Moreover, material removal can be studied at
a single particle of filler. Fig. 6 shows two scratch tracks
coming over a particle within Supreme sample. It seems
that the removal mechanism of material is related to mi-
croploughing according to Fig.1. If we consider no
presence of removed material at the end of the scratch
tracks (top of the image), the worn material volume present
on wear images (Fig. 3-5) can be explained by microfatigue
processes during the 10 cycles of ScanningWear™.

5. Conclusions

Nanomechanical system Hysitron Tl 950 Tri-
bolndenter™ has successfully quantified a wear resistivity
of three dental composites — Filtek™ Siloran, Filtek™ Su-
preme and Charisma®. Siloran sample showed the highest
wear resistivity among the samples. According to pro-
ducer, Siloran contains quartz and radiopaque yttrium
fluoride particles. Quartz surface is modified with a silane
layer in order to provide the proper interface of filler to the
resin. This could lead to enhanced resistivity of particle
separation from the matrix at higher abrasion forces. The
critical forces were found at about 60 uN for Siloran and

Fig. 7. In-situ SPM of scratch tracks on Supreme at the con-
tact force 800 uN
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Fig. 8. Graph shows recorded values of friction coefficients:
black and red data correspond to the two left hand scratch
tracks in the Fig. 6. Portion of data representing a particle
(f=0.16£0.007) and matrix (f=0.2+0.01) are indicated by
dashed lines

Charisma. These forces indicate a separation or a failure of
a particle.

Supreme showed the lowest wear resistivity. Ac-
cording to producer information, Zirconia/Silica nanoclus-
ters shear at a rate similar to the wear of the surrounding
resin matrix, therefore, no critical force was observed.

The research has been supported by Transdiscipli-
nary research in Biomedical Engineering Il. No. MSM
6840770012.
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1. Introduction

Generally speaking, polymer particulate composites
are frequently used in many engineering applications.
Composites are of great practical importance due to the
possibility of modifying the mechanical properties of the
resulting composite™?. In this paper polymer particulate
composites were modelled as a three-phase continuum
(polypropylene matrix, mineral fillers and interphases).

The presence of mineral fillers usually causes a reac-
tion on particle-matrix interfaces and finally results in the
formation an interphase. The interphase plays a significant
role in the evaluation of micro-crack behaviour®. The parti-
cles used as filler are usually chemically treated. This
treatment positively influences the creation of interphase
and contributes to better particle dispersion in the polymer
matrix.

It is very difficult to obtain any information about the
thickness or material properties of the interphase directly.
The interphase thickness can be determined indirectly
from the macroscopic composite properties. According to
the used method of determination it can result in a huge
spectrum of thickness values®. In the contribution® the in-
terphase thickness was estimated as 0.1 um. The studied
interphase thickness was dependent only on the chemical
composition of the particles and the matrix. In addition,
the thickness of interphase seems to be independent of par-
ticle size.

The numerical model was created with respect to the
following general conditions®: (i) particles should be of
small size (less than 5 um), (ii) the aspect ratio must be
close to 1 to avoid high stress concentration, (iii) the parti-
cles must debond prior the polymer matrix reaches the
yield strain in order to change the stress state of the matrix
material and (iv) particles must be dispersed homogene-
ously in the polymer matrix.

The use of rigid particles® leads to an increase of com-
posite Young's modulus Ecomp. In the following text the in-
teraction of micro-crack propagation in the matrix filled by
rigid particles is analyzed. The influence of further micro-
crack propagation o on change of interphase properties is
estimated.

s472

2. Experiments

The experiments (tensile tests) focused on determina-
tion of macroscopic properties of polymer particulate com-
posite were performed®.

The measured data of the pure matrix for different
temperature values illustrates an increasing of Young’s
modulus E, with decreasing temperature (see Fig. 1).
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Fig. 1. o-€ curves of pure matrix under different temperatures

The estimation of particle size used for production of
the particulate composite was done. From experiments the
average size of the particles was determined as 1 um. The
influence of particle size on composite behaviour was for-
merly studied”?®,

3. Numerical model

The composite was modelled as a three-phase con-
tinuum with homogenously distributed particles by a finite
element system ANSY'S. Only the particles placed close to
the micro-crack tip significantly influence micro-crack
behaviour. Geometry of the used model is shown on
Fig. 2.

Fig. 2. Geometry of the model used for micro-crack behaviour
estimation in the polymer composite
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The material properties characterizing the composite
correspond to rigid particle (H,MgO, or Mg(OH),) and
soft polypropylene matrix. The Young’s modulus of the
particles E, was 72 GPa and the value of Poisson’s ratio
v =0.29. Spherical'® shape of the particles was considered
in calculations. The corresponding parameters of neat
polymer matrix (at temperature —10 °C) were estimated as
3.3 GPa (see Fig. 1). The thickness of the interphase t was
considered here as 0.1 um (ref.) and a constant value of
Young’s modulus E; through the thickness was contem-
plated. The value of interphase Young’s modulus E; varied
from 0.05GPa to 3.3GPa (presented configuration
without interphase). In this paper the micro-crack placed
very close to particle was analyzed (ratio c/e = 0.95).

4. Results and discussion

The fracture toughness of the polymeric particulate
composite can be influenced by several effects, i.e. mate-
rial properties of the matrix and interphase.

The micro-crack propagation direction dependence
on the micro-crack length was described (see Fig. 3) for
matrix material properties measured at -10°C. For
Young’s modulus of interphase E; from 1.0 to 3.3 GPa, the
micro-crack propagation direction o was positive for all
calculated configurations, meaning that the micro-crack
avoids rigid particles and grows only in the matrix. On the
other hand, for E; from 0.05 to 0.1 GPa the micro-crack
was attracted by the particle.

In case of very soft interphase the micro-crack is
attracted by the particle which is completely shielded (see
Fig. 4). Consequently, the micro-crack tip touches the in-
terphase and the particle can be fully debonded™. During
experiments it was founded that free particles were ob-
served on the fracture surface. Generally, the micro-crack
is blunted and singular stress concentration is reduced. For
the next micro-crack propagation an additional energy is
necessary. This can lead to increase of composite fracture
toughness.

O0Ei=0.05 ¢Ei=0.1 0Ei=03 xXEi=05 *Ei=10 *Ei=33

X
X

0
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0.6 0.7 0.8
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Fig. 3. Dependence of crack propagation direction on micro-
crack length (matrix properties at -10 °C are considered)
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Fig. 4. Micro-crack approaching particle covered by inter-
phase and the fully debonded particle when micro-crack is
blunted

5. Conclusions

The effect of interphase between matrix and rigid par-
ticles on the toughening of composite was studied and one
possibility of the basic mechanisms to their increase was
described. The presence of the very soft interphase
changes the stress field around rigid particles and has sig-
nificant influence on micro-crack behaviour.

This research was supported by the grants No.
P107/10/P503 and 106/08/1409 of the Czech Science
Foundation.
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1. Introduction

Ni-Al based intermetallic compounds can substitute
nickel super-alloys used as high-temperature structural
materials. The chemistry of aluminides is much simpler
than that of superalloys. Apart from their oxidation and
carburization resistances, aluminides possess lower densi-
ties, high-melting points, and exhibit interesting mechani-
cal properties due to their ordered crystal structures™?.
Main interest is today focused on NizAl based inter-
metallic compounds with hypo-stoichiometric composi-
tion, for which it was established that share of two-phase
areas yly’ is very significant indicator. These alloys ap-
proach by their composition the Ni-based superalloys,
where mechanical properties of these materials depend on
the volume fraction, distribution, size and morphology of
the y’-precipitates. Their microstructure consists of a high
volume fraction of y’-strengthening precipitates (70 %) co-
herently merged into a y matrix.

2. Preparations of samples and measurements

Observations were made in orientated state of non-
alloyed intermetallic NisAl based compound (22-25 at.%
of Al). The samples were solidified by Bridgman’s tech-
nigue. Used rate of directional solidification was 10 and 20
mm/h. The longitudinal sections of samples were used for
determination of micro-hardness and for evaluation of
structure. It was established that Ni22Al samples containe
formations of NisAl (y’) and solid solution of nickel (y),
Ni25Al samples containe NizAl only. Fig. 1 shows direc-
tional microstructure of the sample Ni25Al1 (only
v’ phase), Fig. 2 shows directional microstructure of the
sample Ni22Al (y” and y phase) with indentation. Average
microhardness, microhardness for individual occurring
phases, and also on grain boundaries, was determined for
all types of alloys. Samples of Nis;Al based alloys with
stoichiometric and hypo-stoichiometric composition were
used for determination of mechanical characteristics. Com-
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position of samples and obtained results are summarised in
Tab. I.

3. Results and discussion

The differences of microhardness were found in the
samples 3 and 4 with composition Ni23Al. This is due to

Fig. 1. Sample Ni25Al, grain of NizAl

Fig. 2. Sample Ni22Al, network of NizAl and (Ni)

Fig. 3. Sample Ni22Al, 20 mm/h, network of NizAl and (Ni),
grain boundary, grain
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Table |
Microhardness of the samples
Sample Al content  Solidification Rm As* Microhardness HV 0.05
No. rate
[at. %] [mmh™] [MPa] [%] avarage grain grain bound. network
1 25 10 365 18 256 + 8 223+12 240 £ 30 -
2 25 20 490 13 26317 232+15 265+ 20 -
3 23 10 - - 238 £ 22 206 * 36 206 £ 13 218 £12
4 23 20 790 43 247 £ 15 223+ 16 223+ 24 227+ 14
5 22 10 925 64 247+ 7 - - 236 £ 29
6 22 20 735 52 257+ 14 262+ 20 255 +18 271 £17

the fact that the compounds contain grains of NisAl, net-
work structure and grain boundaries. This is evident also
in the sample 6 of Ni22Al composition, with higher rates
of solidification (Fig. 3), where structure was not perfectly
created, as it was in the sample 5. The sample 5 contains
only network structure.

The network structure enhances significantly me-
chanical properties of hypo-stoichiometric alloys based on
NisAl. This effect is used also in nickel super-alloys*®.

In case of suitable volume of y’ it is possible to influ-
ence effectively the creep behaviour and stress rupture
properties of Ni and NizAl based alloys®®. High share of
network structure in the sample 5 in directed state has in-
fluenced significantly the values of strength and ductility
determined at tensile tests’. Big differences of ductility and
strength were found in the samples. For example the sam-
ple Ni25Al has strength Ry, 490 MPa and ductility As*
13 %, the sample Ni22Al has Ry, 735 MPa and As* 52 %
(Tab. I). By contrast to that the sample 1 without network
structure shows considerably worse mechanical proper-
ties’. It is also very interesting that these differences were
not manifested at value of avarage microhardness, which is
for all the samples approximately within the interval from
240 to 260 HV 0.05 (Tab. I). Microhardness of grain is
206-232 HV 0.05. Only value for sample 6 is greater (262
HV 0.05). Microhardness of grain boundary is 206-265
HV 0.05. Microhardness of network in the sample 6 is
greater — 271 HV 0.05. No significant deviations, which
would explain the manner of structure strengthening, were
found either at determination of microhardness on the
grain boundaries and in the areas with network structure.

4. Conclusions

The differences of ductility and strength were found
in the samples. It is also very interesting that these differ-
ences were not manifested at measurement of micro-
hardness, which is for all the samples approximately
within the interval from 240 to 260 HV 0.05. It would be
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very appropriate to complete the existing measurement al-
so by nanoindentation, which might bring interesting
findings.

The presented results were obtained within the frame
of solution of the research project MSM 6198910013
,,Processes of preparation and properties of high-purity
and structurally defined special materials “.
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Observations were made in orientated state of non-
alloyed intermetallic NisAl based compound (22-25 at.%
of Al). The samples were solidified by Bridgman’s tech-
nique. It was established that Ni22Al samples contained
formations of NisAl (y") and solid solution of nickel (y),
Ni25Al samples contained NisAl only. The differences of
mechanical properties were not manifested at measure-
ment of micro-hardness, which is for all the samples ap-
proximately within the interval from 240 to 260 HV 0.05.
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1. Introduction

Ceramic foams are a special group of cellular materi-
als with a very advantageous combination of properties,
such as low density, huge surface, high thermal insulation
abilities, high permeability etc. These material properties
predetermine ceramic foams for very broad use in engi-
neering practice.

The tensile test of brittle, highly porous materials is
really problematic. In fact, in so complicated structures it
is practically impossible to estimate local mechanical
properties by experiments. In addition, the fixed specimens
are usually damaged and frequently a premature fracture
takes place. Because of these difficulties it could be useful
to create computational models respecting a porous struc-
ture. Data from micro-CT are necessary for creation of
computational models.

The aim of the work is to study a response of highly
porous ceramic foam material (Vukopor® A — 85 % Al,O3
- 14% SiO, — 1% MgO) to mechanical loading using
a computational quantification on micro-level as well as
determination of individual struts behaviour and the influ-
ence of this behaviour on ceramic foam mechanical perfor-
mance.

2. Micro-CT

A micro-CT device (ScyScan, Belgium) provides the
same information as a conventional CT. It has a much
higher resolution of images (from 5 to 20 um). This has
a significant influence for research of highly porous mate-
rials®*. Dimensions of struts are approximately 100 x 600 pum
(diameter x length).

3. FEM Model

The STL model Creator procedure has been de-
veloped in Matlab 2009b for faster image processing and
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analyzing the micro-CT data (see Fig. 1a). The program
loads images in various formats and can create a 3D model
in STL format after tresholding® (see Fig. 1b). Micro-CT
slices were obtained in resolution 700 x 800 pixels (a total
of 1000 slices with pixel size 15 x 15 um?). On the micro-
level the computational model adequately respects the
shape of such complicated structure (see Fig. 1c).

b)

Fig. 1. Micro-CT slices (a), image created by automatic seg-
mentation (b) and model of reconstructed structure (divided
to three parts) (c)

The computational model was created by a finite ele-
ment method using the system ANSYS 12. SOLID187 ele-
ment was used for meshing; it is al0-node element with
quadratic displacement behavior. It is necessary to have
avery fine and accurate mesh for the analysis of local
stresses in such complex microstructure. To create a mesh,
the automatic mesh function was used. Consequently, the
obtained mesh was checked to avoid error elements.
Because of faster calculations the whole reconstructed
structure was divided into three parts (length 5 mm), see
Fig. 1c. Each of these parts contained approximately 7
million elements; it represented an element size of 7 um,
see Fig. 2.

The computational model was considered as homoge-
neous isotropic and linear elastic with Young’s modulus E
= 70 000 MPa and Poisson’s ratio v = 0.3. On the micro-
level this ceramic foam can be considered as homogene-
ous®. Von Mises stress was evaluated and compared with
the value of yield stress 375 MPa.

(0.5 mm

Fig. 2. Example of finite element meshing
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All three computational models were fixed on one
side and was loaded on the opposite side by means of pre-
defined strain (0.1 %).

4. Results and discussion

Forty-five struts were chosen for an analysis. The lo-
cal stress field (von Mises stress) was determined for each
particular strut (see Fig. 3). Maximum local stress values
are observed in most cases between the middle and the tri-
ple point of strut. This is probably caused by the influence
of change in struts geometry and strut stiffness is changed
due to the increase in thickness.

Further, the influence of strut rotation on von Mises
stress was studied. The orientation related to the loading
axis was measured as an angle between the load plane
(XY) and the axis of strut. The results are shown in Fig. 4.
The graph can be divided into two main parts.

The presented results correspond to the elongation of
the computational model 0.1 %. The first set of values was
for struts oriented in the range from 0° to 40°; struts in this
part were parallel to the load plane. The median of stress
values was determined 85.7 MPa. The second set of values
was for struts oriented from 40° up. For these struts, the
median of stress values was 218.0 MPa, i.e. 2.5 times
higher comparing to the first set.

5. Conclusions

Computations using finite element method are suita-
ble for the analysis of local mechanical properties of high-
ly porous ceramic foam. Models of the struts structure can
be created using a micro-CT and subsequent image pro-
cessing.

The results show that the rotation of individual struts
is really significant in whole structure. Up to 40°, the struts
are not so loaded and the median of local von Mises stress
is only about 86 MPa. For the rest of struts, the values of
local von Mises stress are about 220 MPa, which is almost

Fig. 3. Von Mises stress [MPa] on struts samples under angel
4° (a), 9° (b), 62° (c) and 68° (d) relating to loading plane (XY)
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Fig. 4. Dependence of von Mises stress on struts orientation
related to loading plane (XY)

2.5 times higher comparing to the first set. The maximum
values of stress are below the value of yield stress
375 MPa. These conclusions could contribute to the pro-
cess of designing and creating bone implants.

This work was supported by grant specific research
FSI-S-11-12/1225 and project of Czech Science Founda-
tion Nr. 101/09/1821.
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In this contribution the ceramic foams are studied.
The applications of these materials are extensive due to
very advantageous combination of properties. This paper
is focused on local mechanical properties of individual
struts in a highly porous structure. The computational
model is created using a micro-CT by a finite element
method in ANSYS 12.0 software. The local equivalent
stress (HMH criterion) is analyzed depending on struts ro-
tation.
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1. Introduction

A gelatine is a material consisted of amino acids (as
well as collagen), which are very important for human
body. It is a biocompatible, bioactive and biodegradable
material®. Therefore, gelatine is a suitable material for bio-
medical applications such as bone grafting.

Nanoscale mechanical properities of bioinspired com-
posites are the most important comparative criteria for
a fabrication of bone tissue replacements. The aims of this
work are the preparation of bioinspired composite material
composed of gelatin nanofibers and hydroxyapatite (HA)
powder and assess its mechanical properties in nano-scale.

2. Materials and methods
2.1. Samples preparation

Nanofibers (i.e. fibers in scale from 1nm to

100 nm) can be manufactured by various methods. The
most convenient method for tissue engineering applica-
tions is the electro-spinning®*. Gelatine nanofibrous matri-
ces produced by the electro-spinning process were found
to be very effective as a base for cell increasing.

Nanofibers from porcine gelatine loaded by HA have
been provided by ELMARCO s.r.o (basic material-BM)
and has been prepared by followed procedure. Porcine
gelatin was dissolved in diluted acetic acid. Nanoparticles
of hydroxyapatite (20 wt.% to dry matter) were mixed into
the solution. In an effort to avoid clumps creation, this
mixture was 5 minutes in an ultrasonic bath. Basis weights
for gelatine and nHA mixture was approximately 6 gsm.
The BM dried up at ambient atmosphere®.

Special capsule for samples preparation is made from
aluminum with polished functional surfaces.

Sixty four layers of BM have been placed into the
capsule and pressed at 40 °C by 15 MPa for 15 minutes.
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The formed surface was already suitable for nanoindenta-
tion. The surface of dried BM is shown in Fig. 1.

2.2. Testing conditions

A Hysitron TI 950 Tribolndenter™ nanomechanical
test instrument was used for quasistatic indentation of pre-
pared sample. Load-controlled tests were performed on the
sample using a diamond Berkovich tip. The standard trape-
zoidal loading function 5x 5 x5s, maximal load Ppax =
750 uN was used for all indents. The indents were applied
in a grid pattern 10 x 10 with indents separation 15 pum at
two locations on the sample (Area 01 and Area 02).

2.3 Quasistatic nanoindentation

Nanoindentation followed a trapezoidal loading func-
tion with 3 segment times for loading, dwell, and un-
loading, respectively. Recorded force and displacement
data were analyzed according to Oliver and Pharr method®.
A polynomial regression

P=a(h—h)" @

was applied on data in range 20-95 % of unloading seg-
ment of each indentation curve. Here, a, h;, and m are arbi-
trary fitting parameters. P is an applied force and h is an
indentation depth. A contact stiffness S can be calculated
from the derivative of Eq. (1), which relates to the reduced
elastic modulus E, by

dP 2
__Er
NP

dh

. @

Fig. 1. SEM image of BM (magnification 5000x)
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where Ac is a projected contact area of the tip, which is
known for each contact depth according to a calibrated tip
area function.
Indentation hardness is calculated from
P

max

Ac

at the maximum applied load of P .

" ®

3. Results

Nanomechanical properties of two representative are-
as of the sample were obtained by nanoindentation. Fig. 2

Fig. 2. Load displacement curves performed at Area 01. There
are curves more likely representing locally concentrated hard
HAP particles on the very left side of the picture and the op-
posite side represents a gelatine nanofibers

Fig. 3. Load displacement curves performed at Area 02 also
shows scattering of mechanical properties, which confirms
inhomegenous distribution of HAP particles within gelatin
nanofibers
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Table |
Average values of reduced modulus E, and indentation
hardness H;t

Sample area E, [GPa] Hr [GPa]
Area 01 0.578 £ 0.270 0.032 £ 0.021
Area 02 0.627 £ 0.217 0.036 + 0.028
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and 3 show large scattering of local mechanical properties
of the analyzed material.

4. Conclusion

Complex results of nanomechanical testing of ana-
lyzed material showed big non-homogenity, which refered
to an porous structure. The attendance of higher local con-
centration of HA-clumps was eliminated by method of BM
preparation. Local HA concentration (distribution) was
determined by Raman spectroscopy. Results of those
analysis denote to structural, not material non-homogenity
(porosity). This non-homogenous structure is not reflected
in previous micro(macro)mechanical testing (i.e. tensile
testing and consequent analysis of fracture surface-SEM).
On the other hand the porosity is better for cell increasing.
According to these results, composites based on gelatine
nanofibers are suitable rather for low load applications.

This work was supported by the Grant Agency of the
Czech Technical University in Prague, under the project
No. SGS10/247/0HK2/3T/12 and by grant from Ministry
of Industry and Trade of Czech Republic MPO CZ, FT-
TA3/131, Ministry of Education of the Czech Republic
MSM 6840770003 and MSM 6840770012.
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There are nowadays available numerous synthetic
composites (bone graft materials) that combine the ad-
vantages exhibited by each component of the material,
with a structure and composition similar to that of natural
bone. Gelatine like an aminoacids based material in com-
bination with bioactive nHA could represent suitable com-
posite especially for bone grafting.

Nanoscale mechanical properities of bioinspired
composites are the most important comparative criteria for
a fabrication of bone tissue replacements.

The aims of this work are the preparation of bioin-
spired composite material composed of gelatin nanofibers
and hydroxyapatite (HA) powder and assess its mechanical
properties in nano-scale.
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1. Introduction

Atoms of solids attract mutually if their distance is
larger than the equilibrium one, and repel if it is smaller.
The range of action of attractive forces is very short, about
1 nm. The forces between atoms inside a body are in equi-
librium in all directions, but those in a very thin surface
layer act also out of the body, onto any other matter close
to this surface. This can result in adhesive joining. If the
distance between two surfaces drops below a very small
value, the bodies sometimes cling spontaneously and re-
main in close contact even without action of external
force, and separate suddenly only after they are pulled
apart by certain tensile force (Fig. 1).

In contact of relatively stiff solids, adhesion is usual-
ly not observed. Due to surface roughness, both bodies
come into contact only at a limited number of matching
asperities. The corresponding area of close contacts is mi-
nute, and the resultant attractive force is insufficient to
compress the hills. If, however, both surfaces are very
smooth (roughness of the order of nm!) or if one or both
bodies are very compliant, the surfaces adjust one another
better and the adhesion is stronger. Examples are gels, soft
elastomers, or biological tissues. The adhesion can also be
enhanced by the presence of a thin layer of a liquid be-
tween both surfaces.

These phenomena can influence nanoindentation
measurements as well, especially for compliant materials
and very low loads, from uN to mN. Here, surface forces
change the character of load-displacement curves and must
be considered in the preparation and evaluation of the

Fig. 1. Adhesion (a schematic). A — clinging at approaching, B —
penetration, C — separation at unloading
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INFLUENCE OF SURFACE FORCES

tests. In this paper, based on literary survey, basic formu-
lae for adhesion are given first. Then, the influence of lig-
uids and humidity is explained, and also that of surface
roughness and viscoelasticity of contacting bodies. Finally,
a procedure is described for the determination of elastic
modulus of compliant materials.

2. Theory of adhesion contact of solids

Two basic theories were developed: by Derjaguin,
Muller and Toporov', and by Johnson, Kendall and Rob-
erts?, in both cases for the contact of spherical surfaces.
According to the DMT theory, suitable for stiff materials,
the force of adhesion equals
Fomr = 271eWag = 471 Wip ()
re is the equivalent radius of the surfaces in contact (1/r,
1/ry + 1/r,). For contact of a sphere (radius R) with a plane,
re = R. Waq is the specific work of adhesion, necessary for
separating two bodies. Since in this separation two new
surfaces were created, the work of adhesion W,q (per unit
of contact area) is twice of the specific surface energy W
(per unit area of surface). This energy depends on the con-
sidered material and on the adjacent medium (another sol-
id, liquid, vapour or vacuum), as specified by two sub-
scripts, e.g. Wy,.

For compliant materials, the Johnson-Kendall-
Roberts model® is more suitable, which assumes elastic
deformations of contacting bodies. It is based on Hertz’
theory, but considers also the adhesive forces. Due to
them, the contact deformations differ from those by Hertz
(Fig. 2). The actual contact radius a for a sphere (radius R)
under load F is larger than Hertzian (given by the first line
in Eq. (2)), and is obtained® from
a® = [3RI(4E))] x {F +

+37RWy, + [62RWo,F + (37RW )"} )
E, is the reduced modulus, related to the elastic moduli of
both bodies as
UE, = (1 - vA/E; + (1 - V)IE, 3)
v, v is the Poisson’s ratio of material 1 or 2. The expres-
sion in curly brackets in (2) is the apparent force, consist-
ing of the external load F and the contribution of surface
forces (given in the bottom line).

For zero load (F = 0), the contact radius is finite,
a0 = [97RWy/(2E)]™ 4)

The solids keep together up to a small negative
(tensile) force, and suddenly separate at
Fikr = (3/2)7RW12 = Fq ®)
with the corresponding contact radius a,y = a./4">. For
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Fig. 2. Penetration of a stiff sphere into a sample (a schematic).
Bold curves — contact with adhesion, thin curves — Hertzian con-
tact

example, force of adhesion of a spherical ball of R = 100 um
on rubber (W = 62 mJ m™) is 29 uN.

NOTE: Equation (5) also enables the determination of
surface energy W from the measured adhesion force Fg.

3. Influence of surface roughness

Due to surface roughness, real (and not very compli-
ant) bodies come into contact only at a limited number of
matching asperities, Fig. 3. An idea about the influence of
main factors follows from analyses done by Johnson* and
Tabor® for adhesion of rough deformable surface in con-
tact with a smooth rigid flat body. The asperities were
assumed to have a spherical shape of radius R and random-
ly distributed heights. Each asperity adheres until its dis-
tance from the flat exceeds &, whereupon the adhesion
breaks. The ratio of the standard deviation o of asperity
heights and the distance &, at separation can be called elas-
tic adhesion index’,

(6)
This index is related with the ratio of the force F(o), re-
quired to compress an asperity by o, and the force of adhe-
sion for that asperity, Fq. Expressing F(o) via the Hertz’
formula and F,q4 via the JKR model (5) gives:

F(0)/Faa = (419)(E6™?)/(x WRY?) @
E and W are the elastic modulus and surface energy. The
right-hand part of Eq. (7), multiplied by 97/4, is called
adhesion parameter®. Johnson* has shown how the appar-
ent adhesion force decreases with increasing roughness.
For « = 0, this force is maximum and corres-ponds to the
JKR model. For a = 1 it drops to 50 %, and for & = 2 it
drops to 10 % and becomes negligible for « larger than 3,
see Fig. 4.

If both contacting surfaces are very smooth
(roughness of the order of nm), or if one or both bodies are
very compliant so that the surfaces can easily adjust one
another, the total attractive force (and adhesion) will be

a=ol&

Fig. 3. Contact of real surfaces (a schematic)
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Fig. 4. Relative decrease of adhesive force (F/F,q) with increas-
ing surface roughness (). A schematic (after ref.*)

higher. Examples are gels, some elastomers, or biological
tissues. Their response, however, is visco-elastic, which
also influences adhesion processes.

4. Influence of viscoelasticity

Viscoelastic deformations depend on the load and its
duration®’. As a consequence, the force at which two bod-
ies get adhered during mutual approaching, is lower than
the force needed for their separation on unloading®®
(Fig. 5). A role is played by varying contact area too. After
snapping, the continuing action of the load causes gradual
growth of the contact area, also due to gradual decrease of
the apparent modulus E(t) with time, so that the force for
separation corresponds to a larger area. Moreover, this
force also depends on the rate of separation — it is higher
for faster separation.

The adhesion of viscoelastic solids was analysed by
Greenwood, Johnson and other scientists, who came to the
conclusion that during their mutual catching or separation,
the surface energy in the JKR model should be modified
by the ratio of instantaneous and asymptotic modulus, Eo/E.;
for details, see ref.’,

120 1

Load (uN)

40
Depth (um)

60 80 100

Fig. 5. Indentation influenced by adhesion and viscoelasticity
(a schematic). F4q — adhesion force at removal, A — adhesion at
approach
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5. Influence of a liquid or humidity at contact

If a very thin layer of liquid is present between con-
tacting bodies, it contributes to the mutual attraction by its
surface tension. The attractive forces between atoms or
molecules inside the liquid are in equilibrium in all direc-
tions, but the atoms in the thin surface layer (i.e. without
counter-atoms) are attracted more inwards. The liquid
strives for the minimum surface — as if it were inside
a vessel made of a prestretched elastic skin. The tangential
force acting per unit length in this ,,skin“ is surface tension
7, whose value corresponds to the surface energy density
W. If the surface is curved, surface tension causes capillary
pressure in the liquid,

p=yrt+r) =yl ®)
r; and r, are radii of surface curvature in two mutually
perpendicular directions; ry, is the equivalent (mean) radius
of curvature. If both centres of curvature lie in the liquid,
the mean curvature is positive and surface tension causes
pressure in the liquid. If the mean curvature is negative,
the surface tension causes underpressure in the liquid.

The shape of the liquid between two contacting bod-
ies (Fig. 6) depends on their form and on the surface ten-
sion for individual interfaces:  , for ,,liquid and body 1%, 5,
for ,liquid and body 2“, and v for ,liquid and the adja-
cent environment® (vacuum, vapour, air or another liquid).
In principle, also the surface tension 3, between both bod-
ies could play a role, but this case will not be considered
here. If the liquid is in contact with solid ,s” (e.g. the
specimen or indenter), both surfaces contain contact angle
o, related to the surface tensions of individual phases by
the formulae®:

cosp = (v — %) nv 9)
The liquid can contribute to the adhesion force between
both bodies in two ways:

1) Tensile surface stress v acts along the circumference
of the liquid ring (with the radius of the contact circle ap-
proximately equal a) and attracts the indenter to the speci-
men by the force F, = 27a v.

2) Due to torroidal shape of the free surface at the outer
circumference of the contact, surface tension causes under-
pressure in the liquid, given by Eg. (8). Since r; << a, Eq.
(8) simplifies to p = y\/r1. This underpressure attracts the
indenter to the specimen by the force

7

Fig. 6. Liquid at the contact of two bodies (a schematic)

V),

LMP 2011

5483

Regular Papers

Fup= — % = zauyin (10)
This force, much bigger than F,, can also be expressed by
the contact angle between the liquid and indenter, ¢; and
the liquid and the specimen, ¢s. If both contact angles
were the same, equal ¢, the attractive force could be ex-
pressed (with the simplifications a’ ~ 2Rd for r; << a and
d = 2r;cose for small angles ¢ or for a << R) as®

Fu =47 1nvR cose (11)

For example, water (v = 73 mN m™) between the sample
and indenter with R = 100 um (and ¢ = 20°) can increase
the adhesion force by 86 uN.

An interesting phenomenon must be mentioned. If the
liquid wetts the surface well (the contact angle ¢ is small),
its vapours can condense spontaneously in a narrow space
between two surfaces, and the corresponding attractive
force can appear even without obvious presence of a lig-
uid, just under sufficient concentration of its vapours. This
also can happen between a spherical indenter and a speci-
men. At equilibrium liquid — vapour®, the mean surface
radius is given by Kelvin equation®
m =k = 70wV / [RT In(p/Psar)] 12)
rg is the Kelvin radius, v is surface tension ,liquid-
vapour”, Vis the molar volume, R is the universal gas
constant, T is the absolute temperature, and p/ps is the
relative vapour pressure; p is the actual pressure and pg, is
the saturation pressure. For water, p/ps: corresponds to
relative humidity, W/RT = 0.54 nm at 20 °C, and the rg
values are®: 10 nm for relative humidity RH = 90 %,
1.6 nm for RH =50 %, and 0.5 nm for RH = 10 %.

6. Determination of E-modulus
by nanoindentation

In the absence of adhesion, E can be calculated from
the unloading part of the “indenter load — displacement”
curve via the Oliver & Pharr formulal!:

E.op = 7°S 1 (2AY%) (13)
S = dF/dh is the contact stiffness at nominal load, A(h;) is
the contact area determined from the contact depth h., and
L is the correction factor for indenter shape. For spherical
indenter and elastic deformations, E can be calculated us-
ing Hertz formula, E,y = (3/4)FR™?h™"? but also from its
modified version'%:

E.n = [S¥(6RF)]* (14)
The advantage of Eq. (14) is that it is not necessary to
know the contact area A nor the instant of first contact,
needed for the determination of indenter penetration h.
Moreover, if surface forces are not negligible, the relation-
ship between load and displacement is not proportional to
h*2, but nearly linear for very low loads (Fig. 7). If the
JKR model is used, formula (14) must be modified as'?:

Err = Ernx @, where (15)
o= [(2/3)(1+l//_1/2 + 1]3/2/{1 + 21//_1[1 + (l+ W)l/Z]}l/Z
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Fig. 7. Load-displacement curves for various poly-dimethyl-
siloxane specimens. Spherical indenter, R = 100 um. S. Gupta et
al.?

w is the ratio of indenter load and adhesion force, F/Fyq,
with F4q defined by the JKR model.

Equation (15) is based on the expression for contact
stiffness, respecting the actual contact radius as a function
of the load and work of adhesion, expressed by means of
adhesive force Fy, Eq. (5). The derivation of the correc-
tion factor @ in Eq. (15) proceeded gradually. The first
attempt was done in 2005 by Carrillo et al.**, but in 2006 it
was corrected™ with respect to the earlier work by Pie-
tremont and Troyon™. Experimental verification was
demonstrated by Gupta et al.*.

The differences between approaches (14) and (15) are
negligible if the indenter load is many times higher than
the force of adhesion, and become significant for loads
comparable with F, or lower. This influence can amount
up to several tens of percent.

The procedure for obtaining elastic modulus with the
consideration of surface forces consists of the following
steps. First, a load-unload test is performed, serving for the
determination of adhesion force Fy4 and contact stiffness S
at the nominal load. These values are then — together with
the load F and indenter tip radius R — inserted into Eq. (14)
and (15). Elastic modulus of the tested material can be
obtained from E, via Eq. (3); if it is much lower than that
of the indenter, it can be calculated as E = E,(1 — /).

The correction in Eq. (15) depends on the ratio of the
nominal load and adhesion force. As no analogous proce-
dure for viscoelastic materials exists yet, it is reasonable to
assess the elastic modulus using Eq. (15) with y calculat-
ed for the force of adhesion, measured for the instant of: a)
clinging and b) separation (Fig. 5). These two values give
the probable range of the instantaneous modulus Eo. The
higher the nominal load, compared to the adhesive force,
the smaller the influence of adhesion and also the differ-
ence between both variants of calculation.
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This paper was prepared as a part of the project
GACR No. P104/10/1021. The author thanks to the pub-
lishing house Elsevier and to S. Gupta and co-authors for
the permission to use Fig. 1 from their paper in Materials
Letters'.

REFERENCES

1. Derjaguin B. V., Muller V. M., Toporov Yu. P.: J.
Colloid Interface Sci. 53, 314 (1975).
Johnson K. L., Kendall K., Roberts A. D.: Proc. R.
Soc. Lond. A 324, 301 (1971).

Israelachvili J. N.: Intermolecular and surface forces.
2nd ed. Academic Press, London 1992.
Johnson K. L.: Adhesion at the contact of solids, pp.
133-143 in: Theoretical and Applied Mechanics (W.
T. Koiter, editor) North-Holland Publishing Comp.,
Amsterdam 1976.
Tabor D.: J. Colloid Interface Sci. 58, 2 (1977).
Menc¢ik J.: Chem. Listy 105, s115 (2011).

Men¢ik J.: Chem. Listy 105, s143 (2011).

Ebenstein D. M., Pruitt L. A.: Nanotoday 1, 26
(2006).

Nohava J., Kempé P., Farine M.: Development of the
methodology for testing of extremely soft materials.
CSM-webinar, December 2010, http://www.csm-
instruments.com/fr/system/files/ doc/
Conference/2010/02_Webinar%20Jiri%20Nohava.pdf
Greenwood J. A., Johnson K. L.: Philosophical Maga-
zine A 43, 697 (1981).
Oliver W. C., Pharr G. M.: J. Mater. Res. 7, 1564
(1992).
Gupta S., Carrillo F., Li Ch., Pruitt L., Puttlitz Ch.:
Mater. Lett. 61, 448 (2007).
Carrillo F., Gupta S, et al.: J. Mater. Res. 20, 2820
(2005).
Carrillo F., Gupta S., et al.: J. Mater. Res. 21, 535
(2006).
Pietremont O., Troyon M.: J. Colloid Interface Sci.
226, 166 — 1XX (2000).

2.

3.

NG

10.
11.
12.
13.
14.

15.

J. Menéik (University of Pardubice, Czech Repub-
lic): Low-load Nanoindentation: Influence of Surface
Forces and Adhesion

Nanoindentation of very soft materials uses low
loads, which are comparable with atomic forces, acting in
any surface layer. These forces can also influence the tests.
The paper explains the nature of surface forces and adhe-
sion. It presents formulae for these forces according to
various models, and corrected formulae for the determina-
tion of elastic modulus from a nanoindentation test with a
spherical indenter. The paper also discusses the influence
of surface tension and capillary forces if a thin layer of a
liquid is present at the contact, and the influence of surface
roughness and the viscosity of contacting bodies.



Chem. Listy 106, s485-s488 (2012)

LMP 2011

Regular Papers

MEASUREMENT OF LOCAL TENSILE PROPERTIES OF WELDED JOINT USING
DIGITAL IMAGE CORRELATION METHOD

MILOS MILOSEVIC? NENAD MITROVIC,
RADOMIR JOVICIC?, ALEKSANDAR
SEDMAK®, TASKO MANESKI®,
ALEKSANDAR PETROVIC®, and TAREK
ABURUGAP

& University of Belgrade, Innovation Center of Faculty of
Mechanical Engineering, ® University of Belgrade, Faculty
of Mechanical Engineering, 11120 Belgrade 35, Serbia
mmilosevic@mas.bg.ac.rs

Keywords: welded joint, tensile test, local mechanical
properties, digital image correlation, heat affected zone

1. Introduction

One of the important tasks of structure integrity as-
sessment is to determine local mechanical properties of the
specimens or structure. In some applications like welding,
heterogeneous structure of the tested sample has a dif-
ferent small strain zones. Currently existing mechanical
characterization methods often do not allow full charac-
terization of the different local strain areas. In order to
solve these kind of problems, there are modern techniques
that are able to measure very small areas such as Elec-
tronic Speckle Pattern Interferometry (ESPI)!, Laser
Speckle Photography System (LSP) and Digital Image
Correlation (DIC). The 3D optical system using DIC tech-
nique will be applied in this work to determine local ten-
sile properties of the heat affected zones (HAZ) in the
welded specimen. DIC method may be considered as one
of the efficient tools to verify the numerical models**. The
main goal of this work is to track the local mechanical
properties using DIC method in the both cases — specimens
with and without crack in heat affected zone.

2. Materials and methods

Plates (400 x 200 x 10 mm) made of S235JRG2
were butt welded using MAG welding process for speci-
men preparation. The chemical composition and mechani-
cal properties for the base metal are shown in Tab. | and
Tab. 1.

In this study, the overmatching welding will be ap-
plied to the specimen. Specimen dimensions are shown in
Fig. 1.

Type of VAC 60 weld metal was used in order to get
overmatching welding. Chemical composition and me-
chanical properties for the weld metal are shown in Tab. |
and Tab. Il.

Table |
Chemical composition (%)

Base C Si Mn p S
metal >0.17 <0.4 <14 <0.05 <0.05
Weld C Si Mn P S
metal 0.08 0.90 150 <0.025 <0.025
Table 11
Mechanical properties
Base Rpo.2 [MPa] Rm [MPa] As [%]
metal > 235 340-470 > 25
Weld Rpoz2[MPa]  Rn[MPa] As [%]
metal > 420 500-640 > 20
an g0
, 135 ,
19
| e — - |
ﬂ ks
15
[ Wi [
s

Fig. 1. Specimens dimensions

Equipment used in this research for the precise strain/
displacement measurement is manufactured by GOM -
Optical Measuring Techniques, Braunschweig, Germany.
DIC method is computer based process to obtain 3D full
strain/displacement field. The preparation of the measuring
object starts with the placement of referral points —
markers. The referral points, in case of the Aramis system,
are placed with black and white spray, in order to create
the best possible contrast, and enable the software to track
the changes occurring in the object as it undergoes the
loading. Mode of calibration is described in several pa-
pers™®.

Main components of the system using DIC method are:
—  stereo cameras and lenses that provide a synchronized

stereo view of the specimen or object,

—  stand that provide the stability of the sensors,
—  trigger box,

—  halogen light,

—  PC system.
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Fig. 2. Position of the measured sections

System recognizes the surface structure of the
measuring object in digital camera images and allocates
coordinates to the image pixels®. Computer algorithms
compare the images and calculate displacements of charac-
teristic features on the examined surfaces. Aramis is a non-
contact and material independent measuring system
providing, for static loaded test objects, local 3D surface
coordinates displacements and velocities, strain values and
strain rates®®.

Displacement accuracy of the DIC equipment, and
software Aramis 2M used in thus work is 1/100 of a pixel
and strain accuracy is 0.01% (ref.?).
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3. Results and discussion

Results are shown for specimen without cracks No. 1
and the specimen with crack in the heat affected zone
No. 2, formed due to overmatching welding. Seven sec-
tions on the lateral plane of the specimen surface are fol-
lowed during the experiment. Sections are located in the
fusion line in both sides, vertically located in the weld
metal, parallel to the fusion line in the HAZ and horizon-
tally — 2 mm away from the upper and lower surfaces, re-
spectively, as shown in Fig. 2. In this paper the strains
were analyzed for stages of maximum load and immedi-
ately before fracture. These stages will be studied in order
to demonstrate possibility of using DIC technique to track
the local mechanical properties of HAZ in the welded
structures. Fig. 3 shows the Mises strain field at the maxi-
mum load stage of specimen No. 1. The left side curves
show the variation of Mises strain values with respect to
positions and sections length. The same analysis for the
stage before fracture of specimen No. 1 is shown in Fig. 4.

Fig. 5 and Fig. 6 show the equivalent Mises strain
field in the both stages for the specimen with crack — No.
2, respectively. In the overmatching welding, the fracture
will be in the base metal unless there is a crack in the weld
metal or HAZ. Crack that led to fracture was initiated
during the welding process and is located approximately in
the middle of section 2. Crack was propagated on the fu-
sion line. By comparing these two specimens, the speci-
men No. 1 has fractured in base metal because of absence
of cracks, while in specimen No. 2, the fracture was in the
HAZ because of the crack.

Fig. 3. Mises strain field at the maximum load stage (F=71 kN) for specimen No. 1
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Fig. 4. Mises strain field at the last stage before failure (F = 54
kN) of specimen No. 1

Fig. 5. Mises strain field at the maximum load stage (F = 68
kN) of specimen No. 2

Fig. 6. Mises strain field at the last stage before failure
(F = 3.46 kN) of specimen No. 2
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To clarify the material heterogeneity effect on the be-
havior of the welded specimen, the five points are taken as
a reference in the different local zones as shown in Fig. 7.
The values of the Mises strain are shown in the Tab. IlI
and Tab. IV for specimen No. 1 and specimen No. 2. re-
spectively. There are sudden changes in the border of each
zone i.e. from 4 % to 23 % in case of maximum load for
specimen No. 1, and from 2.5 % to 105 % in last stage for
the same specimen. The highest strain values indicate the
position of the failure.

AN 7/
N\ /

Pt 1 Pt2 Pt3 Pt4 Pt5

Fig. 7. Referent points of the local strain fields

Table 111
Max Mises strains % at different areas in specimen No. 1

Pt1 Pt 2 Pt3 Pt4 Pt5
BM., HAZZ WM HAZR BMg
F=71kN 12 45 3.0 4.0 23
F=54kN 14 10 3.0 4.5 105
Table IV
Muises strains % at different areas in specimen No. 2
Pt1 Pt2 Pt3 Pt4 Pt5
BM, HAZL WM HAZ; BMg
F=68kN 11 16 5 5 14
F=3.46kN 11 85 30 5 15
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At specific stages, different zones of welded joint can
be distinguished. Fig. 8 shows one of these stages where it
is possible to characterize the base metal, heat affected
zone and weld metal. This can be done either by the con-
tour field where the significant changes in the strain values
are located. According to these results, it is clear that for
the specimen No. 1 local strain field shows lower values of
weld material and HAZ. The higher local strain values are
located in base metal. In the case of specimen No. 2, the
crack propagation changes the previous local strain fields
according to fracture mechanics parameters where the
failure will be due to crack propagation.

4, Conclusions

According to the examinations performed the fol-
lowing conclusions can be drawn:
Optical strain measurements based on DIC method
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Fig. 8. Clarity of the different zones

can be very helpful for local strain measurements
during the static tensile test of welded joint.

Strain values of different local zones of a welded
joint can be characterized using DIC technique.
Analysis is specially shown for measuring local me-
chanical properties of overmatching welded speci-
mens. It should be emphasized that the method can be
used for local mechanical characterization of welded
structures in general.
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Sedmak®, T. Maneski®, A. Petrovic®, and T. Aburuga®
(®Innovation Center of Faculty of Mechanical Engi-
neering, ® Faculty of Mechanical Engineering, University
of Belgrade): Measurement of Local Tensile Properties
of Welded Joint Using Digital Image Correlation
Method

Welded joints are heterogeneous structures consisted
of several zones with different mechanical properties.
During the loading, these zones are showing non-uniform
mechanical behavior. In the heat affected zones is particu-
larly complicated to monitor mechanical properties due to
small dimensions, therefore HAZ mechanical properties
were most often estimated through hardness testing, mi-
crostructure etc. The aim of the experiment is to assess the
possibility of using Digital Image Correlation method in
determining local tensile properties of HAZ. Testing was
performed using 3D optical measuring system. Plates
made of S235 were butt welded using MAG welding pro-
cess for specimen preparation. Tensile testing of specimen
characterized heterogeneous strain field and variable strain
values in the monitored HAZ, indicating that DIC method
is promising tool for precise local strain analysis of small
dimension fields.
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1. Introduction

Several recent articles™® have been devoted to the
identification of mechanisms of low-temperature plastic
deformation in the nanocrystalline (NC) face-centered cu-
bic (fcc) metals and alloys with average grain sizes less
than 100 nm. It was found? that the transition from a poly-
crystalline coarse-grained (CG) state to an NC state (grain
size ~ 22 nm) for the Ni-20%Fe alloy leads to changes in
many properties. The calculation of the activation volume
for the process of plastic deformation from the strain-rate
sensitivity of the applied stress® is one of the efficient
methods for obtaining information about the mechanisms
of thermally activated plastic deformation.

The phenomenon of the local plastic deformation and
failure at low temperatures of nanocrystalline Ni-20% Fe
alloy were investigated.

2. Experimental

The NC alloys Ni-20%Fe (with average grain size ~
22 nm) were prepared by the electrodeposition method.
The sulfur impurity level in deposits was 74 ppm. The
samples were deformed in the compression at the tempera-
tures of 300, 170, 77 and 4.2 K. From the measured strain-
rate sensitivity the values of the activation volume (V) of
the process of the local plastic deformation of the NC were
calculated using Zeeger model with the assumption that
the plastic deformation is controlled by thermally activated
motion of dislocations. Strain-rate sensitivity was
measured during uniaxial compression of
1.5 x 1.5 x 3 mm? samples at temperatures of 300, 170 and
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77 K. The strain rate was alternated from 3-10° to 2.4-107* s™
or from 310 to 2:10°s™ in several points of the defor-
mation curves. From these dependencies, the values of the
activation volume of a thermally activated plastic deformation
were calculated, according to the method described in*>.

A part of the samples was deformed up to the fracture
at temperatures of 300, 170, 77 and 4.2 K with the aim to
study the failure surfaces of the samples. The fractography
was carried out by JSM 7000F scanning electron micro-
scope.

3. Results and discussion

The values of the activation volume V of the process
of plastic deformation along the deformation curves ob-
tained in the temperature range from 300 to 77 K in com-
pression are in Fig. 1. It was established that the decrease
in temperature leads to a decrease of V values from 20 to
8 b® (b is Burgers vector). Values of V do not depend on
the strain because the dislocation nucleation at grain
boundaries does not depend on the achieved strain values.
The small activation volume suggests that the nucleation
of dislocations from the grain boundaries is associated
with a cooperative motion of asmall group of atoms
within the boundary*®.

Increased strength of NC materials is followed by
higher localization of the plastic deformation. The fracto-
graphic observations revealed the deformation mecha-
nisms of highly localized plastic deformation at last stages
of the failure®’. The observed traces of melting are indi-
cated by arrows in Fig.2. This indicates the intense
heating in the catastrophic shear band of the alloy®. Two
types of the morphology on the fracture surfaces were pre-
sent: the ductile fracture morphology with elongated dim-
ples as commonly observed in the plastic materials, and
the second type of the fracture morphology — the flat clus-

Fig. 1. The activation volume versus plastic strain for the
temperatures of 300, 170 and 77 K
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Fig. 2. Flat clustered shear morphology. Elongated ridges and
drops are indicated by arrows (left). The ductile dimpled shear
fracture morphology (right)

tered shear morphology with respect to the separate grains
or grain clusters as Fig. 2 demonstrates. When the grain
size is sufficiently small and dislocation most likely in-
teract with grain boundaries, the deformation is believed to
occur via dislocation activities at grain boundary
sliding®*®.

Fig. 3 demonstrates the presence of morphology
types at different test conditions (temperature and strain
rate). The filled part of a circle symbol represents the por-
tion of dimpled shear morphology, whereas the open one
represents the presence of the flat clustered shear mor-

phology.

Fig. 3. The morphology types on the fracture surfaces

4, Conclusions

It was found that the ductile shear failure occurs at all
studied temperatures in uniaxial compression deformation.
A temperature dependence of typical patterns at the failure
surface was found. A dimpled morphology, observed at
300 K, is gradually replaced with a decrease of the tem-
perature by flat surfaces. At these surfaces, the cavities of
various sizes were observed and the separate grains and
their conglomerates with size of 200 to 600 nm, which
were extracted from their initial places. At the tempera-
tures below 300 K, the traces of melting were revealed,
which indicates the intense local heating of the alloy at the
moment of the failure. Decreasing of activation volume at
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lower temperatures tends to more flat fracture surface mor-
phology creation.
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The local plastic deformation and failure at low tem-
peratures of nanocrystalline Ni-20%Fe were investigated.
The samples were deformed in the compression at tem-
peratures from 4.2 to 300 K at different strain rates. The
activation volume (V) of the plastic deformation was cal-
culated. It did not depend on the strain and the decreasing
in the temperature lead to the decreasing of V from 20 to 8
b%. Two types of the morphology on the fracture surfaces
were present. At higher temperatures and higher V the
elongated dimples were observed, whereas the flat clus-
tered shear morphology for lower temperatures and
smaller activation volume is typical.
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1. Introduction

Globe valves are one of the most widely used indus-
trial valves. During the working life, valves are subjected
to various types of loads — static, dynamic, thermal etc,
which can cause valve housing failures. Based on previous
experiences and research, valve housing failure is expected
in the areas of high stress concentration, such as high geo-
metrical discontinuity.

High geometrical discontinuities and complex geome-
try place a huge challenge to researchers experimentally
investigating stress and strain field. Most commonly used
equipment for strain/displacement measurement is strain
gauge, LVDT, extensometer etc. Problem with this equip-
ment is that it doesn’t provide full strain/displacement
field, only a result on selected point of the object or speci-
men. For better understanding of the behavior of complex
objects under loading, optical methods are being used in
the experiments (videoextensometry, digital image correla-
tion etc.)™.

Digital image correlation (DIC) method is an optical
non-contact method that can provide us full 3D strain/
displacement field. DIC method is independent from the
material tested, as well as from the shape of the object,
which enables application of this method in various fields
— biomedicine, biomaterials, polymers etc®™.

This paper is focused to investigate the possibility to
analyze local strain fields of geometrically complex globe
valve housing subjected to internal pressure using DIC
method.

2. Experiment and experimental object

In this experiment, valve was tested in the installation
for pressure testing of industrial valves and subjected to in-

ternal pressure using water temperature of 20 °C. One
valve flange was clamped to secure that there is no valve
translation, and the other flange was free, as shown in
Fig. 1.

Experiment was conducted using 3D system Aramis
2M (GOM, Braunschweig, Germany). The system has fol-
lowing characteristics: system type is 2M, camera resolu-
tion 1600x1200 pixels and maximum frame rate 12 Hz.

Before the experiment, valve was sprayed with white
paint as basic color for spraying stochastic pattern of black
dots. As a part of pre-experimental preparations, calibra-
tion was also performed. Detailed mode of operation, cali-
bration, preparation of measuring object and measuring
procedure is described in several papers®'’. Table I shows
parameters for basic system setup used for the experiment.

Globe valve used in the experiment is DN 32 and
PN 6. Adopted value for experimental pressure is 30 bar,
as the pump and installation pressure limit is 30 bar and fi-
nite element method (FEM) showed that valve housing is

Table |
Parameters for basic system setup

ARAMIS 2M parameters

Measuring volume [mm] 100 x 75
Depth of field at aperture 8 [mm] >100

Base distance [mm] 370

Min. length of camera support [mm] 500
Measuring distance [mm] 800

Camera angle [°] 26
Calibration object (coded) CP20 90x72

Fig. 1. Experimental setup
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in the safety zone. Valve was gradually loaded to the
highest value of 30 bar, as specified in EN 13445,

Globe valve housing has several local areas with
complex geometry. The local area analyzed in this paper is
shown on Fig. 2.

Local mechanical properties were determined in the
transition area that can be approximated as the sphere to
cylinder junction.

3. Numerical model

In this paper, FEM is used for the strain and stress
analysis of the globe valve. FEM is respectful method for
direct calculation and prediction of behavior of such com-
plex type of structures. This presents even a greater chal-
lenge having in mind different geometric transitions within
the object. Cross section of the valve parts varies from cir-
cle to ellipse and can be compared to cylinder and sphere
junction.

FEM software package used in this paper is Abaqus.
FE model is based on 6921 tetrahedral element and 1851
node. Mesh has more density where geometric discontinui-
ties occur. FE model of valve is, as well as a real model,
subjected to internal pressure, as shown in Fig. 3. Since the
object is symmetrical, only one half is analyzed. All the

Fig. 2. 3D model of globe valve (rectangle is marking analyzed
area)
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Fig. 3. 3D FE model (constraints and loading)

nodes located on the symmetry plane have displacement
constrained in transverse direction’? and rotation con-
strained in other two directions.

4. Results and discussion

For understanding strain and stress conditions of nu-
merous objects in exploitation, numerical and experi-
mental analyses are often used. In this paper, experiment
using 3D DIC method was conducted to verify numerical
model.

Von Mises strain results obtained from numerical
analysis of globe valve subjected to 30 bar are presented in
Fig. 4. Results showed strains from nearly 1.46-107° up to
1.74-107* (0.0015 % to 0.0174 %). Von Mises stresses for
this area are in the range of 15 to 25 MPa.

Visualization of the deformation with an image of
Strain overlay is shown in Fig. 5. A photograph of a real
object is displayed along with the picture processed by the
software. The pictures are overlapped, so local zones can
be easily spotted. Two sections are defined in Fig. 5. Sec-
tion 0 is placed transversal to valve housing (blue vertical

Fig. 4. Von Mises strain results obtained from Abaqus
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Fig. 5. Local 3D von Mises strain field obtained using Aramis

line) and Section1 is placed longitudinally to valve
housing (black horizontal line).

Section diagram (Fig. 6) shows one or more sections
of the current load stage. This diagram shows the Mises
strain with respect to the length of the section per stage.
Two sections (0 and 1) are displayed in different colors,
showing values for the entire section which can be further
examined.

Experimental results presented in Fig.5 and 6 are
confirming that highest strain values are registered in the
transition area — sphere to cylinder junction. Mises strain
values in this local area are in range from around 0.012 %
to 0.025 %. Highest recorded values of 0.025 % are lo-
calized at the sphere/cylinder intersection. In comparison
to FE model with highest values of 0.0174 % in the inter-
section area, the result difference is 30.4 %. Recorded ex-
perimental values for von Mises strain at spherical and cy-
lindrical part are in range of 0.012 % to 0.015 %. In the
same region, FEA showed von Mises strain results in

Fig. 6. Section diagram of local 3D von Mises strain field
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range of 0.009 % to 0.012 %, which is an average result
difference of 14.8 % between two methods.

Analyzing experimental and numerical data, there are
differences in obtained results, but the trend of strain dis-
tribution throughout the analyzed area is highly similar —
highest values are recorded in the transition area of sphere/
cylinder junction.

5. Conclusions

Local mechanical properties and behavior of valve
housing under loading are important basis for further valve
analysis and design improvements. DIC method and 3D
optical system Aramis are powerful tools enabling map-
ping of full strain fields in industrial pipeline fittings. Ex-
perimental analysis and numerical simulation indicate that
local deformation field on globe valve surface has the
same nature at cylinder/sphere junction. Analysis shows
that the differences between two methods in the area of the
highest strain values, in the cylinder sphere intersection,
vary 30 % and in the spherical and cylindrical parts result
variation is 14.8 %. Obtained results indicate that it is pos-
sible to analyze local strain fields of geometrically com-
plex globe valve housing using DIC method.
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A. Petrovic?, A. Sedmak?® T. Maneski?, and M. Zrilic®
(®University of Belgrade, Faculty of Mechanical Engi-
neering, Belgrade, °University of Belgrade, Innovation
Center of Faculty of Mechanical Engineering, Belgrade,
“University of Belgrade, Faculty of Technology and
Metallurgy, Belgrade, Serbia): Experimental and Nu-
merical Analysis of Local Mechanical Properties of
Globe Valve Housing

One of the most widely used industrial valves is globe
valve. Due to wide industrial application, the valve is sub-
jected to various types of loads — static, dynamic, thermal
etc. which causes valve housing failures. Based on previ-
ous experiences and research, valve housing failure is ex-
pected in the areas of high stress concentration, such as
high geometrical discontinuity. This paper is focused to in-
vestigate the possibility to analyze local strain fields of
geometrically complex globe valve housing subjected to
internal pressure using non-contact 3D optical deformation
analysis in order to verify numerical model. Experimental
system consists of cameras for 3D displacement and strain
analysis and software Aramis. Using the Finite Element
Method (FEM), numerical model subjected to different
loads was analyzed. It is found that the predictions from
the model agree well with experimental results as the re-
sult differences between two methods in the area of the
highest strain values vary 30 % and in the spherical and
cylindrical parts result variation is 14.8 %. Experimental
and numerical results demonstrate that the experimental
method is adequate for solving geometrically complex
problems and determining local mechanical properties.
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1. Introduction

TRIP (transformation induced plasticity) steels were
introduced by Zackay et al.! in austenitic stainless steels in
1967, describing how the transformation supports ,,high-
strength steels toughness improving“. After’™ the aspect of
TRIP steels originates from a phase transformation of
metastable austenite into much harder martensite during
deformation®, and must provide ferrite formation and satu-
ration of austenite (RA) solid solution by carbon without
possibility of pearlite and cementite formation, which can
be suppressed by rapid cooling rate and elements addition
like Si, Cr or Mn®. After Wu et al.” rapid cooling is neces-
sary for preventing the relaxation after deformation, so
more dislocations stay retained after several step cooling at
room temperature. Tsusaki and Raghavan® found that
a large dislocation density hinders a growth of martensitic
plates. The stability of RA against the martensitic transfor-
mation is improved by increasing dislocation density®.
There are few reports on the mechanical behaviour of dif-
ferent phases in multiphase TRIP steels due to the difficul-
ty of making such small-scale measurements, especially in
individual austenite grains'® The nanoindentation method,
developed by Oliver and Pharr'!, can provide information
about the mechanical behaviour when material is being de-
formed at the sub-micron scale.

For this contribution multiphase steel with composi-
tion of C 0.18wt.%, Mn 1.47wt%, Si 1.8wt.%,
P 0.015wt.%, S 0.007wt.%, Cu 0.06wt.%, Ni 0.04wt.%,
Cr 0.06wt.%, Alg 0.028wt.%, Nb 0.005wt.%,
Sn 0.007wt.% was investigated for the dependence of
nanohardness in different phases on intercritical annealing
temperature 540-740 °C and subsequent austempering
temperature 350-450 °C.

5495

2. Material and methods

Two groups of steel samples after two step defor-
mation (50 %) were used for investigation of influence of
annealing parameters on nanohardness in different struc-
ture phases. First group was processed by intercritical an-
nealing (T,c= 540-740 °C) and austempering (Ta= 350—
450 °C), where the samples were air-cooled after each pro-
cessing step down to room temperature (SA). Second
group was processed by intercritical annealing (T,c= 540—
740 °C) and austempering (Ta= 350-450 °C), where the
samples were cooled to T\c by double water jet and air-
cooled before and after austempering down to room tem-
perature (QA).

Structure of the samples cooled only in air consisted
of ferrite (F), martensite/martnesite+bainite (M+B),
pearlite (P) formed at specific isothermal conditions at cca
600 °C and low cooling rates also occurs™, see Fig. 1. The
other group of samples is characterized by the structure F+
(M+B) / F+P. Retained austenite was expected in the is-
lands of (M+B) inside original austenite grains bouded by
F, see Fig. 2.

Nanohardness  testing  was  performed by
Nanoindenter G200 with Berkovich tip indenter using
depth control system. Parameters of measurements were as
follows: maximum depth hy.= 600 nm, the Poisson’s ratio

Fig. 1. Structure of selected samples air-cooled

Fig. 2. Structure of selected samples cooled on air and by
double water jet
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s = 0.3, peak holding time 10 s. After reaching the maxi-
mum depth the nanohardness was measured in different
phases (F, B+M mixture) during the holding time.

3. Results and discussion

Fig. 3 shows indentation curves of average values of
different phases. As one can see, there is the difference in
hardness values between the phases Fig. 2. Not only due to
fraction and morphology of each phase, but also due to dif-
ferent annealing parameters* (intercritical annealing and
austempering). The indentation hardness reached the
values of cca 4 GPa for ferrite and cca 5.5 GPa for mixture
of samples cooled by water jet before austempering. Sam-
ples cooled only on air reached the values of indentation
hardness of cca 3.5 GPa for ferrite and cca 5.5 GPa for
mixture.

Fig. 3. Indentation curves of different phases — ferrite (pink),
martensite + bainite mixture (blue)
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4, Conclusions

The local determination of indentation hardness of
the investigated multiphase steel revealed differences in
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the individual phases due to volume fraction and mor-
phology of each phase, and also due to different annealing
parameters during controlled rolling.
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Agency of Slovak republic as a grant project VEGA No. 2 /
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project ,,New Materials and Technologies for Ener-
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This paper deals with investigation of the dependence
of nanohardness in C-Mn-Si steel different structure phases
on intercritical annealing temperature 540-740°C and
subsequent austempering temperature 350-450 °C. There are
few reports on the mechanical behaviour of different
phases in multiphase TRIP steels due to the difficulty of
making such small-scale measurements, especially in
individual austenite grains'®. The nanoindentation method,
developed by Oliver and Pharr*!, can provide information
about the mechanical behaviour when material is being
deformed at the sub-micron scale’.
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1. Introduction

Structural materials such as concrete, gypsum, plas-
tics, wood or metals are characterized by a multiscale
heterogeneity at different length scales (nm—m). Their me-
chanical properties are often assessed from macroscopic
tests on large scale samples that can only describe overall
(averaged) properties like overall Young’s modulus or
strength. Nowadays, it is possible to access also lower ma-
terial levels and small-scale properties of individual mate-
rial components experimentally e.g. by nanoindentation.

Wide theoretical background has also been laid in the
field of micromechanics together with the development of
classical composites. Micromechanical approaches are ap-
plied for matrix-inclusion problems to search for effective
properties of the whole representative volume element —
RVE™. Although, the theoretical development in micro-
mechanics is tremendous the knowledge of the material
microstructure and its micromechanical properties is the
key factor in obtaining relevant results.

In this paper, we deal with the micromechanical pre-
diction of the effective elastic properties for several struc-
tural materials on a scale of several hundreds of
micrometers. Simple analytical and more complex numeri-
cal approaches are utilized.

2. Methods

Microscale  experimental — measurements,  e.g.
nanoindentation, can supply valuable data on mechanical
properties of small material volumes or even distinct mate-
rial phases in multi-phase materials. The size of RVE in a
multi-scale material is considered so that it is much larger
than the smallest microstructural inhomogeneity but it is
small enough to represent the whole material level. Then,
the up-scaling methodology can be summarized in the fol-
lowing main steps:

Definition of scales in the material (i.e. RVE size
definition for each scale).
Nanoindentation on distinct material phases and
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characterization of their volume fractions within
RVE.

Applying homogenization techniques to assess effec-
tive RVE properties.

For heterogeneous structural materials, the task of
finding number of mechanically distinct microstructural
phases, their mechanical properties and volume fractions,
can be solved by nanoindentation. To access distinct
phases, the size of individual indents h have to be con-
siderably smaller than the dimension of the studied phase d
(i.e. h<<d). Such assumption is especially important in
multi-phase to avoid phase interactions*®. As a rule of
thumb h<d/10 is usually used*. Also, special approaches
like massive grid indentation* or statistical deconvolu-
tion*®” can be utilized in solving this task.

3. Homogenization

In general, homogenization methods search for effec-
tive composite properties. Analytical schemes often rely
on simplified assumptions concerning inclusion geometry,
boundary conditions or isotropy. More complex results can
be obtained from numerical methods that are based on fi-
nite element solution or fast Fourier transformation, for in-
stance.

The classical solution based on constant stress/strain
fields in individual microscale components for ellipsoidal
inclusion embedded in an infinite body was derived by
Eshelby?®. Effective elastic properties are then obtained
through averaging over the local contributions. Various es-
timates considering different geometrical constraints
or special choices of the reference medium known as rule
of mixtures, Voight and Reuss bounds, Mori-Tanaka
method or self-consistent scheme’™ can be used. For the
case of a composite material with prevailing matrix and
spherical inclusions the Mori-Tanaka method® was previ-
ously found to be simple but powerful tool to estimate ef-
fective composite properties also for structural materials*
and, therefore, it was used in this paper. In the Mori-
Tanaka method, the homogenized isotropic bulk and shear
moduli of an r-phase composite are assessed as follows:
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3 6k +12 ?3) products: calcium-silica hydrates (C-S-H), calcium hy-
Q=—-"2—, By = i M O droxide Ca(OH),, residual clinker and the porosity.

3ko + 41, 15K, + 2024, Dental gypsum (Interdent®) was chosen as a model

where the subscript 0 corresponds to the reference medium
and r corresponds to a particulate inclusion. Thus, ko and
o are the bulk and shear moduli of the reference medium,
while k; and W, refer to the inclusion phases. Further, bulk
and shear moduli can be recomputed to engineering values
of Young's modulus and Poisson’s ratio as:

_ Oku
3K+

_3k-2u
6k +2u

(4)

Local strain and stress fields in a RVE can also be
found by numerical methods like finite element method or
method based on fast Fourier transformation (FFT). The
former one was proved to be reliable and computationally
inexpensive method which only utilizes mechanical data in
the discretization (grid) points. Such a concept perfectly
matches with the concept of the grid nanoindentation.
Therefore, the FFT method was chosen for our purposes.
The numerical scheme used here solves the problem of
finding the effective elasticity tensor with a periodically
repeating RVE by using discretization of an integral Lipp-
mann-Schwinger equation:

e(x)=e’—[ T°(x=y):(L(y)-L"):&(y)dy

in which ¢ and L stand for the local (inhomogeneous)
strain and stiffness tensor, respectively, and e’ is the ho-
mogenized strain defined as a spatial average over RVE
domain Q as

®)

e’ :<s>:éj.ga(x)dx ©

I is the periodic Green operator associated with the
reference medium and L° in Eq. (5) stands for a reference
elasticity tensor, which is a parameter of the method pro-
posed by Moulinec and Suquet®. The problem is further
discretized in the Fourier space. This leads to the solution
of a nonsymmetric linear system of equations, which can
be effectively treated by e.g. the conjugate gradient
method (Zeman et.al.’).

4. Experimental program

Three types of heterogeneous structural materials
were selected for this work: cement paste, gypsum and
aluminium alloy.

Cement paste samples were prepared from Portland
cement CEM-I 42,5 R with water to cement weight ratio
equal to 0.5 and stored in water for several years™. There-
fore, high degree of hydration can be anticipated in the
samples. The microstructure of cement paste includes
several major chemical phases, namely the hydration
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system for gypsum based materials*. Samples were pre-
pared with water to gypsum ratio 0.2. The Interdent® gyp-
sum is a low-porosity purified a-gypsum (CaSOy-%2H,0)
used for dental purposes.

Finally, an aluminium alloy used for the production of
lightweight aluminium foams Alporas® was studied. The
material consists of an aluminium intermixed with
1.5 wt.% of Ca and 1.6 wt.% TiH,. The microstructures of
the selected materials are shown in Fig. 1. Dark areas in
the figure can be attributed to the low density components
or microporosity in the matrix, whereas lighter areas be-
long to individual microstructural components
mentioned previously. The images show on the hetero-
geneity of the samples in the tested RVEs whose dimen-
sions are ~100-200 pm.

Fig. 1. Microstructures of cement paste (top left), dental gyp-
sum (top right) and aluminium alloy (bottom)

5. Results

For cement paste, the microstructural RVE size con-
sisting all the relevant material phases in a representative
content is ~200 um. Grid indentation consisting of ap-
proximately 20x20=400 indents with 10 um spacing was
performed. The indents were prescribed as load controlled
(to maximum force 2 mN). Final indentation depths ar-
rived at 200-300 nm. Frequency plots of elastic moduli
(evaluated with Oliver—Pharr method?) were analyzed by
statistical deconvolution®. Five distinct phases were found
as shown in Fig. 2. The peaks were linked with chemically
distinct phases denoted as: A=low stiffness phase, B=low
density C-S-H, C=high density C-S-H, D=Ca(OH),,
E=clinker. In this case, the notation of mechanically dis-
tinct phases matches well with the cement chemistry.
Tab. | shows numerical results of the deconvolution and
also results from the Mori-Tanaka homogenization.
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Fig. 2. Probability density functions of elastic moduli and
deconvolution on cement samples

Table I
Data received from statistical deconvolution and homoge-
nized values on cement paste
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Fig. 3. Probability density functions of elastic moduli and
deconvolution on gypsum samples

Table Il
Data received from statistical deconvolution and homoge-
nized values on gypsum

Phase E [GPa] Poisson’s Volume Phase E (GPa) Poisson’s Volume
(mean value) ratio [-] fraction (mean value) ratio (-) fraction

Low stiffness 7.45 0.2 0.0105 Low stiff- 19.357 0.2 0.04375

(A) ness

Low density C 20.09 0.2 0.6317 Dominant 37.234 0.2 0.71250

-S-H (B) High stiff-  56.277 0.2 0.24375

High density 33.93 0.2 0.2634 ness

C-S-H (C) M-T homog. 40.000 0.2 1.0

Ca(OH), (D) 43.88 0.3 0.0461

Clinker (E) 130* 0.3 0.0483

M-T homoge- 25.3308 0.2067 1.0

nized value

*Note: The clinker E-value was adjusted according to
ref.’

Similar microstructural RVE ~200 um could be
recognized on gypsum samples. Gypsum is characterized
with the directionless crystalline microstructure. Indenta-
tion matrices containing 15x12=180 indents with 15 um
spacing covered the tested RVE. The same loading as in
case of cement was used. Three peaks (low stiffness,
dominant and high stiffness phases) were identified in fre-
quency plots of elastic moduli as depicted in Fig. 3. Tab. 1l
shows deconvolution results and Mori-Tanaka homogeni-
zation.

Two mechanically distinct phases were found by the
statistical deconvolution on Al-alloy sample (Fig. 4).
Loading to maximum force 1 mN (final depth ~200 nm)
was used. Results from 200 indents (two locations 10x10
indents) with 10 um spacing were evaluated. The RVE
size is ~100 um in this case. According to the SEM-EDX
studies, the dominant phase was denoted as Al-rich zone,
whereas the lower stiffness phase as Ca/Ti-rich area.
Again, Tab. Il shows numerical results and homogenized
Mori-Tanaka effective elastic modulus.

Fig. 4. Probability density functions of elastic moduli and
deconvolution on Al-alloy

Table 111
Data received from statistical deconvolution and homoge-
nized values on Al-alloy

Phase E [GPa] Poisson’s  Volume
(mean value) ratio [-] fraction
Al-rich zone 61.882 0.35 0.63768
Ca/Ti-rich zone 87.395 0.35 0.36232
M-T homog. 70.083 0.35 1.0
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Results from FFT-based homogenization were re-
ceived in the form of plane strain stiffness matrices. Gen-
erally, anisotropy can be obtained in the numerical compu-
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tation. However, it was found that for our materials the
anizotropy is very low and related stiffnesses are close to
isotropic ones as illustrated for cement in the following
equations, in which stiffness matrices computed from ana-
lytical solution (Eg. (7)) and numerical solution (Eq. (8))
are presented.

28.145 7.036 0 )
L% =| 7.036 28.145 0
0 0 21.109
26.177 6.778 0.068 | 8
L =| 6.778 26.224 0.014
0.068 0.014 19.818]

Note that stiffness matrices in Eq. 7 and 8 are in Mandel's
notation. It can be seen that off-axis terms are close to zero
which shows on the mentioned very low anizotropy. The
difference between the solutions can be characterized with
the following matrix error norm:

s J (L5 - LT L)
(ARG

©)

Respective error norms for cement, gypsum and alumini-
um alloy are as follows:

“Ms =0.071045 , ¥ =0.075138, "5 =0.0393058.

6. Discussion

The analytically computed effective RVE stiffnesses
are in good agreement with those obtained from numerical
FFT-based solution. The error is 3.9—7.5 % for the studied
materials. Also, the estimated overall elastic moduli are in
good agreement with those experimentally measured on
larger-scale composite samples for cement'***4_ gypsum®®
and Alporas™.

It was also proved that both simple analytical and nu-
merical FFT-based method give comparable results in our
case which is primarily due to the close-to-isotropic nature
of the tested materials within the specified RVE.

7. Conclusions
It was shown in this paper that micromechanical ho-

mogenization methods can be efficiently used for ob-
taining effective elastic properties on heterogeneous struc-
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tural materials. Local mechanical properties were found
with the aid of statistical nanoindentation and deconvolu-
tion methods that give access to both phase properties as
well as their volume fractions. Effective properties of
RVEs (100—200 um) of the three tested materials (cement
paste, gypsum and aluminium alloy) were successfully de-
termined with an analytical Mori-Tanaka scheme and nu-
merical FFT-based method. The performance of both ap-
proaches was in good agreement for the tested materials as
validated against independent macroscopic experimental
results. Derived stiffness matrices can be further utilized in
standard FEM software, for the development of a multi-
scale model or for the optimization of the material.

Support the Czech Science Foundation (GACR

P103/09/1748 and  P105/12/0824) is gratefully
acknowledged.
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1. Introduction

Though the instrumented indentation itself is relative-
ly well-known, it is not yet widely used in the thermal
spray community. In the research of thermal spray
coatings® (TSC), the instrumented indentation has however
a great advantage of testing the material at various scales:
at the ‘nano’ or ‘micro’ levels, where either the individual
coatings constituents or the whole blocks of the coating are
tested>®. However, as with many novel methods one must
be very careful when choosing the testing conditions as er-
rors could easily be introduced in the measurements.

This paper intends to compare two indentation
methods for determining the mechanical properties of indi-
vidual phases in HVOF sprayed cermets: grid indentation
and isolated indentation. The grid indentation is based on
performing a large matrix of indentations and statistical
evaluation of the results*®. The aim of the isolated indenta-
tion, on the other hand, is to precisely position the indent
so that only properties near the selected area are measured.
This paper shows the results on three types of HVOF cer-
mets and discusses the advantages and suitability of each
method for this particular type of material.

2. Experimental details

Three types of HVOF sprayed coatings were selected
for the experiments: WC-17%Co, CrsC,-25%NiCr and
(Ti,M0)(C,N)-39%NiCo (all wt.%). For simplicity, the
samples were labeled as WCCo, CrCNiCr and TiMoCN.
The coatings were sprayed using optimized parameters
published elsewhere®. An example of typical matrix-
carbide structure of these coatings is shown in Fig. 1.

The WCCo coatings microstructure consisted of WC
grains with size of a few micrometers and smaller. The di-
mensions of the carbide grains in the CrCNiCr coating
were larger than in the WCCo coating.

s501

Fig. 1. SEM images of the microstructure of the WCCo coating

The dimensions of the hard phase grains in the
TiMoCN coating were significantly smaller than those of
the other coatings. The core-rim structure of the hard parti-
cles is composed of hard TiC centre core surrounded by
Mo rich rim. The microstructure and mechanical proper-
ties of the (Ti,M0)(C,N)-NiCo coating are described in
more detail in Refs.”®,

2.1. Methods

The method of instrumented indentation®'® was used
in all cases except for micro hardness Vickers measure-
ments where conventional method was used. The isolated
nanoindentation consisted in performing 2 mN indenta-
tions on each phase separately. At least 10 indentations
were performed in several regions on each sample.

The grid indentation method is based on performing
several hundreds of indentations and their subsequent sta-
tistical evaluation. The grid indentation was performed
with the same indentation parameters as the isolated inden-
tation (Fmax 2 mN). A square matrix of 20x20 indentations
spaced by 5 um was performed in two randomly selected
regions on each sample and the results were statistically
evaluated using bimodal Gaussian distribution (1) where
Hr is hardness, p is mixing parameter and uy, o1, o, o, are
the parameters of distribution.

exp{

As it will be shown further, several aspects of the grid in-
dentation on this particular type of material caused that al-
so trimodal Gaussian distribution was considered for the
statistical analysis of the results. This distribution was used
in form of Eq. (2):
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where w4, 01, 2, 02, 13, o3 are parameters of each distribu-
tion corresponding to either hardness or elastic modulus.
Both isolated and grid indentation was done using Ta-
ble Top Nano Indentation Tester (CSM Instruments, Pe-
seux, Switzerland) with diamond Berkovich indenter. Fur-
ther, microindentation experiments were performed on
each sample with 5 N load using Micro Indentation Tester
(CSM Instruments, Peseux, Switzerland) with diamond
Vickers indenter. Conventional microhardness measure-
ments were performed on LECO DM-400A hardness tester
using load of 300 g. Ten measurements were performed in
the center line of each coating. The scanning electron mi-
croscopy (SEM) images were acquired using JEOL JSM
5510LV and 6490LV scanning electron microscopes.

3. Results
3.1. Isolated indentation

During the isolated indentation the indentations were
placed separately in the matrix and the carbides. It was
relatively straightforward to locate and position the inden-
tations in the carbides and matrix on samples WCCo and
CrCNiCr, however it was almost impossible on the
TiMoCN coating. Although the boundaries between the
(Ti,M0)(C,N) and NiCo phases were clearly visible in
SEM images, they did not yield sufficient contrast in opti-
cal microscope.

The results of isolated nanoindentation (2 mN) and
non-selective microindentation (5 N) results on all three
tested samples are compared in Table . The values of
hardness and elastic modulus show good agreement with
those of bulk material'* which confirms the utility of low
load nanoindentation for measurements of mechanical
properties of individual phases in HVOF coatings.

Table |
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3.2. Grid indentation

The results of the grid indentation in form of elastic
modulus histogram for the three tested samples are shown
in Fig. 2. The bar graphs represent the measured data, the
dashed lines represent each of the distributions as defined
by Eq. (1) and the solid line is the sum of two distribu-
tions. The parameters of the individual distributions corre-
spond to the average and standard deviation of E;; values
of each of the phase present in the coating.

The WCCo and CrCNiCr coatings contained two
phases with distinct mechanical properties (see Table I)
while the TiIMoCN coating contained two phases whose
mechanical properties were quite close. Expected two-
peak behavior was found only for the E;; histogram of the
CrCNiCr coating (Fig. 2b) where the parameters of the
two distributions corresponded very well to the isolated in-
dentation results. In the case of the two other coatings, the
parameters of the bimodal fit did not reflect exactly the
properties of the individual phases as obtained by isolated
indentation.

It was mainly the parameter of the second distribution
(1) that did not correspond to the results of isolated inden-
tations in carbides. Similar difference was found also for
Hr histograms and the isolated indentation values.

Closer observation of the Er histograms revealed that
their shape shall be better described as trimodal rather than
bimodal. Considering Fig. 2a one can relatively clearly see
three peaks instead of two peaks positioned at ~290 GPa
and ~538 GPa, which would correspond to the carbide and
metallic matrix values. The histogram therefore seems to
reflect not a bimodal Gaussian distribution (Eq. (1)) but ra-
ther a trimodal Gaussian distribution. Indeed, Fig. 3 shows
trimodal Gaussian fit for the E;r histograms of all tested
coatings. The third distribution corresponds to indentations
done on the carbide-matrix boundary which significantly
complicated the statistical analysis.

Isolated indentation results for all three tested coatings. Hyr is indentation hardness, E;r is indentation modulus, hy, is the
maximum indentation depth, HV,y is Vickers hardness recalculated from the H,r and HVy;3 is conventional Vickers micro-

hardness measured with 300 g load

Coating Phase Hr [GPa] Eir [GPa] hm [nm] HV,r 5N HVg3

WCCo Carbides 33.3+2.7 538 + 25 57+1 1279 1335
Matrix 16.7+2.2 290 £ 27 795

CrCNiCr Carbides 26.0+4.0 337+ 49 68+5 777 700
Matrix 11.2+3.2 226 + 44 96 + 10

TiMoCN (Ti,M0)(CN)-rich 13.1+2.2 208 + 32 0+7 782 803
NiCo-rich 122+1.0 214 £ 13 92+4
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Fig. 2. Elastic modulus histogram for the WCCo coating (a),
CrCNiCr (b) and TiMoCN (c) coatings

4. Discussion

4.1. Isolated nanoindentation and microindentation

The carbides and metallic matrix in the WCCo and
CrCNiCr coatings were easily distinguishable under opti-
cal microscope attached to the indentation system. The
2 mN indentations were shallow enough (maximum pene-
tration between ~60 nm and ~130 nm) so that an indenta-
tion done on one phase was not significantly influenced by
the neighboring phase. In the case of the WCCo and
CrCNiCr coatings, the properties of carbides and metallic
matrix were obtained while in the case of the TiMoCN
coating the properties of TiMoCN-rich and NiCo-rich
phases were measured. Very similar results of H,r and E;r
from isolated indentation of the (Ti,Mo)(C,N)-rich and
NiCo-rich phases pointed out that the visual aspect is not
always sufficient for distinguishing between individual
phases. To properly characterize the core-rim structure the
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Fig. 3. Trimodal Gaussian distribution of the E;r histograms
for (@) WCCao, (b) CrCNiCr and (c) TiMoCN coatings

indentation experiments should be performed on a lightly
etched sample where its structure would be revealed.

The high load micro indentation (5 N) was aimed on
characterizing the material as a whole, including pores,
carbide-matrix interfaces and boundaries, etc*?. The values
of instrumented microhardness and conventional micro-
hardness for 5 N and 3 N loads showed very good agree-
ment. Such agreement between the conventional and in-
strumented indentation is particularly important as some
researchers questioned the reliability of instrumented in-
dentation results.

4.2. Comparison of isolated and grid indentation

As showed in Fig. 2, only the grid indentation results
obtained on the CrCNiCr coating showed relatively good
agreement with the elastic modulus values obtained via
isolated indentation. In other cases, the hardness and/or
elastic modulus values obtained from statistical evaluation
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of grid indentation results differed considerably from the
isolated indentation values. Although the use of a bimodal
distribution was expected, the trimodal distribution yielded
results in better agreement with the isolated indentation
values. The g, parameter, representing the peak between
the 24 and sz peaks, reflected the indentations done on the
carbide-matrix boundary which significantly complicated
the statistical analysis. Obviously, the amount of indenta-
tions near the carbide-matrix boundary in the grid indenta-
tion was not negligible and had to be taken into account
during the statistical analysis of the results.

The trimodal Gaussian fit also revealed the existence
of hard phase in the TiMoCN coating with hardness of
18.7 GPa (Fig. 4) and elastic modulus of 261 GPa (see Ta-
ble I1). This phase was not detected when performing the
isolated indentations and it very likely corresponded to the
(Ti,M0)(C,N) particles, whose hardness is expected to be
higher than that of the NiCo matrix.

5. Conclusions

This paper presents the results of two methods of in-
strumented indentation for determination of mechanical
properties of thermal spray coatings. The isolated indenta-
tion method yielded very good results with relatively low
standard deviation on all three types of tested coatings.
The statistical evaluation of the grid indentation was some-
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Fig. 4. Trimodal Gaussian distribution of the H,r histograms
for the TiMoCN coatings showing the peak at 18.7 GPa

Table I

Trimodal Gaussian fit of the grid indentation data com-
pared with isolated indentation results. The standard devia-
tion was omitted for the reasons of clarity

LMP 2011

Eir [GPa] Trimodal Isolated indentation
Soft  Interme- Hard Soft Hard
diate
WCCo 287 399 500 290 538
CrCNiCr 222 301 335 226 337
TiMoCN 204 234 261 214 208
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what complicated due to indentations on the carbide-
matrix interface. Since the number of such indentations
was not negligible, the use of trimodal Gaussian distribu-
tion was necessary to extract the properties of individual
phases. These properties obtained by the trimodal Gaussi-
an fit were in very good agreement with those obtained by
isolated indentation method. The grid indentation also al-
lowed measurement of properties of phases that were diffi-
cult to locate under optical microscope.

This work was supported by the SGS10/300/
OHK4/3T/14 and VZ/MSM4771868401 projects.
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1. Introduction

Problem of low back pain is still one of the main
problems in a spinal biomechanics. This study is focused
on viscoelastic properties of apophyseal joint. Mechanical
properties and a shape of apophyseal joints define a small
interspaces needed for preserving the principles of the pre-
ferred movements, which is defined by the shape of the
vertebra and by the viscoelastic behavior of the passive
elements of intervertebral joint ligaments, the interverte-
bral disc, etc. and the tuned movements of intervertebral
joint (IVJ) (movements defined by the elements of the ac-
tive control-muscle system and central nervous system)®.

Apophyseal joints (Fig. 1) are composed of two
neighboring articular processes enclosed in the joint cap-
sule. Facets of both articular processes are covered by thin
cartilage layers like in synovial joint®.

Fig. 1. Spinal motion segments. Apophyseal (facet) joints are
small joints on each side at the back of the spine which allow
movement between adjacent vertebrae while maintaining a spinal
stability

Fig. 2. Structure of articular cartilage, orientation of collagen
fibers. Arrows show testing directions of the samples

An articulating cartilage is very important part of
apophyseal joint from the rheological point of view. Dy-
namic nanoindentation is one of the possible methods to
obtain viscoelastic properties of articular cartilage. Porcine
vertebra was used as a biological model of human vertebra
in this study.

2. Materials and methods

A porcine apophyseal joint of lumbar spine L4-L5
was used in our study. A specimen of cartilage was cut
from fresh porcine vertebra, dissected from 1.5 year old
animals. Two specimens were sliced and polished from a
single joint. Thus, two surfaces were prepared for
nanoindentation in normal and lateral direction to the joint
facets. Specimens were submerged into a saline solution
immediately after the preparation. Dynamic testing was al-
so carried out within physiological solution.

Each joint was tested in two directions at different lo-
cations. Two locations were indented in normal direction
and an edge of the cartilage, a central layer of the cartilage
and a transition zone between the cartilage and subchon-
dral bone were indented in lateral direction (Fig. 2).

NanoDMA load controlled experiment was per-
formed with Hysitron Tribolndenter™ system with Berko-
vich diamond tip at the temperature 23.9 °C. Harmonic
loading Py = sin (wt) with dynamic load amplitude Py =
0.5 uN was specified for the harmonic frequency range
30-200 Hz. During nanoDMA experiment, static load was
applied at maximum force Ppa = 200 uN (ref.%). Fol-
lowing amplitude of displacement oscillation X,, and & the
phase shift between force and displacement signal are
recorded by the nanoindentation system. The machine
compliance value C; and the stiffness value K; were deter-
mined during air indentation calibration. The procedure
was adopted from Asif et al. (1999)*.

The reduced storage modulus (E,’), the reduce loss
modulus (E,”) and tans = E,”/E,” dependent on compli-
ance and stiffness of the sample are given by
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where A; is the contact area based on tip area function re-
lated to the contact depth at quasistatic loading®

The storage modulus and the loss modulus are related
to the complex modulus E;* = E,’ + iE,” and indicate the
ability of the material to return energy (E,’) and dissipate
energy (E;"). The ratio of the loss modulus to the storage
modulus (i.e., tan o) reflects the viscoelastic behavior of
a material, which is called damping. It is a material pa-
rameter independent of a tip-sample contact area®.

3. Results

Dynamic mechanical characteristics were obtained
for the specimens in a range of frequencies 30-200 Hz.
Firstly; two locations in normal direction were analyzed.
Secondly; the edge of the cartilage, central layer of the car-
tilage and transition area between the cartilage and sub-
chondral bone were analyzed in lateral direction.

Fig. 3 shows dependence of tan ¢ on the frequency
for both tested directions. There are two noticeable dif-
ferent trends of tan o. The cartilage analyzed in normal di-
rection shows higher damping capability between 30 and
100 Hz than the cartilage analyzed in lateral direction.
There is an intersection of two trends in tan ¢ at about 100
Hz. There is increasing trend of curves of the edge and
middle layer area beyond 100 Hz. Transition area between
the cartilage and subchondral bone has decreasing trend
from 100 Hz the same as samples tested in normal direc-
tions.

[

A ST N
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tan 6 [-]
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Fig. 3. Tan é vs. frequency from nanoDMA
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4, Discussion and conclusion

The results show differences of dynamic characteris-
tics for different directions of testing on apophyseal joint.
In other words, cartilage has increased ability to damp the
dynamic load in normal direction from 30 to 100 Hz con-
trary to lateral direction. However, damping capabilities
decrease within loading rates represented by frequency
range. These finding are in an agreement with physiologic
behavior of joints in general.

More likely, micromechanical properties reflect inner
microstructure of a local region of the cartilage. Structural
differences from lateral and normal point of view are
clearly seen on Fig. 2. Therefore, mechanical properties
vary as well. Nevertheless, structural diversity between the
edge and the middle area are not that significant, therefore,
mechanical properties follow the same trend. Interestingly,
structurally different area close to subchondral bone
showed mechanical differences only beyond 100 Hz. Hy-
pothetically, important architectural element, highly ori-
ented collagen fibers are employed when the frequency
overcome 100 Hz.

This research was supported by Ministry of Educa-
tion project: Transdisciplinary research in Biomedical En-
gineering 1. No. MSM 6840770012 and TACR project:
No. TA01010860.
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This study is focused on viscoelastic properties of an
apophyseal joint. Dynamic nanoindentation was used for
a characterization of viscoelastic properties of an articular
cartilage. Micromechanical properties reflect inner micro-
structure of local regions of the cartilage. The results are
discussed with respect to the cartilage microstructure in
this paper.
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1. Introduction

Isotactic polypropylene is a commodity polymer of
a semi-crystalline structure which is very complex and de-
pends strongly on thermal history and processing condi-
tions. Isotactic polypropylene can crystallize into 3 phases:
alpha phase is the most stable and the most known. The
crystals are monoclinic. Beta phase is metastable and the
crystals are hexagonal. B-phase is mainly found in block
PP copolymers and can be generated by addition of spe-
cific nucleating agents. This phase was discovered by
Padden and Keith in 1953 and can be improved by crystal-
lization between 130 and 132 °C or by orientation with
high shear or through addition of specific nucleating
agents. Presence of B-phase in PP homopolymer generally
increase ductility in the finished parts. Maximum effect is
observed at 65 % of B-phase. y-phase — this phase is also
metastable with triclinic crystals. This form is not very fa-
miliar but appears mainly in low molecular weight poly-
propylene by crystallization at a very high pressure and a
very low cooling rate?

The irradiation cross-linking of thermoplastic materi-
als via electron beam or cobalt 60 (gamma rays) is
proceeding separately after the processing. The cross-
linking level can be adjusted by the irradiation dosage and
often by means of a cross-linking booster*?.

The main diference between B- and y-rays is in their
different abilities of penetrating the irradiated material. y-
rays have a high penetration capacity. The penetration ca-
pacity of electron rays depends on the energy of the ac-
celerated electrons.

Due to electron accelerators the required dose can be
applied within seconds, whereas several hours are required
in the y-radiation plant.

s507

The electron accelerator operates on the principle of
the Braun tube, whereby a hot cathode is heated in vacuum
to such a degree that electrons are released.

Simultaneously, high voltage is generated in a pres-
sure vessel filled with insulating gas. The released elec-
trons are accelerated in this vessel and made to fan out by
means of a magnetic field, giving rise to a radiation field.
The accelerated electrons emerge via a window (Titanium
foil which occludes the vacuum) and are projected onto the
product.

Cobalt 60 serves as the source of radiation in the
gamma radiation plant. Many of these radiation sources
are arranged in a frame in such a way that the radiation
field is as uniform as possible. The palleted products are
conveyed trough the radiation field. The radiation dose is
applied gradually, that is to say, in several stages, whereby
the palleted products are conveyed around the Co — 60 ra-
diation sources several times. This process also allows the
application of different radiation doses from one product
type to another. The dimensional stability, strength, chemi-
cal resistance and wear of polymers can be improved by
irradiation. Irradiation cross-linking normally creates
higher strength as well as reduced creep under load if the
application temperature is above the glass transition tem-
perature (Tg) and below the former melting point. Irradia-
tion cross-linking leads to a huge improvement in re-
sistance to most of the chemicals and it often leads to the
improvement of the wear behaviour.

The thermoplastics which are used for production of
various types of products have very different properties.
Standard polymers which are easy obtainable with
favourable price conditions belong to the main class. The
disadvantage of standard polymers is limited both by me-
chanical and thermal properties. The group of standard
polymers is the most considerable one and its share in the
production of all polymers is as high as 90 %.

\ﬁa\—\“lf/fﬂ

a

Fig. 1. Design of Gamma rays (a) and Electron rays (b); a) 3 -
secondary electrons, 4 — irradiated material, 5 — encapsulated Co
— 60 radiation source, 6 — Gamma rays; b) 1 — penetration depth
of electron, 2 — primary electron, 3 — secondary electron, 4 —
irradiated material
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The engineering polymers are a very important group
of polymers which offer much better properties in com-
parison to those of standard polymers. Both mechanical
and thermal properties are much better than in case of
standard polymers. The production of these types of poly-
mers takes less than 1 % of all polymers.

High performance polymers have the best mechanical
and thermal properties but the share in production and use
of all polymers is less than 1 %.

Common PP, when exposed to the effect of the radia-
tion cross-linking, degrades and its mechanical properties
deteriorate. Using cross-linking agent TAIC (triallyl iso-
cyanurate ) produces a cross-linking reaction inside the PP
structure. The utility properties of PP improve when the
noncrystalline part of PP is cross-linked*™.

The present work deals with the influence of
morphlogy on the microhardness of irradiated crosslinked

polypropylene.
2. Experimental

For this experiment polypropylene PP PTS —Crealen
EP-2300L1-M800; PTS Plastics Technologie Service,
Germany (unfilled, iPP+TAIC, MFR — 230 °C /2.16 kg —
6 g/10 min) was used. The material already contained the
special cross-linking agent TAIC - triallyl isocyanurate (5
volume %), which should enable subsequent cross-linking
by ionizing B — radiation. The prepared specimens were
irradiated with doses of 30, 45, 60 and 90 kGy at BGS
Beta-Gamma Service GmbH & Co. KG, Germany™*™®.

The samples were made using the injection molding
technology on an injection moulding machine Arburg
Allrounder 420C. Processing temperature 210-240 °C,
mold temperature 50 °C, injection pressure 80 MPa, injec-
tion rate 50 mm s™.

Instrumented microhardness tests were done using a
Micro Combi Tester, CSM Instruments (Switzerland) ac-
cording to the CSN EN ISO 6507-1. Load and unload
speed was 2 N min™. After a holding time of 90 s at maxi-
mum load 1 N the specimens were unloaded. The indenta-
tion hardness H;;r was calculated as maximum load to the
projected area of the hardness impression according to:

F

F&mx Vvith max
A

]

HIT: h:h

ke —&

max

1)

where hpa is the indentation depth at Fpa, he is contact
depth. In this study the Oliver and Pharr method was used
calculate the initial stiffnes (S), contact depth (h;). The
specimens were glued on metallic sample holders®”’.

Wide angle X-ray diffraction patterns were obtained
using a PAN alytical X-pert Prof X-ray diffraction system
(Netherlands). The CuK, radiation was Ni-filtered. The
scans (4.5 ° 2Q/min) in the reflection mode were taken in
the range 5-30° 20. The sample crystallinity X was calcu-
lated from the ratio of the crystal diffraction peaks and the
total scattering areas’™".
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3. Results and discussion

Fig. 2 shows typical X-ray diffraction spectrum of the
non-irradiated and irradiated polypropylene. There is an
apparent presence of o-phase and B-phase in the non-
irradiated specimen. A gradual loss of B-phase can be seen
with growing radiation dose, with its maximum loss seen
at a radiation dose of 60 kGy (Fig. 2). The greatest loss of
a-phase is seen at the radiation dose of 45 kGy (Fig. 2).

The results of the crystal size for non-radiated and
irradiated polypropylene are shown in the Fig.3. The
values measured show some heterogeneity of the crystal
sizes at individual radiation doses (225-300 A). When ap-
plying B-radiation the structure of polypropylene under-
goes a loss of the crystalline phase. It can be assumed that
the size of individual crystals will correspond to the loss
of crystalline phase (crystalline value X calculated lay in
the range 40.8-54 %). Cross-linking occurs in the re-
maining noncrystalline part which has a significant influ-
ence on the micromechanical properties of the surface
layer.

The greatest size of crystals was found in the case of
the non-irradiated polypropylene (300 A). On the contrary
the smallest size of crystals (Fig. 3) was measured at radia-
tion dose of 90 kGy (225 A).

The process of irradiation causes physical and chemi-
cal changes in the structure of polypropylene. They are
mainly changes of crystalline and amorphous phase. The
measurement results show clearly that as the irradiation
dose increases, the crystallinity reduces and the size of

80000
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90 kGy

50000
60kGy

40000
45 kGy

30000

30kGy

20000

10000

10,00 15,00 20,00 25,00 30,00

20,

Fig. 2. Typical X - ray diffractograms of irradiated PP
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crystals diminishes and the structure is finer. During the
amorphous phase cross-linking occurs which results in cre-
ation of very solid areas as well as considerable growth
of microhardness values. Higher irradiation doses do not
cause greater cross-linking but rather disruption of links
resulting in degradation of the irradiated material.

The values measured during the microhardness test
showed that the lowest values of indentation hardness
were found for the non-irradiated PP. On the contrary, the
highest values of indentation hardness were obtained for
PP irradiated by a dose of 45 kGy (by 75 % higher in com-
parison with the non-irradiated PP), as can be seen at
Fig. 4.

Higher radiation dose does not influence significantly
the microhardness value. An indentation hardness increase
of the surface layer is caused by irradiation cross-linking
of the tested specimen. A closer look at the microhardness
results reveals that when the highest radiation doses are
used, microhardness decreases which can be caused by ra-
diation indusced degradation of the material.

According to the results of measurements of micro-
hardness, it was found that the highest values of indenta-
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Fig. 3. Crystals size of polypropylene vs. irradiation dose
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Fig. 4. Hardness of polypropylene vs. irradiation dose
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tion modulus of elasticity were achieved at the PP irradi-
ated with dose of 45 kGy (by 95 % higher than compared
with non-irradiated PP). On the contrary, the lowest values
of the indentation modulus of elasticity were found for non-
irradiated PP as is seen at Fig. 5.

Other important material parameters obtained during
the microhardness test were elastic and plastic deformation
work. The elastic deformation work W, determines the re-
action of a material to applied (multiaxial) load with re-
versible deformation. The plastic part of the deformation
work Wy, defines toughness of the tested material (surface
layer) and its resistance to plastic deformation (Fig. 6).

The highest values of plastic and elastic deformation
work were obtained for non-irradiated PP. The lowest
values of both elastic and plastic deformation work were
obtained for PP irradiated with a dose of 45 kGy. Radia-
tion of specimens caused lower values of elastic as well as
plastic deformation work which is apparent in Fig. 7. This
drop corresponds to the macro tests of impact strength
conducted. The non-irradiated specimen did not break
during impact test. However, the irradiated specimen
broke during the impact test.

Force

Indentation Depth

Fig. 6. Mechanical Work of Indentation
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Fig. 7. Elastic and plastic deformation work of polypropylene
vs. irradiation dose

Next to plastic and elastic deformation work, the co-
efficient of back deformation nr is especially important
for the assessment of the structure of the irradiated poly-
propylene. The highest values were measured at non-
irradiated PP. The smallest values were found at irradi-
ation doses of 33 and 45 kGy.

4. Conclusion

Very interesting results were obtained for irradiation
modified PP. When comparing the irradiated and non-
irradiated PP it was apparent that the values of indentation
hardness, Vickers hardness and the indentation modulus
considerably increased, in some cases even by 95 % at the
irradiation dose of 45 kGy. Also different depths of inden-
tation in the surface layer of tested specimen were signifi-
cantly different. It also proved the fact that higher doses of
radiation do not have very positive effects on the mechani-
cal properties, on the contrary due to degradation pro-
cesses the properties deteriorate.

The opposite and deteriorated values were obtained
for plastic and elastic work. In both cases the values
dropped in the case of irradiated specimen. On the other
hand non-irradiated PP showed high values of elastic and
plastic deformation work.

This article was written with support of Ministry of
Industry of Czech Republic as a part of the project called
Development of the system for evaluation of hardness
testing with stress on the research of new possibilities of
polymer material characteristics analysis and application
of the results on the market. FR-T11/487.
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Hard surface layers of polymer materials, especially
polypropylene, can be formed by chemical or physical pro-
cess. One of the physical methods modifying the surface
layer is radiation cross-linking. Radiation doses used were
0, 30, 45, 60 and 90 kGy for unfilled polypropylene with
the 5% cross-linking agent (triallyl isocyanurate). Indi-
vidual radiation doses caused structural and micro-
mechanical changes which have a significant effect on the
final properties of the polypropylene tested. Small radia-
tion doses cause changes in the surface layer which make
the values of some material parameters rise. The improve-
ment of micromechanical properties was measured by an
instrumented microhardness test. X-ray diffraction was
used to study the influence of the structure.
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1. Introduction

NizAl intermetallic compound exhibits anomalous
deformation behaviour due to the unique structure of L1,.
This behaviour is characterised by an increase of defor-
mation stress with temperature up to 800 °C. Then the
stress decreases. Therefore NizAl based alloys are used in
high temperature applications such as turbine blades®.

Brittleness of polycrystalline NizAl at room tempera-
ture inhibited its usage in industry in past. The brittleness
is caused by air moisture which weakens the grain bounda-
ries by accumulation of atomic hydrogen. The brittleness
can be reduced by boron alloying of these alloys. Boron
protects from a hydrogen placement along grain bounda-
ries and it cohesively strengthens them. Ni-24Al-0.24B al-
loy (at. %) achieves the best mechanical properties®.

2. Experiment

Ni-24Al, Ni-24Al-0.1B and Ni-24Al-0.24B alloys
(at.%) were prepared by melting in a vacuum induction
furnace. After grinding of surface oxide layer, the cast of
every alloy was directionally solidified in the super Kan-
thal resistance furnace used the Bridgman’s method at the
temperature of 1550 °C and at the rate of 50 mm h™. The
transversal sections were cut from the as-cast (C) and the
as-directionally solidified (DS) samples for documentation
of microstructure and for evaluation of porosity and micro-
hardness.

3. Results
3.1. Microstructure

Microstructure of the alloys after casting is dendritic
(Fig. 1). Dendrite cores are formed by channels of the y
phase which surrounds the fine grains of the y’ phase. The-
se clusters look like a mesh. There is the y* phase between
dendrite core and boundary. The casts alloyed with boron
contain many pores.

s511

Fig. 1. Microstructure of Ni-22Al-0.1B alloy (at.%) after cast

Fig. 2. Microstructure of Ni-22Al-0.1B alloy (at.%) after di-
rectional solidification (V = 50 mm h™)

After directional solidification, the structure is ori-
ented in a direction of growth (Fig. 2). Grains on the trans-
versal sections are equiaxed and formed by the vy’ phase.
There are traces of mesh at grain boundaries and also in
the centre of grains. Volume fraction of the mesh de-
creases with increasing boron concentration. Boron does
not form individual phases for the used concentrations.

3.2. Porosity

Pore amount in the casts is greater than in the direc-
tionally solidified alloys. The alloys contain the pores in
sizes from 0.5 to 27.0 um. For the as-cast and the as-
directionally solidified samples, porosity increases to-
gether with boron concentration (Tab. I).

The casts contain big and many elliptical pores with
rough surface. After directional solidification, amount of
big pores decreases. The remaining pores have more circu-
lar contour and smoother surface (Fig. 3).
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Table | _ _ _ w— Ni-24A] —s— Ni-24A1-0,1B Ni-24AI-0,24B
Porosity of Ni-24Al Alloys without and with Boron 75
Alloy [at. %] Pc [%] Pos [%6] - 265
Ni-24Al 0.18+0.10 0.03+0.01 o 255
Ni-24AI-0.1B 0.26+0.28 0.12+0.08 E i‘;g
Ni-24Al-0.24B 0.33+0.34 0.21+0.21 2
S 225 |
= : L . L
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Fig. 3. Estimation of pore morphology in the samples of Ni-
24Al, Ni-24Al-0.1B a Ni-24Al-0.24B alloys (at.%0) after cast
and after directional solidification

3.3. Microhardness

Directional solidification process slightly decreases
microhardness of the alloys in contrast to cast state. The
microhardness of the as-cast and the as-directionally so-
lidified samples increases with increasing boron concen-
tration (Tab. Il). The measurement has not confirmed a
matrix softening of Ni-24Al alloy by boron alloying.

The presence of boron at grain boundaries has been
indirectly confirmed by the microhardness measurement
carried out from boundary to the centre of grains (Fig. 4).
Alloy microhardness measured by this way always decreases.
In this case, the hardest alloy is the one with 0.24 at.% of bo-
ron and the weakest alloy is the unalloyed one.

4. Conclusions

The measurements carried out in this paper have con-
firmed that alloying and process of directional solidifica-
tion affect microstructure, porosity and microhardness of

Table I
Microhardness of Ni-24Al Alloys without and with Boron
(the HV load value is 50 g)

Alloy [at. %] HV¢ 0.05 [-] HVps 0.05 [-]
Ni-24Al 244 + 26 228 + 20
Ni-24Al-0.1B 254 + 43 245 + 12
Ni-24A1-0.24B 273 £ 41 255 + 11

s512

Ni-24Al, Ni-24Al-0.1B and Ni-24Al-0.24B alloys (at.%).

As-directionally solidified alloys have an oriented
microstructure which is formed by elongated grains of the
v’ phase parallel to the direction of the growth. They have
smaller number of pores with smother surfaces and lower
microhardness that the as-cast alloys.

The effect of boron alloying on matrix softening of
Ni-24Al alloy has not been confirmed.

The presented results were obtained within the frame
of solution of the state budget of the Czech Republic and
project MSM 6198910013 ““Processes of preparation and
properties of high-purity and structurally defined special
materials™.
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M. Pohludka, J. Malcharczikova, and M. Kursa
(VSB — Technical University of Ostrava): Microstructure
and Properties of the Ni-Al-B Alloys after Directional
Solidification

Ni-24Al, Ni-24Al-0.1B and Ni-24Al-0.24B alloys
(at. %) were prepared by vacuum induction melting and by
directional solidification at the rate of 50 mm/h and at the
1550 °C. After directional solidification, alloy microstruc-
ture consists of elongated grains of the y* phase. Alloy ma-
trix also contains small amount of the y phase. There are
no boron phases in these alloys. Process of directional so-
lidification decreases an amount of the pores which the al-
loys contain after cast and modify their morphology. Mi-
crohardness of the alloys after directional solidification is
lower then microhardness of the alloys after cast.
However, there is no matrix softening of Ni-24Al alloy as
a result of boron alloying.
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1. Introduction

A detailed knowledge of elastic properties of dental
restorative materials is essential for obtaining reliable
computational models for an optimization of a mechanical
performance. Many works deal with measurement of the
elastic modulus of dental composites, but the results vary,
depending on the measurement method. In the case of an
uniaxial test, moduli measured under tensile load are re-
ferred to be significantly higher, than those measured un-
der compressive direction’™. This work has following
aim: it maps the elastic moduli of dental composites com-
posed of glass particles and polymer resin, as well as indi-
vidual constituents. Consecutively, moduli are compared
with the moduli previously measured by an uni-axial com-
pressive test. Additionally to each elastic modulus meas-
urement, the value of indentation hardness H,r was deter-
mined.

2. Materials and methods

Three commercially available composite materials
have been subjected to an experiment. Opticor Flow
(SpofaDental a.s., Ji¢in, Czech Republic), Filtek Z250
(3M ESPE, St.Paul, MN, USA) and Charisma Opal
(Heareus Kulzer GmbH, Hanau, Germany). All three ma-
terials consist of polymeric resin and glass particles.

2.1. Specimen preparation

The samples are of cylindrical shape (g 6 x 12 mm),
identical to those of samples subjected to compressive
experiments. The curing of a specimen has been per-
formed in both radial and axial direction in order to ensure
curing of entire volume of the composite. Samples had
been cured in a thin plexi tube and thereafter all three sam-
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Fig. 1. Specimen surface (Filtek), obtained by in-situ SPM

ples were put in one mounting cup, embedded in transpar-
ent Epofix (Struers GmbH) and polished before the inden-
tation measurement.

2.2. Testing conditions

Quasistatic load controlled experiments were per-
formed with Hysitron Tribolndenter™ system with Berko-
vich diamond tip.

Time increments of three applied loading steps —
increase of loading force, constant loading force, unload-
ing — have been prescribed as 5 x 2 x 5s. A unique load-
ing force Ppax has been chosen for each material, in order
to meet the indentation depths h, > 20 nm. For the selected
materials, Praxcharisma = 80 UN, Praiek = 120 uN, P maxopticor
=50 uN. Based on standard tip shape calibration on fused
quartz we know, that indentation size effect is present up
to contact depth 20 nm.

Two experimental procedures have been employed to

determine the location of indents:
1.  To measure overall modulus of the composite, inden-
tation of a representative area, selected from an opti-
cal microscopic image has been utilized. Indents
have been applied in square pattern of 8 by 8 with
mutual distance of 2 um, hence in area of 14 by 14 pm.
Indentation by piezo-automation method using an
image from in-situ scanning probe microscopy
(SPM) has been used to measure properties of indi-
vidual constituents. Sample surface has been scanned
with a constant force of 2 uN at a scan size 5 by 5 um
in order to distinguish between phases indented after-
wards.
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3. Results and discussion

For all examined composite materials, the Poisson’s
ratio of v = 0.17 (particle) and v = 0.35 (resin), respective-
ly, was used for the calculation of elastic moduli®.

All sets of results refer Filtek Z250 being the material
with both highest elastic modulus and indentation hard-
ness. Charisma Opal is, in all cases, the material with me-
dium values and Opticor Flow shows lowest values of both
modulus and hardness. The order is equal to that observed
by results of the compressive test. Compared to results
from compressive test, modulus obtained by nanoindenta-
tion reaches significantly higher values. This fact can be
attributed to the microstructural irregularity of the composite,
that does not allow the standard mixing laws*® to be utilized
for calculation of global properties of the composite from
known properties of constituents. Plastic microstructural re-
sidual stress’ in certain resin regions can also contribute to the
decreased elastic modulus measured in compression.

4. Conclusions

Aforementioned results show locally measured prop-
erties of three materials measured by two various

Table |
Indentation of area selected from optical microscopy: aver-
aged values of measured properties

LMP 2011

Sample Charisma Filtek Opticor
Contact depth [nm]  39.1+7.4  39.6+7.8 38.7+8.7
Reduced modulus 15.6+3.0  20.1+2.7 8.4+2.5
[GPa]

Elastic modulus 13.9+2.6  17.9+24  7.42+272
[GPa]

Hardness [GPa] 0.5+0.3 1.440.4 0.5+0.2
Table 1l

Piezo automation method: properties of constituents
Sample Charisma  Filtek Opticor
Elastic modulus Filler ~ 20.8+2.8 30.1+29 9.9+ 3.3
[GPa]

Elastic modulus Resin  10.4+0.1 14.3+1.4 5.240.7
[GPa]

Hardness Filler [GPa]  2.54+0.7 3.2+0.6  0.6+0.3

Hardness Resin [GPa]  0.87+0.06 1.50+0.04 0.45+0.04

Table 111

Values of elastic modulus, obtained by compressive test
Sample Charisma Filtek Opticor
Compression [GPa]  3.2+0.5 3.4+0.6 1.840.3

Regular Papers

nanoindentation approaches. Sequence of results by mate-
rials is the same for overall moduli, obtained by the optical
microscopy approach as well as the moduli of individual
constituents, obtained using the piezo-automation ap-
proach. This is also valid for the results of the compressive
macroscopic measurement; however those values are dis-
tinctively lower. This fact implies careful selection of
a method to obtain material properties for each particular
case of application. The locally obtained values of moduli
can be successfully employed to describe local properties,
and their change within one specimen, i.e. gradient. Howev-
er, to describe overall properties of a composite material with
a complex microstructural topography, the locally measured
results must be subjected to a homogenization procedure,
such as FE analysis of structure’s overall performance.

This work was supported by the Grant Agency of the
Czech Technical University in Prague, grant No.
SGS10/247/0HK?2/3T/1212 and by the Ministry of Educa-
tion project: Transdisciplinary research in Biomedical
Engineering 11, No. MSM 6840770012,
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O. Prejzek, J. Sepitka, J. Lukes, and M. Spaniel
(Czech Technical University in Prague, Faculty of Me-
chanical Engineering, Dept. of Mechanics, Biomechanics
and Mechatronics, Czech Republic): Local Microme-
chanical Properties of Dental Composites

The paper deals with nanoindentation measurement
of local properties (elastic modulus and indentation hard-
ness) of three dental composite materials. Properties of
particular phases of the material, filler particles and resin,
respectively, were measured by a piezo-automation ap-
proach. To obtain overall properties of the composite, in-
dentation of locations, selected from an optical microscop-
ic image has been performed. Obtained results are com-
pared with data, previously gained by the uni-axial com-
pressive test. Elastic moduli, obtained locally by
nanoindentation are higher, when compared with those,
measured globally under compressive load. For the elastic
modulus, the order of results, measured for particular ma-
terials, remains unchanged by various measurement meth-
ods and is equal to that of indentation hardness.
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1. Introduction

TRIP-steels are subjected to a high attention for the
application of automotive parts, because they exhibit
a high formability at a given strength level.

It was found that high energy synchrotron X-ray
diffraction is excellently suited for the investigation of the
austenite stability'?. To identify the local distribution of
the face-centered cubic phase, electron backscatter diffrac-
tion can be a usefull technique, especially for the investi-
gation for the local martensite formation®.

Typically, low-alloyed TRIP-steels consist of a ferrite
matrix with embedded islands of retained austenite, bainite
and some martensite (Fig. 1).

Two important mechanisms are responsible for the
strain-hardening behaviour of a TRIP-steel: the phase
transformation of metastable retained austenite to the
much harder phase martensite, and the composite effect of
the microstructure due to the presents of several single
phases®. The locations of the austenitic grains in the micro-
structure are of major importance because they alter the

Fig. 1. Light optical
Klemm etching

image of a TRIP microstructure after

extent of the phase transformation, the microstructural
strain localization and therefore the macroscopical forma-
bility of the steel®.

2. Materials and methods

The investigations were carried out for three indus-
trial TRIP-steels named TRIP A, B (Rm =700 N mm™)
and TRIP C (Rm = 800 N mm™) based on different chemi-
cal compositions (Table I). The engineering stress-strain
curves can be seen in Fig. 2. TRIP A and B exhibit nearly
the same strain hardening and fracture strains were TRIP C
has the highest tensile strength due to the highest silicon
content, because silicon is a strong ferrite strengthening
element.

Synchrotron high energy X-ray diffraction experi-
ments were performed at the beamline BL9 of the Dort-
munder Elektronenspeicherring-Anlage (DELTA) in order
to study the transformation kinetics in-situ as a function of
applied tensile force. The left image of Fig. 3 shows the
appeared Debye-Scherrer rings after radiography of
a TRIP-steel sample, where each ring belongs to a certain
plane of the crystal lattice.

The existence of full Debye-Scherrer rings over the
whole 360° indicate that the material exhibits no signifi-
cant texture in the undeformed state. The disappearance of
the peaks corresponding to the {111},{200} and {220}
plane of the austenitic phase during straining is a proof for

Table I
Chemical composition of the investigated steel grades

[wt.%] C Mn Si Al P

TRIPA  0.165 1.67 0.341 1.10 0.093
TRIPB  0.179 1.77 0.039 1.61 0.014
TRIPC  0.205 1.68 1.63 0.039  0.016
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Fig. 2. Engineering stress strain curves of the investigated
TRIP-steels (gauge length = 80 mm)
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Fig. 3. Arisen Debye-Scherrer rings after radiography of the
sample (left), corresponding diffractogram (right)

a phase transformation in the sample. The calculation of
the volume fraction was carried out by using the evalua-
tion software Maud® (Materials Analysis Using Diffrac-
tion).

In order to investigate the local, morphological influ-
ence on the martensite formation, electron backscatter dif-
fraction was used. Therefore a scanning electron micro-
scope JEOL JSM7000F in combination with an EBSD-
detector was applied. A measuring field of 50 pm x 50 um
and a step-size of 60 nm for the readout of the EBSD pat-
tern were chosen. To create a connection with the local
plastic deformation on the sample the true strains were
measured by the usage of a Vialux Autogrid® system

(Fig. 4).

Fig. 4. Distribution of true equivalent plastic strain on
a cracked sample measured by means of Vailux Autogrid®
system

For the determination of the strength of the ferritic
phase, nanoindentations were conducted on a Nano
Indenter® G 200 by the usage of a pyramidal diamond
Berkovich indenter tip. The tests were carried out ac-
cording to the standard norm’, where the indentations were
done with a maximum force of 5 mN. In order to minimize
the measurement error and to achieve representativeness,
50 indentations were performed and for the determination
of the hardness modulus a Poissons’s ratio of 0.3 was as-
sumed.

3. Results

Fig.5 shows the austenite volume fractions as
a function of applied tension force and nominal strain, de-
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Fig. 5. Volume fraction of retained austenite as a function of
applied tension force determined by synchrotron experiments

termined by the X-ray diffraction experiments. Under con-
sideration of the tensile force it has to be mentioned that
all 3 steels show a nearly equal austenite stability, where
the highest is presented in TRIP C and the lowest in TRIP
B.

Regarding the strains, two regimes were observed,
where a massive transformation takes place at the onset of
yielding and low states of deformation and a regime at
higher strain values were the martensite formation reaches
a saturation due to a decrease of availability of possible
transformation nucleation sites (Fig. 6). The transfor-
mation kinetics stay in close correlation with the develop-
ment of the strain hardening values over engineering
strain. The local transformation kinetic is among other fac-
tors influenced by the arrangement of the retained aus-
tenite grains in the microstructure which changes over the
thickness of the sheet. The phase distribution varies from a
nearly homogeneous at one third thickness to an inho-
mogenous banded dispersion of the second phases at the
sheet centre in TRIP steel B. In addition, initial thermal
martensite was detected which cannot serve for a TRIP-
effect at the beginning of straining of the material (Fig. 7).
These martensite bands are a consequence of segregations
in the steel sheet, were an enrichment of manganese in the-
se regions was observed.

In order to achieve information about the impact of
the local loading condition on the martensite formation the

Fig. 6. Volume fraction of retained austenite as a function of
engineering strain determined by synchrotron experiments
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Fig. 7. Alteration of the morphology over the sheet thickness
in TRIP B (left: homogeneous distribution of retained austen-
ite at one third position, right: heterogeneous distribution of
the retained austenite in combination with a centred marten-
site band at sheet centre)

Fig. 8. True equivalent plastic strain along the tensile sample
in TRIP B measured by means of Vialux Autogrid® system

local stress-strain conditions have to be known. Fig. 8 de-
picts the magnitude of equivalent plastic strain from the
fracture of an investigated tensile sample to the clamping
region.

Highest values occur close to the crack due to the
strain localization and necking where a plateau is observa-
ble in the regions of uniform deformation.

Based on this knowledge the evolution of the phase
fractions of retained austenite as a function of the local
true equivalent plastic strain with the same trend as ac-
quired by the synchrotron experiments can be seen in

Fig. 9. Volume fraction of retained austenite determined by
electron backscatter diffraction in TRIP B

LMP 2011

s517

Regular Papers

Fig. 9. It was found that martensite formation upon defor-
mation of the material takes place only partially within the
grains in dependence on the local position in the micro-
structure and chemical compaosition.

The ferritic matrix in the investigated steels has
a different strength which itself offers a resistance against
the volume dilatation accompanying the martensite for-
mation (Fig. 10). The differences in the hardness values
are mainly due to the different contents of silicon. Typical-
ly, silicon and aluminium are alloyed for the prevention of
carbide precipitation during isothermal holding. But addi-
tionally silicon has a strong influence on the ferrite
strength were the tensile strength increases by approxi-
mately 50 MPa per 0.5 wt.% (ref.?).

Fig. 10. Hardness of the ferritic phase determined by
nanoindentation

4. Conclusions

The morphology strongly influences the phase trans-
formation were the martensite formation only partially
takes place within austenitic grains. 3 types of local re-
tained austenite morphologies were observed in certain re-
gions of the investigated steel sheets: a homogeneous dis-
tribution, an arrangement of austenite particles in bands
and retained austenite particles located in a martensitic
band.

These different types of microstructural phase distri-
bution leads to an alteration of the local TRIP-effect and
therefore mechanical properties.

Not only the retained austenite stability but also the
strength of the ferritic matrix plays an important role for
the mechanical properties of the entire composite.

This research was carried out under the Project No.
MC2.07293 in the framework of the Research Program of
the Materials innovation institute M2i (http://www.m2i.nl).
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The present work deals with experimental facilities
for the characterization of low-alloyed TRIP-steels in
terms of the phase transformation and the local mechanical
properties of the microstructure. The TRIP-effect is
a complex phenomenon which acts locally. An evaluation
of the deformation-state in the sheet plane by the usage of
a measurement system Vialux Autogrid® gives infor-
mation about the impact of the local stress-strain condition
on the phase transformation. In addition, there exists
a further locality effect which becomes noticable over the
sheet thickness. Due to industrial boundary conditions, the
morphology changes from a homogeneous distribution to
a banded arrangement of the second phases. To investigate
this local influence, the electron backscatter diffraction
technique seems to be a feasible tool. Besides the retained
austenite stability, the ferritic phase has a major influence
on the behaviour of the overall steel grade. To characterize
the strength of the ferrite matrix it was proven that nano
indentation is a practical method.
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1. Introduction

Radiolucent composite materials have properties
superior to those of insufficiently radiolucent metal alloys
and unreinforced polymers with poor mechanical proper-
ties. The steam or dry heat sterilization processes widely
employed in medical practice  can  affect
the micromechanical properties of polymeric composites,
particularly in the interface region between the matrix and
the reinforcing fibers'. The structural integrity and the
overall performance of fiber-reinforced polymer compo-
sites are strongly influenced by the stability of the fiber/
polymer interfacial region?. Itis necessary to investigate
both the microscopic and the macroscopic changes in me-
chanical and structural properties due to the sterilization
processes that are employed. The aim of this study was to
verify a methodology for assessing the influence of multi-
ple sterilization processes on the inner structure
of composites.

2. Materials and methods

Composite materials (C/PPS) based on carbon T300
fibers (plain weave fabrics, Toray, Japan) and poly-
phenylenesulfide (TenCate, Holland) matrix were pre-
pared. The C/PPS composite was consolidated under a
pressure of 1.0 MPa at 310°C for 10 min (rate
of temperature increase and/or decrease: 10 °C/min).
In order to assess the influence of multiple sterilization
processes on the inner structure of the composites, me-
chanical and structural analyses were performed before
sterilization (A), after 1 sterilization process period (B1),
and after 30 (B30) sterilization process periods. An auto-
clave (Sterident, Prodenta, CZ) for steam sterilization
(134 °C, 304 kPa, 10 min) was used for this purpose.
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An assessment of the impact of multiple sterilization
processes on the inner structure of the composites was
carried out at two levels: macroscale and microscale. The
macroscopic behaviour was studied by flexural tests. The
ultimate strength in bending and the modulus of elasticity
in bending in the direction of the fibers were determined
with a four-point and three-point bending set-up (Inspekt
100HT, Hagewald & Peschke, Germany), in accordance
with 1SO 14125.

The  microscopic  behaviour  was  studied
by nanoindentation tests. The assessment of the impact of
multiple sterilization processes on the inner structure of
the composites was studied using ScanningWear ™ mode,

a nanomechanical instrument option of Hysitron
Tribolndenter™ TI 950. A Berkovich diamond tip
with apex radius of ~120nm was employed

for the ScanningWear tests. The tip was raster-scanned
across a 40x40 pum area of the sample surface (in close
proximity to the fibers) in 256 scan lines with 100 uN con-
tact force for 5 passes. Immediately after each wear test
had been completed, the worn areas were imaged using a
60x60 um scan size and a 2 uN contact force (scanning
probe microscopy, SPM). The nano wear evaluation was
carried out in SPIP 5.1.6. software (ImageMetrology, Den-
mark). The mean values of each worn area were compared
with the mean values of the corresponding unworn areas,
and the wear depths were calculated.

A statistical evaluation was carried out using
the STATGRAPHICS Centurion XV software (StatPoint,
USA): the statistically significant differences were
checked by nonparametric methods (the Kruskal-Wallis
test, ®=0.05); the Mann-Whitney test was used as a post
hoc test (0.=0.05).

3. Results and discussion

The flexural properties after multiple sterilizations
were tested and compared with those of the corresponding
unsterilized samples (Fig. 1 and Fig. 2). The results and
the statistical analysis show that the modulus of elasticity
in bending is not influenced by the multiple sterilizations
studied here. The values are in reasonable agreement with
earlier results obtained by flexure tests in the direction of
the reinforcing fibers®. In the case of ultimate strength in
bending, a statistically significant increase after 1 steriliza-
tion process (app. 6.5 %) and after 30 sterilization pro-
cesses (app. 7.2 %) can be observed. This increase may
be explained by equalization of the residual stress develop-
ment during the consolidation of the composites. The ap-
plied sterilization temperature (134 °C) is above the glass
transition temperature (Ty) of the fabric reinforced PPS
composites. Depending on the staking sequence, the vol-



Chem. Listy 106, s519-s520 (2012)

ume fraction and the reinforcement material of the lami-
nate, the T, of the fabric composites is about 83-98 °C
(ref.>*). The residual stresses created during the processing
of thermoplastic-based composites can probably be opti-
mized by further limited application of temperature above
Tg. A further increase in temperature above Ty may soften
the matrix behaviour and significantly reduce the mechani-
cal properties®.

The influence of multiple sterilization processes
on the inner structure of the composites was further ana-
lysed by an evaluation of the stability of the fiber/matrix
interfacial region (see Fig. 3). The wear depths of the worn
areas after nano scratching were assessed (Fig. 4). The re-
sults provide an assessment of the influence of multiple
sterilization processes on the inner structure of the compo-
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Fig. 1. Modulus of elasticity in bending before (A), after
1 sterilization process (B1), and after 30 sterilization process-
es (B30). There is no statistically significant difference between
the values (Mann-Whitney post-hoc test, «=0.05, n=6)
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Fig. 2. Ultimate strength in bending before (A), after
1 sterilization process (B1), and after 30 sterilization process-
es (B30). (*denotes statistically significant differences, Mann-
Whitney post-hoc test, a=0.05, n=6)

Fig. 3. In-situ SPM micrograph of unworn (rectangle below)
and worn (at the top) areas after 10 cycles of ScanningWear.
The fibers are situated on the right side of the micrograph
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Fig. 4. Wear depths of worn areas of composites before (A),
after 1 sterilization process (B1), and after 30 sterilization
processes (B30). There is no statistically significant difference
between the values (Mann-Whitney post-hoc test, a=0.05, n=6)

sites. The analysis shows that no structural changes
occurred in the region close to the fibers, and the stability
of the fiber/matrix region was preserved after
30 sterilization processes. For further analyses in our
study, it will be necessary to increase the number of sterili-
zation cycles in a manner that simulates the life cycle of
widely-used medical devices, e.g. composite parts of a
medical targeting system.

4. Conclusion

On the basis of our analyses, we can state that the C/
PPS composite is a good candidate for application as a ra-
diolucent material providing resistance against steam steri-
lization decomposition. Before it is presented for applica-
tion, it will be necessary to apply greater numbers of steri-
lization cycles.

This research was supported by the Czech Science
Foundation (project No. 108/10/1457), and by Ministry of
Education project Transdisciplinary Research
in Biomedical Engineering Il, No. MSM 6840770012.

REFERENCES

1. Zheng Q.: J. Comp. Mater. 27, 1465 (1993).

2. Godara A., Raabe D., Green S.: Acta Biomater. 3,
1742 (2007).

3. Vieille B., Aucher J., Taleb L.: Adv. Polym. Tech. 30,
80 (2011).

4. Rebenfeld L., Desio G.P., Wu J.C.: J. Appl. Polym.

Sci. 42, 801 (1991).

R. Sedlagek?® T. Suchy®®, J.Sepitka?, J. Luke$?,
M. Sochor®, K. Balik®, Z.Sucharda®, and J.Benes
(CTU in Prague; Fac. of Mech. Eng.; ° Institute of Rock
Structure and Mechanics, ASCR, v.v.i.; ®Medin, Inc.):
Nanowear Testing of Composite Materials

This study evaluates the resistance against multiple
steam sterilization of composite materials based on carbon
fibers and polyphenylene sulfide matrix. The influence of
multiple sterilization processes on changes in their me-
chanical and structural properties are determined by
flexural and nanoindentation tests.



Chem. Listy 106, s521-s522 (2012)

LMP 2011

Regular Papers

DYNAMIC MECHANICAL PROPERTIES OF SOFT TISSUES LOCALIZED
BY FLUORESCENCE MICROSCOPE OBTAINED USING NANOINDENTATION

JOSEF SEPITKA? JAROSLAV LUKES?,
LIBOR STANEK?®, and JAN REZNICEK?

&Czech Technical University in Prague, Faculty of Me-
chanical Engineering, Dept. of Mechanics, Biomechanics
and Mechatronics, Technicka 4, Prague 166 07,
® Institute of Pathology, General Faculty Hospital, Charles
University, Studnickova 2, Prague 2 128 00, Czech Re-
public

Josef.Sepitka@fs.cvut.cz

Keywords: nanoindentation, DMA, fluorescence, soft
tissue

1. Introduction

Nanoscale dynamic mechanical analysis (hanoDMA)
seems to be an effective tool to obtain material characteris-
tics of biological materials; especially for poorly accessi-
ble soft tissues™?. However, we have only basic infor-
mation on particular tissue localization from an optical mi-
croscope, which is attached to an indentation instrument
and we are not able to localized separate structures or tis-
sue transitions. This problem can be eliminated by an im-
plementation of fluorescence microscope into a nanoDMA
instrument.

The aim of this study was to obtain material charac-
teristics of particular substructure of soft tissues their tran-
sition boundaries using a fluorescence microscope for their
localization as a part of Hysitron Tl 950 Tribolndenter™.
The experiments, which are carried out with better under-
standing of material structure, can clear up a variability of
data presented in a biomechanics community.

2. Materials and methods
2.1. Samples preparation

A porcine spine was obtained from a sloughterhouse
at the day of testing. The lumbar spine motion segments
were immediately dissected and ten millimeter thick plates
of vertebral body, end plate and annulus fibrosus were cut
under running water condition?.

For histological investigation, the sample was imme-
diately placed into 10 % buffered. Paraffin-embedded
samples were cut into 7-10 um sections in an angle of 45°
to transversal plane using a microtome (Leova). Paraffin
was removed with ethanol and xylene (Penta, Czech Re-
public) and the slices were stained with hematoxylin-eosin
(Dako, Denmark). Prepared sample is shown in Fig. 1.

s521

Fig. 1. Picture obtained by fluorescence microscope shows
histological cut which contain vertebral body (VB), endplate
(EP) and annulus fibrosus (AF). Red squares denote four
indented area

2.2. Testing conditions

Indents were applied in square pattern of 4 by 4 in-
dents with 15 pm separations. Thus, an area of 45 by 45 um
was characterized by dynamic nanoindentation. Fig. 1 was
acquired by built-in flurescence microscope, which clearly
shows separate structures and tissue transitions. Red
squares 01-04 in the Fig. 1 denote the indented areas. Area
01 represents endplate region close to vertebrae body. Are-
as 02 and 03 represent central endplate region. Area 04
represents a transition of the endplate and annulus fibro-
sus.

NanoDMA load controlled experiments were per-
formed with Hysitron TriboIndenter™ system with dia-
mond Berkovich tip. Harmonic loading Py = sin (wt) with
dynamic load amplitude Py = 30 uN was specified for the
harmonic frequency range 5-200 Hz. During nanoDMA
experiment, static load was applied at maximum force Ppax
= 2000 pN.

The reduced storage modulus (E,’), the reduce loss
modulus (E,”) and tans =E,”/ E,” dependent on compli-
ance (C,) and stiffness (Ks) of the sample are given by

Kelm L, aCsir
" 2/A "2/

tanézcs—w
K

S

'

r

and

where A is a projected contact area. The procedure of dy-
namic nanoindentation according to Asif et al. (1999)° is
implemented within TriboScan software as well as a cali-
bration procedures and an analysis.
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3. Results

Fig. 2 shows that storage and loss moduli are de-
pendent on the frequency. Both moduli increase in all
range of the frequency. Fig. 2 shows that average values of
storage and loss moduli slowly increase from vertebral
bone to annulus fibrosus region (from area 01 to area 04).
Fig. 3 shows increasing trend of tan J within frequency,
which represents increasing damping during the experi-
ment.

Fig. 2. Storage (E") and loss (E”) moduli vs. frequency for all
tested areas

Fig. 3. Tan ¢ vs. frequency from nanoDMA for all tested areas
of the sample

4. Discussion

Increasing trend of tan ¢ also indicates increasing
amount of dissipation of deformation energy. In other
words, viscose element represented by loss moduli in-
crease faster than storage moduli with a strain rate and in-
fluences the mechanical behavior of the tissue. We cannot
find any slope change in the tan ¢ trends (Fig. 3) that is
usually characterized by an inflection points. Inflection
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points represent critical values of stiffening (decrease of
tan o) or localized softening (increase of tan o) of the sam-
ple material. It is a question if we can find inflection points
in wider range of the frequency as was shown for the carti-
lage?* Analyzed sample seems to be softer with increasing
frequency which means that dried endplate has an ability
to dissipate more energy at higher frequencies at our fre-
quency range.

5. Conclusions

We obtained local dynamic mechanical properties of
a dry porcine intervertebral endplate, which were stained
with hematoxylin-eosin, localized by fluorescence micro-
scope using nanoindentation. The combination of both
methods shows that we are able to localize and describe
particular tissues and their transitions. Damping of the
endplate increases during the experiment without critical
values of stiffening or localized softening. NanoDMA
method is the fastes way of measuring the material charac-
teristics dependent on loading rates. Our end plate sample
showed clear dependence on loading rate represented by
ramping frequency.

This work was supported by the Grant Agency of the
Czech Technical University in Prague, under the project
no. SGS10/247/OHK2/3T/12.
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The paper deals with an assessment of material
characteristics of particular substructure of soft tissues
their transition by mean of fluorescence nanoindentation.

Ten millimeter thick plates of native lumbar spine
motion segments were dissected from sagittaly halved por-
cine spine. 7-10 um sections were cut in an angle of 45°
to transversal plane using a microtome. They were stained
with hematoxylin-eosin afterwards. We obtained de-
pendancies of storage and loss moduli on the frequency
range 5-200 Hz. Damping trends and viscosity were dis-
cussed in this paper as well.
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1. Introduction

The leech's sucking apparatus is an amazing instru-
ment — it has 3 jaws and 300 teeth made for easily cut into
the skin of the host animal. In ancient India and Greece,
leeches have been used in medicine to remove blood from
patients. Today, leeching is used rarely and the use of
leeches has shifted into reconstructive and plastic surgery.
Although there are a number of papers dealing with the
leech stretch receptors, body wall muscles' or central
nervous system CNS?, there is no paper on the composi-
tion or material properties of its teeth. In this study we
used nanoindentation and atomic spectroscopy to reveal
composition and material properties of leech teeth and to
demonstrate the optimization possibilities of nature to
manufacture these very sharp and tiny blades which can
easily penetrate the host's skin.

2. Experimental details
2.1. Sample extraction and preparation

Five samples of leech's jaws were obtained from adult
subjects of Hemopis sanguisuga. The subjects were
euthanised with ether and sliced in area of sucking appa-
ratus. Individual jaws with length around 500 um
(depicted in Fig. 1) were carefully separated under magni-
fication glass (5x) using a sharp-tip scalpel, microretrac-
tores and pair of tweezers. The samples were cleaned from
the soft tissues and embedded in low shrinkage epoxy
resin.

The surface of the samples was grinded and polished.
Diamond grinding discs followed by monocrystalline dia-
mond suspension were used for grinding procedure®. The
best reached final surface roughness average (R.)
was 16 nm. All samples were prepared with roughness less
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Fig. 1. Top view on extracted leech's jaw with teeth line ob-
tained by SEM with 700x magnification

than 40 nm, which is adequate value for micromechanical
testing.

2.2. Mechanical testing

Quasi-static nanoindentation was performed using the
nanomechanical instrument  Hysitron  TI 950
Tribolndenter™. Berkovich diamond tip, (triangular pyra-
mids with angle of 142.3°) was used to obtain elastic
properties of the teeth. The test was performed in three
segments. Loading, constant force, unloading phase of the
test were prescribed. Maximum force was reached at 5 s,
then 2 s of dwell and 5 s of unloading followed.

The first set of 5 indents were performed on the sam-
ple with roughness approximately R, = 40 nm. To reduce
the influence of roughness on results, a force of
Pmax = 8000-8300 uN was applied resulting in indents
depth app. 500 nm. Then the sample was polished again to

Fig. 2. Detail of tooth (a) obtained by SEM with 8000x magni-
fication (b) surface reconstruction with indents obtained by
scanning probe microscopy (SPM ) of image size 40x40 pm
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decrease its roughness down to R, = 16 nm. The force of
Pmax =900 uN corresponding to hpac~ 150 nm was used at
this time. The force-depth curves were plotted for each in-
dent, and reduced moduli were calculated using the Oliver-
Pharr method*.

2.3. Composition analysis

Morphological investigation of leech's teeth depicting
its true size and shape has been accompanied with compo-
sition microanalysis. The microanalysis was carried out by
Bruker Quantax energy dispersive spectrometer installed
in Tescan MIRA 11 scanning electron microscope (SEM).
Concentration of individual elements was determined from
the relative intensity of their characteristic X-ray spectra
by the Esprit program provided by microanalyser manu-
facturer. By the nature of elemental microanalysis it is im-
possible to identify molecular composition of the studied
matter, only elemental composition is as the result availa-
ble. From the composition analysis as the significant ele-
ments and their respective concentrations are calcium,
oxygen and carbon were identified.

3. Results

In this preliminary analysis, the main constituents of
leeche teeth have been identified. The tooth is composed
mainly of calcium (41.9 %), oxygen (41.2 %) and carbon
(11.4 %), other constituents are present in small quantities
(F 2.1%, Na 1.0%, P 0.9%, S 0.6 % and Mg 0.6 %).
Therefore, a substance typical for mineral component in
bones, hydroxyapatite is likely present in the teeth among
other substances.

The mechanical properties of two leech teeth were
measured in cross-section (depicted in Fig. 2). The average
value of reduced modulus E; =29.41+1.10 GPa was ob-
tained from 5 indents of the first test (hma~ 500 nm,
Ra =40 nm). In the next measurement of 10 indents, the
average modulus was E, = 27.02+4.03 GPa
(hmax= 150 nm, R, =16 nm). These values correspond to
the values from measurements on cortical bone and tooth
dentin®.

4. Conclusions

From the results of the nanoindentation it could be
concluded that the mechanical properties of leech’s tooth
are independent on indentation depth. High-precision sur-
face preparation allows indenting in small depths with a
high accuracy. Another advantage of an achievement of
very low roughness can be seen in the possibility for the
placement of more indents in the same area. Reduction of
indent size is very desirable because of the tiny cross
section of the tooth surface, which is smaller than 1000 um?,

Mechanical properties and composition microanalysis
of the teeth corresponding to biomaterials such as cortical
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bone or dentin® offers the assumption that it is possible
that the tooth surface could be composed of enamel, as it is
at higher animal species. Therefore, it would be beneficial
to prepare longitudinal cuts of leech’s teeth, which would
enable the indentation of superficial layer and inner part of
the teeth. Assessment of mechanical properties from dif-
ferent anatomical parts could help to determine whether
the outer layer is created by enamel, and whether the inner
part is composed of dentin. Based on this information, an
accurate constitutive material model can be created.

The research has been supported by the Grant Agen-
cy of the Czech Republic (grant No. P105/10/2305), Minis-
try of Education of the Czech Republic: Transdisciplinary
research in Biomedical Engineering 1I. No. MSM
6840770012 and research plan of the Academy of Sciences
of the Czech Republic AV0Z20710524.
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The leech's sucking apparatus is an amazing instru-
ment — it has 3 jaws and 300 teeth made for easily cut into
the skin of the host animal. In this study, we used
nanoindentation and atomic spectroscopy to reveal compo-
sition and material properties of leech teeth. Five samples
of leech jaws obtained from adult subjects of Hemopis
sanguisuga were investigated. Main constituents of leech
teeth have been identified. The tooth is composed mainly
of calcium (41.9%), oxygen (41.2%) and carbon
(11.4 %), other constituents are present in small quantities
(F, Na, P and S), and therefore, a substance typical for
mineral component in bones hydroxyapatite is likely pre-
sent in the teeth among other substances. Material proper-
ties, which are independent on indentation depth, exam-
ined by nanoindentation provided average reduced modu-
lus E,=27.54+3.71 GPa.
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1. Introduction

Bone mechanical properties and the presence of frac-
tures in laying hens are both a welfare and an economic
concern for the poultry industry. The mechanical proper-
ties of the bone have significant importance, especially in
understanding fracture behavior as a function of minerali-
zation. If we can obtain an insight into the determinants of
the bone strength, then better methods to monitor and se-
lect animals with abnormal bones can be identified. The
composition of the bone tissue is extremely complex com-
pared to most engineering composites'. The organization
of the bone within a Haversian system consists of a central
canal surrounded by concentric lamella. Lamellae are ob-
served at the level of a light microscope. A number of at-
tempts have been made to describe the biomechanical
properties of the bone at this level', but this description
does not go beyond the histological level. The mechanical
properties of cortical bones (including some microme-
chanical aspects) were described and reviewed in classical
work by Reilly and Burstein® already in 1974 and more re-
cently by Mammone and Hudson®. If one considers the
elements that comprise a bone at the molecular level, at
which the collagenous matrix and hydroxyapatite crystals
appear, then a more fundamental understanding may be
achieved. The view that bone may be considered as a two-
phase composite to explain its mechanical properties was
firstly suggested by Currey* back in 1964.

Concerning hens' bones (and similarly eggshells), dif-
ferent aspects such as genetic components®, diet®, breeding
conditions’ and/or hen breed® were monitored as deter-
mining factors. The differences between individual birds
in terms of e.g. bone fracture incidence can not be ex-
plained by a sole factor. Differences can occur due to cal-
cium metabolism, bone structure, or simply due to the
body weight differences. A combination of factors is most
likely involved®. Micro mechanical properties significantly
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affect the mechanical behaviour of the whole bone, as it
was documented in number of works'®*! and their detailed
determination and interpratation is thus needed. One of the
effective, precise and well-proven tools is the nanoinden-
tation.

Nanoindentation has been previously used to compare
the bone tissue properties in healthy bones with those of
diseased and genetically modified small animal models
(including mice, rats, and zebrafish)*2.

In nanoindentation, a small probe with nano-meter
dimensions contacts a flat, prepared surface of a material.
The resulting force and contact depth (i.e., displacement)
data enable the calculation of elastic, plastic, and viscous
material properties™™° of biological tissues like cortical or
trabecular bones'® or eggshells’’ at a spatial resolution
similar to that of the tissue-level structural features in the
bone. Nanoindentation can be also used to measure the
creep behavior of biological tissues by fitting the depth vs.
time data at constant load to rheological models'. Visco-
elasticity may affect both the elastic and fracture charac-
teristics of the bone'®%.

In particular, nearly all of the nanoindentation
studies on bio-tissues reported to-date employed the Oli-
ver-Pharr method™® to obtain elastic modulus and hard-
ness values from the nanoindentation data. The basic
assumption involved in this method is that the sample be-
haves purely elastically during unloading, but biological
tissues such as bone are well-known to be viscoelastic in
both the macroscopic level as well as the microstructural
level?!. Material viscoelastic effects during unloading are
well-known to lead to erroneous results in the estimation
of contact stiffness and area using the Oliver-Pharr
method™, and in the past, increasing the holding time be-
fore unloading and increasing the unloading rate have
been suggested as effective procedures to reduce visco-
elastic effects during unloading®®?%%,  An alternative solu-
tion is to allow the viscoelastic effects to occur. But then
amethod that has been well established in monolithic
engineering materials to correct for the viscoelastic effects
should be used®.

This study is focused on the use of nanoindentation as
a tool for quantification the differences between micro me-
chanical properties of femoral cortical bone of healthy
laying hen and laying hen with defective calcic metabo-
lism.

2. Materials and methods
2.1. Hens' femoral bones
Two bone tissues were compared, both belonging to

Rhode Island Red (RIR) laying hen, caged and fed in iden-
tical conditions in the breeding station in the Czech Re-
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public. The birds were kept in the three-floor cage
housing, with 650 cm? floor space of individual housing.
One of the tissues was extracted from the cortical part of
a femoral bone of clinically healthy hen (51 weeks old)
with the incidence of cracked eggs lower than 2 % (further
denoted as Healthy-series). The second one was extracted
from the cortical part of a femoral bone of a hen with cal-
cium metabolism defect (denoted as IlI-series). This defect
was shown by a high presence of cracked eggs (more than
20 %).

2.2. Preparation of specimens

The bone specimens were dissected from the femoral
diaphysis of a mature hen (RIR) and dried for 48 hours at
room temperature. Effect of the bone drying and affecting
the values of Young's modulus and hardness was docu-
mented for bovine bones? but not for hen's bones so far.
The samples were milled down to a cylindrical shape of
10 mm in height, their main (cylindrical) axis being
aligned with the longitudinal direction of the diaphysis.
The specimens geometry and different stages of the testing
procedure are shown in Fig. 1. After this preparatory step,
the specimens were embedded into metacrylate tablet. The
specimens were cold-prepared (the structure was not ther-
mally affected). Commercially available two-component
resin was used for metacrylate mixture preparation and the
specimens were left to dry and cure for 8 hours. The tab-

Fig. 1. Preparation and testing of specimen in different scale
levels
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lets were polished in order to achieve flat surface with
maximum roughness of 10-20 nm.

2.3. Experimental set-up and loading conditions

The experiments were performed using nanohardness
tester (CSM Instruments, Switzerland). A standard Berko-
vich tip was brought to the sample surface, producing
a series of imprints. Influences of the tip geometry, contact
depth, and contact area on nanoindentation properties of
the bone were broadly discussed in literature®®, and the re-
sults were used for the configuration of presented experi-
ments. The indenter has a nominal tip radius of R = 50 nm
and a half-angle apex of @ = 65.27°. The bone fragments
were loaded in directions perpendicular to the cross-
sections. Load vs. depth of penetration was measured
throughout the whole procedure of loading, holding, and
unloading. The load-controlled test was performed using
the standard trapezoidal loading diagram as follows: linear
loading (60 mN min™) up to the peak force (5 mN), then
a 10 s holding period at the maximum force and linear
unloading (60 mN min™) to zero force level (Fig. 2). Each
sample cross-section was covered with a grid of 80 indents
with 12 um spacing. Similar experimental procedure and
set-up was used e.g. by Severa et al."’.

3. Results

Elastic modulus (E) and indentation hardness (H)
were evaluated by standard procedure from unloading
branches of a loading diagram™ for each indent. Although,
the elastic parameters show high scatter easily distin-
guishable decrease in both E and H can be observed for I1I-
series as depicted in Figs. 3 and 4.

Fig. 2. Example of a typical nanoindentation loading diagram
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Fig. 3. Histograms of elastic moduli for Healthy- and Ill-series
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Fig. 4. Histograms of indentation hardness for Healthy-
and lll-series

The results of the performed experiments revealed
that bone of a clinically healthy hen exhibited higher elas-
tic modulus E and indentation hardness values H. It points
to the fact that both elasticity and strength parameters (that
are related to H) are afected in Ill-series. In case of non-
defective tissue, following values were determined as:
E=27.5+2.8 GPa, H=0.99+0.11 GPa, while in case of de-
fective tissue as: E=24.5+3 GPa, H=0.88+0.07 GPa. Gen-
erally speaking, the values measured on the defective bone
are approximately 11 % lower.

Based on optical microscopical observations, the
healthy bone tissue contained larger pores in comparison
with defective one. Interpretation of this fact needs much
deeper investigation.

4. Discussion

This study utilised nanoindentation to investigate the
mechanical properties of the microstructure of bone from
the mid-femoral diaphyses of healthy and defective laying
hen. Unlike the more conventional microhardness tech-
niques, nanoindentation provides both modulus of elastici-
ty and hardness estimates for a material and can be used to
target specifically various bone tissue structures at a
microscopic level.

A strong motivation behind the use of nanoinden-
tation is the potential to understand the mechanical compe-
tence of a whole bone in the light of the properties of its
structural units (osteons and trabecular packets) that result
from the ongoing remodeling activity. However, given the
prohibitively wide range of elastic data measured using
bending, buckling, tensile, ultrasound tests or calculated
using inverse numerical techniques®, it still remains un-
clear how the indentation modulus can be converted into
the elastic response of the bone tissue measured at higher
levels of its hierarchical organization®®%.

In general, the variations that have been recorded in
the elastic modulus at the bone matrix level are rather
high. The elastic modulus ranged between 22 and 38 GPa
in osteonal bone of healthy hen and 16 and 32 GPa in oste-
onal bone of defective hen. The large scatter in E (as well
as H) can be attributed mainly to the naturally varying
crystalographic orientations within the cross section of the
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bone (differently oriented anizotropic lamelas and its fi-
bers)®®?. The shape of the E and H histograms shows also
on some kind of bimodality in the case of Healty-series
which could be related to the prefferential collagen fiber
orientations in the tested area. Despite this fact, presented
study was focused on the evaluation of average properties
in one direction only to give overall insight into the prob-
lem. More detailed research is planned in the future.

5. Conclusions

In the current study the differences between healthy
and defect cortical bone tissues were documented and ana-
lysed in an average sense. Elastic modulus and hardness
droped down by ~11% for defected series. Similar
approaches as used for studying human bones were em-
ployed. The data revealed and confirmed the fact that
mechanisms described for human tissues can be largely
adopted and used for detailed further research of hens'
bones as well.

The research has been supported by the Grant Agen-
cy of the Czech Academy of Sciences under Contract No.
1AA201990701 and Ministry of Education of the Czech Re-
public (Research Plan MSM 6840770003).
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Czech Republic): Nanoindentation Based Microanalysis
of Hens' Bones

The research is focused on the use of nanoindentation
as a tool for quantification of the differences between mi-
cro mechanical properties of femoral cortical bone of
healthy laying hen and laying hen with defective calcic
metabolism. In general, the variations that were recorded
in the elastic modulus at the bone matrix level are rather
high. The elastic modulus ranged between 22 and 38 GPa
in osteonal bone of healthy hen and 16 and 32 GPa in oste-
onal bone of defective hen. The shape of the E and H his-
tograms shows also some kind of bimodality, which can be
related to prefferential collagen fiber orientations in the
tested area.
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1. Introduction

The development of new alloys, based on composi-
tion containing Mn with possible addition of Mo, is an
important attempt to increase the application of different
sintering processes, especially when special use are re-
quired. Moreover, the presence of Mn and Mo as alloying
elements is very important; in fact they are helpful to im-
prove hardenability and the mechanical properties’™.
However, due to the high dew point, Mn oxides are not re-
duced during the sintering cycle at atmosphere with dew
point approximately —-25 °C, accordingly Mn had been
avoided, in the past, in ferrous powder metallurgy®. The
problem of oxide network formation in PM steels with dif-
ferent Mn contents was investigated in ref.”. The paper
describes local mechanical properties evaluated by micro-
hardness measurement and alloying process after
difference sintering conditions. Microhardness was
measured in the due zone, in core of iron particles and
measured in thick alloyed surface layer. Vickers micro-
hardness test was evaluated on metallographic cross-
sections according to STN EN 1SO 6507, testing equip-
ment Leco LM 700 with weight 25 g.

2. Experimental procedure

The following powders were used for the preparation
of the samples:
prealloyed Astaloy85Mo powder (H6ganas AB),
atomized ASC100.29 powder (Hoganés AB),
Manganese in form of medium carbon ferromanga-
nese (80% Mn, 1.1% C, particle size <45 um,
0.67 % O, milled in air, EratemElkem),
Natural graphite CR12 (Grafit Netolice).
The powders were mixed as two systems:
A) Fe —0.85 % Mo -3 % Mn — 0.5 % C (referred to as A)
B) Fe—3% Mn-0,5% C (referred to as B), both were
prepared with 0.8 % HW wax as lubricant. The samples
(2 10 x 10 mm) made of the mixed powders compacted at
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600 MPa were sintered in dissociated ammonia (dew point
-30 °C) at 875 °C, 1120 °C and at 1200 °C for 1, 3, 5, 10,
30 and 60 min in a Mars furnace.

3. Results and discussion

The aim was the comparison of microstructure crea-
tion for iron and molybdenum powders independence on
manganese addition at chosen sintering conditions, i.e. fer-
rous matrix alloyed by molybdenum and matrix without
molybdenum alloying. Microstructure of samples for both
systems A and B was covered after sintering for 1 min
with a thin manganese alloying layer as a result of subli-
mation and condensation of manganese vapors. Centres of
the particles remain ferritic. In the case of sintering time at
3 min, Fig. 1a, the matrix was alloyed by manganese along
grain boundary — intensive bounders (diffusion to be at
grain boundary faster than in a volume). It came to further
highlight of grain boundaries and partly to alloying of cen-
ters of powder particles after sintering within 5 min.
Character of microstructure samples of system B after sin-
tering 30 min corresponds approximately to microstructure
samples according to Fig. 1b. In system A sintered at
1120 °C during 1min we observe more expressive
alloying only on particles surface. On the other side sys-
tem B alloying of core particles by manganese is more in-
tensive at grain boundaries. This shows that the diffusion
of manganese from surface was quicker due to higher sin-
tering temperature in molybdenum alloyed matrix. Micro-
structure of this system was heterogeneous, but evidently
different. Alloying of matrix extends in both systems after
sintering for 3 min at sintering 1120 °C, but more in mo-
lybdenum alloyed.

After sintering at 1200 °C perhaps equal behavior of
alloying matrix is observed but only with the difference
that a higher homogeneity value of microstructure was
achieved. Microstructure of system A evidently consists of
bainite and manganese supports bainite formation espe-
cially after sintering at 1200 °C for 60 min.

Microhardness values for both systems are described
in Fig. 2. Higher microhardness volumes were in samples

a b c

Fig. 1. Sintering after 875°C a) system A during sintering
time 3 min, b) system B during sintering time 5 min, c) system
B during sintering time 30 min
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prealloyed by molybdenum, Fig.2a. Microhardness of
edges particles at samples of B system after sintering at
875 °C was possible measured during sintering for 30 min
only. This also shows the slower diffusion of manganese
in iron matrix. It is clear that microhardness values were
also affected by carbon in border areas. The microhardness
values of microstructure samples sintered at 1120 °C are
shown in Fig. 2b. This diagram evidently shows continu-
ous increase of microhardness at borders and small change
of microhardness in centre of elements systems. On basis
of high microhardness value it can be expected that in bor-
der of manganese alloyed areas carbides type of (Fe-, Mo-,
Mn-) C were created. The microhardness values of both
types of samples after sintering at 1200 °C are shown in
Fig. 2c. These microhardness values again show the mo-
lybdenum prealloyed matrix as uniform and more
hardened, which can be caused as we already mentioned
by carbides formation. Microhardness of grain borders
corresponds to a martensite after longer sintering time.

Fig. 2. Microhardness values (HV0.025) of sintered systems. a)
sintered after 875 °C, b) sintered after 1120 °C, c) sintered
after 1200 °C. Legend:

4, Conclusions

Following main results were obtained: Mo alloyed
and Fe matrix of compacts samples are alloyed by manga-
nese already at low temperature and apparently during a
3 min. By extension of sintering time and by higher sin-
tering temperature the alloying process of matrix by man-
ganese is reflected by the alloying of powder elements in-
side and by bigger or smaller homogeneity. We have
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found out in molybdenum alloyed matrix a more uniform
alloying by manganese, which was demonstrated by higher
microhardness values. Ferritic grains were located in iron
matrix after longest sintering time and at higher sintering
temperature. Microstructure of investigation material on
bases of prealloyed powder affected by manganese com-
prised mainly bainite and the grains of ferrite occurred in
microstructure of mixed system under all sintering condi-
tion.

Authors thank for supporting this research by struc-
tural funds of EU grant with ITMS 26220220125 of Agen-
cy of Ministry of education of Slovak Republic.
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Manganese in combination with Molybdenum
atomized prealloyed powder forms a new group of sintered
high strength steels. The final properties of these steels de-
pend on microstructure homogeneity. The aim was to in-
vestigate the alloying of molybdenum prealloyed powder
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The circular cross section samples were prepared for the
investigation from basis water atomized and plain iron
powders. The microstructure characteristics of sintered
samples were characterized by micro hardness measure-
ment.
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1. Instroduction

The austenitic stainless steels have very high general
corrosion resistance, but they have low hardness and wear
resistance. Nowadays, material technologies like laser
remelting and low-temperature glow-discharge nitriding
process can improve mechanical properties of austentic
stainless steel without decrease the corrosion resistance.
Laser remelting influence on refinement of microstructure
and homogenizing of chemical composition of alloys was
studied in ref"™®. If the austenitic stainless steels are
subjected to glow-discharge nitriding prosess in low
temperature, loss of corrosion resistance is not observed.
At the temperatures above 450 °C, the precipitation of CrN
was observed. The limiting temperature of nitriding
process could be about 450 °C, according to the>™.

The aim of this article is an analyse of local
mechanical properties of nitrided cases and remelted layers
after the low temperature glow-discharge nitriding process
and laser remelting, respectively.

2. Experimental procedures and results

Every test specimens (diameter of 20 mm and height
of 6 mm) were made of austenitic stainless steel type
X5CrNi18-10. Young‘s modulus of the steel substrate is
approximetely 200+14 GPa and its hardness is about
220+3 HV20. The specimens were subjected to glow-
discharge nitriding process at the temperature of 450 °C.
Chemical composition of gas mixture during the
termochemical treatment was different. Parameters of
nitriding process are shown in Tab. I.

The same steel type X5CrNil8-10 was subjected to
laser remelting. Laser remelting was done by means of
laser MLT 2500 CO, (wavelength 10.6 um) in argon
atmosphere. During the laser remelting process no. 5 and 6
the specimens were also immersed in liquid nitrogen. The

Table |
Parametres of the glow-discharge nitriding process

Number Vacuum Time Temperature Atmospheric
of process pressure [h] [°C] composition
[hPa] N, H,

1 4 6 450 10 90

2 4 6 450 50 50

laser beam dimension 1x20 mm was used. Tab. Il presents
parametres of laser treatment.

Representative picture of remelted layers is presented
in Fig. 1. After laser remelting the surfaces were grinded
off through 1200 grit SiC papers. The depth of the
remelted layers depended on the laser power. Generally,
the increase of the power caused a rise of thickness of the
remelted layers.

Investigation of mechanical properties was carried
out by using hardness tester with mounted Berkovich in-
denter. Mechanical properties of the diffusion layers were

Table Il
Parametres of the laser remelting

Number of Scanning Power Scanning
process velocity [kW] velocity
[m min™] [m min™]

3 2 2 0,25

4 2 5 0.25

5 2 2 0.25

6 2 5 0.25

s531

Fig. 1. Microstructure of remelted layer after process laser
remelting
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Table 111 REFERENCES
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hardness [HV] modulus [GPa] [mN] OpthS & Laser Technol. 43, 806 (2011)
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465144 187116 30 4. Kwok C., Lo K., Chan W., Cheng F., Man H.: Corros.
= - Sci. 53, 1581 (2011).
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330422 192+19 30 Coat. Technol. 124, 93 (2000).
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37743 192+17 30
6 432454 23526 10 A. Sitko, M. Szkodo, and B. Sniegocka (University
400+43 20620 20 of Technology in Gdassk, Faculty of Mechanical Engi-
368+32 192+14 30

examined on the surface of specimens using a different
loads. Results of surface hardness were obtained by using
different loads, respectively: 10, 20, 30 mN. Research was
done by means of CSEM NanoHardnessTester (NHT) pro-
duced in Switzerland. Oliver-Pharr method was used for
calculation of modulus. The value of Poisson’s ratio was
0.3. Nanohardness was automatically recalculated between
scales and presented in Vickers hardness scale. The results
are shown in Tab. I1I.

3. Conclusion

1. Glow-discharge nitriding process has beneficial influ-
ence on nanohardness and Young‘s modulus.

2. The increase of nitrogen content in gas mixture influ-
ence on higher value of Young’s modulus.

3. Laser remelting caused the refinement of
microstructure in obtained surface layer.

4. Laser remelting process has beneficial influence on

nanohardness and Young‘s modulus.
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neering, Department of Materials and Welding Engi-
neering, Poland): Comparison of Mechanical Properties
of Nitrided Cases and Remelted Layers of Austenitic
Stainless Steel

This article presents the results of nanohardness and
Young’s modulus of nitrided cases and remelted layers.
The nitrided cases were obtained by using the glow-
discharge nitriding process at the temperature of 450 °C.
The termochemical treatment was done by using a dif-
ferent chemical composition of gas mixture (N,:H,). The
laser remelting was done by using the TRUMPF laser TLF
6000 turbo in Kielce. The laser remelting was done by
using different parameters of termochemical treatment.
Investigation of mechanical properties was carried out by
using hardness tester with mounted Berkovich indenter.
Mechanical properties of the diffusion and remelted layers
were examined on the surface of specimens using different
loads.
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NANOINDENTATION TESTING OF LOW-ALLOYED MOLYBDENUM SINGLE
CRYSTALS

P h 2
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W, = P(h)dh = Ch? = —max_max
(h) ! e e
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For sharp indentation of elastic-plastic material, the
loading response is governed by P = Ch® The ration h{/
hmax is equivalent to that of Wy/W;. The plastic work W,
can be determined from Eq. (3):

 Department of Non-ferrous Metals, Refining and Recy-
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where hy is the final depth of contact impression after un-
Keywords: nanoindentation, molybdenum alloy, single loading and hyay the indenter depth at peak load. The hard-
crystal, hardness, elastic modulus ness concerning total work of indentation, resp. plastic

work of indentation can be calculated from Eq. (4) (ref.),
where k is a constant equal to 0.0408 for the three sided

1. Introduction Berkovich pyramidal indenter:

3 3

Nanoindentation methods are applied to study nano- Hy,, = imﬂ; resp. Hyp = Kpma; 4
scale material deformations and enable accurate measure- W, W
ments of indentation load (P) and penetration depth (h).
Mechanical properties, Young's modulus and hardness can
be obtained from nanoindentation by numerical calcula-
tions of the load-displacement curves including loading
and unloading process according to Oliver-Pharr method
(ref.*™). Recent research has shown that the hardness de-
termined by nanoindentation depends on a test load, i.e.
hardness at small depth is much greater than at greater
depth. This phenomenon is called the Indentation Size Ef-
fect (ISE) (ref.>®). Another method used to measure hard-
ness from load-depth curves is work-of-indentation
method. The total mechanical work of indentation can be
determined by computing the area under the force in-
creasing portion of the test force vs. indentation depth
curve (ref.’). The total work includes two components:
elastic and plastic. The elastic work can be obtain by the
area under the force decreasing portion of the F vs. h
curve, and the plastic work can be determine from the area
between the force increasing and force decreasing curve.

Work of indentation method as a means of deter-
mining hardness was first proposed by Stillwell and Tabor
(ref.®). The conventional representation of hardness, maxi-
mum applied load P divided by the residual area of indent
impression Ay, is equivalent to the ratio of plastic work Wy,
to the plastic deformed volume of the indent V,y (ref.”®):

Atomic force microscopy (AFM) can be used for
imaging of residual indentations and obtaining accurate di-
mensional information from an image area of only a few
microns.

In this paper, the indentation hardness, Young’s
modulus, total and plastic work of pure and low-alloyed
molybdenum single crystals are investigated. We compare
hardness from the Oliver and Pharr analysis (H,r) and the
work-of-indentation method described above. The influ-
ence of niobium as an alloying element and crystallo-
graphic orientation of single crystals on these nano-scale
properties is studied. The effect of the load on pile-up for-
mation is also investigated using AFM imaging.

2. Experimental

Bulk single crystals of Mo-2 wt.% Nb with crystallo-
graphic orientation <110> and <100> were used for the
experiment. The pure molybdenum single crystal with
crystallographic orientation <110> was included in the ex-
periment due to a study of the influence of niobium on the
mechanical properties of molybdenum single crystal. All
single crystals were prepared by the electron beam zone
melting (method of floating zone). The surface of speci-

E W 1) mens was polished using diamond pastes and electrolyti-
——=_B cally in NaOH solution. The indentation experiments were
A Wy conducted with the standard three-sided pyramidal Berko-

vich tip using Triboindenter T1 950 (Hysitron). The tip ra-
The total work W; can be obtained by integrating loading dius was about 150 nm. For an easier interpretation of me-
curve: chanical behaviour at various depth, the maximum load
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was changed at intervals: 1000, 2000, 3000 and 4000 uN
and then unloaded. The dwell time was 2 s. For each mate-
rial, six indentations were made at each load and the pre-
sented results are averages for the group. These indenta-
tion loads corresponds to applied depths from 69 to
190 nm for all specimens. The topography of the selected
indents was acquired using atomic force microscope
SOLVER Next™ (NT-MDT) operated in contact mode.
The probes PPP-CONTR (Nanosensors) were used for
imaging. The AFM images were processed using software
Gwyddion (version 2.25).

3. Results and discussion

The load-depth curves for Mo-2 wt.% Nb <100>
single crystal for all applied loads are given in Fig. 1 as an
example.

The elastic recovery appears in load-depth curves
during unloading processing for all specimens, but the
elastic recovery of Mo-2 wt.% Nb with crystallographic
orientation <100> is less than other specimens. Fig. 2
shows one of AFM 3D-images of indentations (load
4000 uN) for molybdenum-base single crystals. It is visi-
ble that edges of an indentation bend to center because of
elastic recovery.

The hardness values H;r, Hy and Hy, of all speci-
mens are plotted as a function of applied load in Fig. 3 to
5. The results display a strong size effect, i. e. the hardness
decreases as the indentation load or indentation depth in-
creases, which is commonly referred to as the indentation
size effect (ISE). Numerous investigators have reported
studies of ISE using nanoindentation testing for various
materials (ref. ®*%'%). The hardness values calculated using
the plastic work of indentation are the highest, especially
in smaller depth or for low applied loads. It was found that
the hardness of all specimens estimated by the O-P method
was significantly (up to 30 %) lower than the hardness cal-
culated using the total work-of-indentation. There are only
small differences between the values of hardness for both
specimens of Mo-Nb single crystals with different crys-

Fig. 1. Load-depth curves of Mo-2 wt.% Nb <100> single crystal
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tallographic orientation. The plastic work must be less than
total work, but the plastic hardness Hyy is larger than Hyy.

The hardness values calculated from the work-of-
indentation approach rise more steeply at lower applied
load than the hardness values calculated by the O-P
method. The reason of this effectcan be explained by the
fact that the method of Tuck et al. (ref.”) makes no al-
lowance for changes in tip geometry at lower indentation
depths, where the tip geometry can significantly influence
the calculated values, whereas tip geometry effects are al-
lowed for in the O-P calculations.

At low loading, the indent behaviour of specimens is
almost elastic deformation, increasing the Youngs modu-
lus (Eyr) — Fig. 6. It was observed that the hardness and
Young’s modulus of Mo-2 wt.% Nb single crystal with the

Fig. 2. AFM images of Mo-Nb <110> (a) and Mo <110> (b)
single crystals at load 4000 um

Fig. 3. Comparison of hardness values obtained by two meth-
ods for pure Mo <110> single crystal
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orientation <100> increased at the indentation load
4000 puN probably results of the hardening effect (ref.’).

The contribution of the elastic work to total work de-
creases with increasing maximal load approx. from 21 to
17 % in the case of Mo-2 wt.% Nb and pure Mo single
crystals with the orientation <110>. Because of the smaller
elastic recovery for indentations into Mo-2 wt.% Nb
<100>, there is lower differences between the total work
of indentation approach and the plastic work of indenta-
tion approach — see Fig. 7.

There is the evident influence of crystallographic ori-
entation of single crystals on mechanical properties. It is
known that single crystals of molybdenum and its alloys
show the anisotropy of mechanical properties, when the
crystals with the crystallographic orientation <110> have
much higher plasticity than these crystals with the crys-
tallographic orientation <100> (ref.*?). The Mo-Nb single
crystal with orientation <100> has higher values of
Young’s modulus and Hr at most testing loads than ade-
quate alloy with orientation <110>. The similar effect was
observed in case of macro-scale testing of mechanical
properties of Mo-Nb single crystals (ref.'?). The alloying
of molybdenum single crystal with niobium results in the

Fig. 4. Comparison of hardness values obtained by two meth-
ods for Mo-2 wt.% Nb <110> single crystal

Fig. 5. Comparison of hardness values obtained by two meth-
ods for Mo-2 wt.% Nb <100> single crystal
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Fig. 6. The load dependence of Young’s modulus for all single
crystals

Fig. 7. Work-depth curves for all single crystals

increase of Young’s modulus and hardness.

The pile-up formation was visible in the AFM images
of the indents only for Mo-2 wt.% Nb single crystal with
orientation <100> (Fig. 8).

This result corresponds to findings by Stelmashenko
et. al. (ref.™). In their study, the height of pile-ups on the
(110) surface in molybdenum single crystal was very
small for each of three different orientations of indenter,
and there is no symmetry in the pile-up distribution.

4, Conclusions

The experiments and the above discussion yield the
following results:

a) Under the same test condition, the nanohardness and
Young’s modulus of all specimen declines as the load
increases. The ISE of hardness values was observed.

b) The hardness estimated by the O-P method was sig-

nificantly lower than the hardness calculated using
the total work-of-indentation approach. The main ad-
vantage of work-of-indentation method is that there is
no need to calculate the area of the indentation, which
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AT A

Fig. 8. Height profile through an indentation (at 4000 mN)
showing significant pile-up on the indentation edge in Mo-2
wt.% Nb <100>

Fig. 9. Plot of pile-up height with indentation depth in Mo-2
wt.% Nb <100>

thus eliminates the problems caused by underesti-
mating the contact area.

According to literature findings (ref.’*™), the hard-
ness values should be higher for molybdenum-base
single crystals with crystallographic orientation
<100> than for these with crystallographic orienta-
tion <110>. The calculated Hy: and Hwpy Vvalues for
the tested Mo-Nb single crystals don’t correspond to
this fact. Thus the discrepancy of these hardness val-
ues must be examined.

Pile-up formation occurred at the edges of the inden-
tations only in Mo-2 wt.% Nb single crystals with
crystallographic orientation <100>. The widely used
Oliver-Pharr model does not account for pile-up and
consequently can overestimate hardness and elastic
modulus.

It was confirmed that mechanical properties depend
on the crystallographic orientations of single crystals.
According to the results, the Mo-Nb single crystal
with orientation <100> has higher values of E;r than
the same single crystal with orientation <110>. The
alloying of molybdenum with niobium led to in-
creasing of values of hardness and Er.

c)

d)

€)
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The indentation hardness, Young’s modulus, total
and plastic work of pure and low-alloyed molybdenum
single crystals were investigated. It was found that the
hardness of specimens decreases as the indentation load or
indentation depth increases due to the indentation size ef-
fect (ISE). The same trend was observed for the E;r values
of all specimens. The hardness estimated by the O-P
method was significantly (up to 30 %) lower than the
hardness determined using the total work-of-indentation
approach. AFM 3D-images of indentations showed that
pile-up formation occurred at the edges of the indentations
only in Mo-2 wt.% Nb single crystals with crystallo-
graphic orientation <100>. It was confirmed that nano-
scale mechanical properties depend on the crystallographic
orientations of single crystals. The alloying of molyb-
denum with niobium led to increasing of values of hard-
ness and E;r.
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1. Introduction

Tinplate is essentially low carbon steel, cold reduced
between 0.13 and 0.50 mm thick coated with tin produced
for packaging industry. Modern tinplate possesses several
important advantages, such as excellent drawability com-
bined with good strength, good solderability and corrosion
resistance. In many instances, special grades for specific
can making techniques have been developed, e.g. for
drawing and wall-ironing, redrawing and easy-open
ends™2 Their development has required close cooperation
between packaging producers and tinplate manufacturers®,

During the cold rolling on tandem mill the strength
and hardness have been increased. On the other hand, the
plastic properties of rolled materials have been decreased.
To eliminate these negative changes in material, the re-
crystallization annealing is included in the sheet produc-
tion process. Some products may be either batch annealed
(BA) or continuously annealed (CA). Although the temper
of the plate will be the same the mechanical properties
may differ as CA plate has a finer grain structure (ref.>*°).

A number of materials exhibit discontinuous yielding
under monotonic tension. A typical example is annealed
mild steel. The monotonic stress—strain curve is not
smooth but shows marked irregularities, with negative
slopes occurring at or near the initial yield. Elastic defor-
mation is terminated at a stress level known as the upper
yield stress. Deformation proceeds at a decreased stress
level known as the lower yield stress accompanied with
inhomogeneous deformation. The specimen is divided into
regions where the strain is relatively high (Luders strain)
and regions which are still elastic. The distinct plateau in
the stress—strain curve is characterized by the propagation
of Liders bands. After the whole gage length has been
strained by the amount of the Luders strain, deformation
becomes essentially homogeneous again™.

The formation and propagation of Liiders bands in
steels under tension are generally attributed to the strong
interactions of interstitial atoms with dislocations, known
as Cottrell atmospheres. In Cottrell atmospheres, intersti-
tial atoms segregate to dislocations and pin them in posi-
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tion to lower the lattice distortion energy. At the upper
yield stress, dislocations are unpinned from the Cottrell
atmosphere and become free dislocations. These free dis-
locations can move at the lower yield stress and lead to
multiplication of new dislocations. Therefore, during the
propagation of Liiders bands, the elastic zones are essen-
tially free of dislocations whereas Liders bands have
ahigh dislocation density. The upper yield stress is
regarded as the nucleation stress, and the lower yield stress
is the growth stress of the Liiders bands®.

The macroscopic and microscopic characteristics
associated with the propagation of Liiders bands under ten-
sion have been studied extensively. They include the angle
and the propagation velocity of the Luders fronts, the in-
plane kinking of the strips, the influence of the number of
Lulders fronts on the yield stress, and the strain profile at
the Luders fronts. Macroscopic shear bands can be readily
observed at the front of the Luders bands, and very often
the band front makes a 45° angle with the loading axis.
That is, the band front follows the plane of maximum
shear stress. However, this is a first approximation. Some
researchers (eg. ref.”?) investigated some differences
using specimens with specific cross-section or material, re-
spectively.

The propagation of Luders bands is influenced by
many factors including crystal structure, grain size, com-
position and microstructure, shape and stiffness of the
testing sample, strain rate, and the type of loading™™".
Grain size has a great influence on the Luders strain and
the morphology of the Liders bands, particularly in the
case for mild steels (eg. ref.’®). The Liiders strain decreases
significantly as the grain size increases. Zhang and Jiang®
experimentally studied the local plastic deformation of
a carbon steel subjected to monotonic tension. It was
found that the strain at the Liiders front was lower than the
full Liders strain (the length of the plateau on the stress—
strain curve). During the propagation of Liiders bands, the
local deformation is inhomogeneous. The local strain was
inhomogeneous even at the work-hardening stage.

In the paper, the BA and the CA double reduced
tinplates for can making industry have been analysed.
Inhomogeneous plastic deformation of DR tinplates under
tension loading was experimentally studied.

2. Experiments

Tinplates are currently produced mainly two ways of
rolling. Thicker steel sheets (0.18-0.30 mm) are produced
by single reduction, after which the plates are
continuous annealed. The sheets of smaller thickness
(0.135-0.18 mm) are after the single reduction and an-
nealing a second time rolled (double reduced — DR). Most
of the current packaging sheets are further processed by
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drawing (drawing two-pieces containers, lids, twist caps,
etc.). For this reason, the thin sheets of packaging have to
meet certain requirements on the mechanical and plastic
properties. Compliance with mechanical properties that are
mainly characterized by the yield stress and the tensile
strength, it is currently difficult to achieve by the manufac-
turer within the required limits. Significantly greater prob-
lem is the plastic properties of thin metal packaging and
method of their evaluation. At present the evaluation of
thin sheets for packaging (in terms of standards) mainly
the tensile test is used, but on the basis of supplier — cus-
tomer relations are often used other tests (Springback test,
Erichsen cupping test, Bulge test, and others). Based on
past experience, the tensile test seems to be problematic
for evaluation of thin steel packaging DR sheets®*.

In this work, a double reduced tinplates of TH550CA
and TS550BA, respectively, with thicknesses of 0.17 mm
were used for experiments. To determine an anisotropic
properties of tested materials for the uniaxial tensile test
samples in rolling direction 0° and perpendicular direction
90° in respect of rolling direction have been taken. From
the uniaxial tensile test the following parameters have
been evaluated: the yield stress, the ultimate tensile
strength and total elongation.

The measured values are shown in Table 1. Typical
chemical compositions for the tested materials are given in
Table II.

Microstructures of the investigated steels in the direc-
tion of 0° and 90° are shown in Fig. 1 and Fig. 2. For both
annealing processes of tested thin steel sheets the failure
zones are shown in Fig. 3 and 4.

For these sheets that show Liders band slip at uniaxi-
al tensile test it is problematic to determine the value of
maximum uniform deformation®. On tested samples it is
showed a strain creation in specific sample sections. It

Table |
Mechanical properties of DR tinplates with thickness of
0.17 mm
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Uniaxial test Biaxial test

RpO,Z Rm Aso Re Rm Ag
[MPa] [MPa] [%] [MPa] [MPa] [%]

Sample

TS550BA L 442 434 3.7 509 598 44

TS550BA || 429 420 57

TH550CA L 538 563 45 469 609 @ 12.7
TH550CA || 579 591 105

Table 11

Chemical composition of experimental materials

Composition C  Mn P S Si Cu Al Cr
[%]

TS550BA  0.081 0.41 0.018 0.003 0.006 0.041 0.04 0.02

TH550CA  0.055 0.17 0.018 0.002 0.008 0.036 0.05 0.02
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Fig. 1. Microstructure of TH550CA (left) and TS550BA
tinplates (right), direction 0°

Fig. 2. Microstructure of TH550CA (left) and TS550BA
tinplates (right), direction 90°

starts in one place, suddenly stops and passes into a com-
pletely different sample place (see Fig.4). During the
propagation of Liiders bands, multiple Liders fronts can
be formed. Under tension with a constant axial load, the
Liders front was approximately parallel to the material
plane of maximum shear stress”.

As for batch annealed sheets there have been ruptures
in all samples during local sheet strain without any expan-
sion of strain in the whole measured length of tested sam-
ples (see Fig. 3 and 4).

In Figs. 5 and 6, the surface failures of tested samples
are shown. From Fig. 5a) we can expressly conclude that
except primary slip planes where the rupture of tested sam-
ples appeared, also the so called secondary slip planes
appeared in their proximity.

Local thinning of tested sheet has occurred in these
places, as well. In the rest of measured part the tested sam-
ple has not been plastically deformed. The rupture surface
in Fig. 5a, but also the detail in Fig. 5b and in Fig. 6 show,
that in the place of sample rupture a sharp contraction
(necking) has occurred. It points at the fact that the materi-

Fig. 3. Rupture of samples after uniaxial tensile test of
TH550CA (left) and TS550BA (right) with several slip planes
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Fig. 4. Single slip plane of TH550CA tinplate (left) and multi-
ple slip planes of TS550BA (right)

SEI 100KV

Fig. 5. Fracture of the TH550CA, a) side view, b) the detail of
fracture surface

Fig. 6. Perpendicular view of fracture surface and slip planes
of TH550CA tinplate

al itself has better plastic properties than the plastic proper-
ties measured by method of elongation at uniaxial tensile
test.

3. Experimental results and discussion

Mean value of elongation of the sheets from 1 to
3 % was measured. Significant differences in mechanical
properties were observed in the direction of 0° and 90°. In
most cases, the difference of elongation was about 100 %.
The results of mechanical tests showed that the uniaxial
test of tinplates, especially double reduced, does not pro-
vide a true representation of their plastic properties. This
fact is fully reflected in cupping test when the cups from
packaging steel sheets with an elongation from 1 to 3 %

LMP 2011

s539

Regular Papers

were produced (LDR = 1.67) (ref.”®). Despite very low
values of the elongation, it was found that the failure is
typical plastic (Fig.7) and there is a large contraction
(Fig. 5). From the details of fracture surface in Fig. 5b, but
mainly from Fig. 6, we can clearly see the slip planes
which are observed on the surface of the sheet near the
fracture as waves. Thus, these tinplates have the local plas-
ticity, but either the plastic strain is inhomogeneous on the
whole gage section of the sample or plastic strain propa-
gates only in local band and continue to failure. This cross-
section is not able to transfer the strength necessary for the
strain of another section of tested sample. The fracture sur-
face shows characteristic signs of plastic intercrystalline
fracture expanding along grain boundaries where inclu-
sions can be found.

Fig. 7. A detail view of fracture surface of TH550CA

A general concept is that the end of the plateau is the
starting point of homogeneous deformation in the gage
section. However, the results shown that at the end of the
plateau, the local deformation was still inhomogeneous.
The inhomogeneous deformation persisted in the work-
hardening stage. This observation is consistent with that
observed by other researchers*®. It was found that the local
axial strain increased linearly and rapidly with time, indi-
cating the propagation of the Liders front over the area.
A large amount of ferrite grains within this area experi-
enced plastic deformation. For a mild steel, authors’
pointed out that the strain rate at the Liders front was ra-
ther high and some dislocations unable to move at the high
strain rate can continue to move at a slow velocity after the
front has passed them. Some deformed ferrite grains may
deform further and some undeformed ferrite grains may
experience a delayed plastic deformation. Such actions re-
sult in creep deformation. Similar phenomenon was ob-
served in a monotonic tension of a mild steel® and an alu-
minum alloy?®.

Localization of deformation and fracture in a tensile
test samples can be explained by the Marciniak theory,
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whereby the localization of deformation occurs in areas
with material inhomogeneity. Inhomogeneity can be repre-
sented by changing the microgeometry of the surface of
the material or inhomogeneity (inclusions, cracks caused
by one particular reduction of the grain boundaries). Fail-
ure of samples is probably initiated by the creation of the
local neck in a certain place of the sample. This results in
earlier failure and lower ductility. Thus, so narrow region
cannot further transmit escalating loading and failure oc-
curs just in this area.

4. Conclusions

In this paper, the causes and diversity of inhomoge-
neous strain were studied. The failure of tinplates during
plastic deformation of simple uniaxial test sample was
analysed. Experiments showed that plastic deformation of
the samples during loading occurs only in certain places.
This means that the plastic deformation do not extend to
whole volume of the sample. On the other hand, the analy-
sis of the fracture surface indicates that there is no brittle
fracture. From achieved contraction of the sample it is
clear that ductile fracture is concerned. This phenomenon
can be attributed to inhomogeneity of the material struc-
ture, while the way of annealing of the material and struc-
tural inclusions, respectively, influence behaviour of the
tinplates during loading. One of the conclusions is that
there is usually either a one slip plane (TH550CA) with lo-
calization of the deformation in the slip plane up to failure
or more slip planes (TS550BA) with Liiders bands. More
slip planes may be related to the fact that microstructure of
the TS550BA tinplate include a larger grains.

This contribution is the result of the projects imple-
mentation: Center for research of control of technical,
environmental and human risks for permanent develop-
ment of production and products in mechanical engi-
neering (ITMS:26220120060) supported by the Research
& Development Operational Programme funded by the
ERDF and VEGA 1/0396/11.
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Tinplates are mainly processed by forming
nowadays. It is necessary to know their properties for the
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The paper deals with the inhomogeneous plastic defor-
mation during uniaxial loading and the localization of
plastic deformation which lead to the early failures of the
tinplates. Causes of inhomogeneous strain and local propa-
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1. Introduction

The automotive industry is currently working to ac-
commodate the conflicting requirements of both environ-
mental legislation and customer demands for greater per-
formance and more luxury and safety features, by develop-
ing a light-weight and therefore essentially, energy-
efficient vehicle’. One of the possibilities of decreasing the
car weight and consequently lowering the fuel consump-
tion is using various combinations of materials, such as
combination of conventional deep-drawn steel sheet and
high-strength steel sheet. In the areas, where high passive
safety is needed, high-strength steels such as TRIP can be
used. The usage of such steels can significantly reduce the
car weight?.

The increasing use of coated, lightweight and high-
strength materials has led the automotive industry to re-
examine traditional methods of component assembly. For
example, direct welding of dissimilar sheet metals has
proven to be difficult or impossible; thus, alternative join-
ing techniques, such as mechanical fastening systems,
have attracted increasing interest and applications in recent
years. Mechanical fastening encompasess a broad range of

Table 11
Chemical composition (wt.%) of used materials

Table |
Basic mechanical properties of used materials (*not speci-
fied)

Rpo.2 Rm Asgo Ngo
[MPa] [MPa] [%]
H220PD 238 382 36 0.228
TRIP40/70 450 766 26 0.278
DX51D+Z > 140 270-500 >22 *

methods, from threaded fasteners to different forms of
rivets and mechanical interlocking methods®.

One of these methods is clinching technology, which
has not attracted much attention from researchers as yet, so
it has not been studied deliberately so far. Clinching does
not use any kind of appending joining components (such
as screws, bolts)*.

Only a die and a punch are used to press the sheet
components to finish the whole joining process. The
clinching process is a combination of drawing and forming
that locks together sheets metal layers. The blanks are
plastically deformed and the shape of the tools remains
theoretically unchanged during the clinching processes.
The punch is movable, whereas the fixture and the die are
fixed during the process. The punch force needed for the
joining process depends on the thickness and the strength
of the materials to be joined, the size of the tools and fric-
tion coefficient usually varies from 10 to 100 kN (ref.>?).

The paper evaluates joints made by clinching the
following materials: microalloyed steel HSLA H220PD,
TRIP steel 40/70+Z100MBO and drawing grade steel
DX51D+Z.

2. Materials and methods

The following steel sheets were used for experimets:
microalloyed steel HSLA H220PD with the thickness of

Material Chemical composition in [%] wit.
C Mn Si P S Al Cu Ni Cr Ti
H220PD 0.06 0.7 05 0.080 0.025 0.020 0.011 0.017 0.310 0.037
TRIP 40/70 0.204 1.683 0.198 0.018 0.003 1.731 0.028 0.018 0.055 0.009
DX51D 0.64 0.178 0.007 0.016 0.002 0.120 0.041 0.02 0.023 0.002
\% Nb Mo Zr
H220PD 0.002 0.026 0.005 0.001
TRIP 40/70 0.004 0.004 0.008 0.007

s541
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0.8 mm, TRIP 40/70+Z100MBO with the thickness of
0.77 mm and DX51D+Z with the thickness of 0.9 mm.
Their basic mechanical properties and chemical com-
position are shown in Tables | and Il. Mechanical proper-
ties of DX51D steel were specified by producer.
According to the orientation of punch and die to the
position of upper and lower joined material, following
combinations of steel sheets for press joining were used:
- Samples A:
H220PD (ap= 0.80 mm) and TRIP (a;= 0.77 mm)*
- Samples B:
TRIP (o= 0.77 mm) and H220PD (a,= 0.80 mm)*
- Samples C:
H220PD (ap = 0.80 mm) and H220PD (ap = 0.80 mm)
- Samples D:
TRIP (ag=0.77 mm) and DX51D (a; = 0.90 mm)*
- Samples E:
DX51D (ay=0.90 mm) and TRIP (ao=0.77 mm)*
(*sheet on the die side of press joining tool)
The samples with dimensions of 40 x 90 mm and
30 mm lapping according to STN 05 1122 standard were
used for the experiments (Fig. 1). Six samples were pre-
pared for every combination of sheets. It is not necessary
to clean the surfaces of samples before clinching’.
Clinching was performed on the tension machine ZD
40 made by Werkstoffprifmaschinen Leipzig Company
with the loading range of 40 kN. The force needed for

Fig. 1. Dimensions of samples for the tensile test and principle
of clinching

Table 11
Measured values of carrying capacities
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joining was 30 kN. The carrying capacities of the clinched
joints were evaluated according to standard STN 05 1122
— Tensile test of spot welded joints. This test was used for
measuring the maximum carrying capacities Fmax of the
clinched joints. The test was carried out on the metal
strength testing machine TIRAtest 2300 produced by VEB
TIW Rauenstein, with the loading speed of 8 mm min™.

Further tests for quality evaluation of clinched joints
included the metallographical analysis and microhard-
nesses analysis according to STN EN ISO 6507-1 stan-
dard. Microhardness analysis was performed on the sam-
ple C with HSLA H220PD sheets.

The results of carrying capacities of clinched joints
were compared with the carrying capacities of resistance
spot welded joints.

3. Results

The measured values of carrying capacities of
clinched joints after tensile test in comparison with the
measured values of carrying capacities of resistance spot
welded joints are shown in Table Ill. The resistance spot
welded joints were made with the optimized values of
welding parameters®®, The resistance spot welds of all
observed samples reached higher values of carrying capa-
cities in comparison with clinched joints. On average, the
clinched joints reached 13 % (samples A), 18 % (samples
C) and 21 % (samples E) of carrying capacities of re-
sistance spot welds.

The carrying capacities of samples B and samples D
were not measured, because the joints were not successful-
ly made. The upper sheets of both samples (TRIP 40/70
steel) were cut off in the place of the joint and then pressed
to the lower sheet (Fig. 2).

The average value of carrying capacities of samples
A was 1008 N. The cracks in the TRIP steel were observed
on the die side (Fig. 3), which could possibly have a nega-
tive effect, especially during dynamic load. The cracks can
even decrease the joints’ corrosion resistance. The values

Number of Carrying capacity Fmax [N]
sample Samples A Samples C Samples E

cl RSW CJ RSW CJ RSW
1 939 7310 980 5305 1087 7420
2 985 7641 1008 5290 1584 7644
3 1016 7680 956 5072 1334 7710
4 1080 7172 924 5260 1834 7417
5 1093 7417 973 5238 1973 7565
6 937 7581 978 5177 1658 7513

CJ - clinched joints, RSW - resistance spot welded joints

s542
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H220PD

Fig. 2. Sample B without creating a clinched joint

TRIP

_

cracks

Fig. 3. Sample A after tensile test with cracks in the CJ joint

of carrying capacity of samples A are similar to the values
measured in clinched joints of the common drawing grade
steel sheets, as was published in®.

The average value of carrying capacity of samples C
was 970 N. No cracks occurred in the place of the joint
from the side of the die. The carrying capacity values of
samples C are similar to the values measured in clinched
joints of common drawing grade steel sheets.

The average value of carrying capacity of samples E
was 1578 N. Cracks in the TRIP steel on the die side were
observed, similar to those in sample A (Fig. 3). The mea-
sured values of carrying capacity of samples E are higher
than those of samples A and C, which is probably caused
by the thicker material of the upper sheet in the joint
(DX51D of 0.9 mm).

Figs. 4 and 5 shows the obtained load—displacement
curves of clinched joints and spot welded joints os the
sample C. The maximum load value of clinched joint is
about 1000 N and the maximum load value of spot welded

Fig. 4. Load—displacement curves of clinched joints — sample C
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joint is about 5000 N. Fig. 6 shows the obtained load-
displacement curves of clinched joints of all successfully
made samples A, C, and E. The curve shapes of samples A
and C are very similar as well as the values of their carry-
ing capacities.

The metallographical analysis confirmed that the area
with the most significant thinning in the joint is its critical
area (Fig. 7).

There occured failures in such areas during tensile
tests of samples A, C and E, and during the clinching pro-
cess in samples B and D. The metallographical analysis
confirmed the occurrence of cracks in the TRIP steel on
the die side of the joints in the round part (Fig. 8).

Fig. 9 presents a sample C with marked areas of mi-
crohardness measurements and the measured values. The

Fig. 5. Load-displacement curves of spot welded joints—
sample C

9
Displacement [mm]

10 11 12

Fig. 6. Load-displacement curves of clinched joints

Fig. 7. The critical area of clinched joint — sample C
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Fig. 8. The cracks in TRIP steel on the side of die — sample A

Fig. 9. Microhardness values of the sample C

measurements show the changes in the clinched joint,
where the highest microhardness vaules were measured in
the critical area of the clinched joint.

4. Conclusion

The paper focused on the evaluation of clinched
joints of various material combinations. Microalloyed steel
HSLA H220PD, TRIP steel 40/70+Z100 MBO and
DX51D+Z steel were used for the experiments.

The influence of the orientation of joined materials
regarding the position of punch and die of the tool was
also observed. The material combinations of TRIP 40/70
with H220PD as well as TRIP 40/70 with DX51D, where
TRIP steel is oriented towards the punch, are not suitable
for joining by clinching, because the joints were not suc-
cessfully created. Failures occur during the clinching pro-

LMP 2011
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cess in the critical areas of joints. The same material com-
binations where TRIP steel is oriented towards the die
proved to be unsuitable for joining by clinching, even
though joints were created, because there occur cracks in
TRIP steel, which could negatively affect the joint, espe-
cially during dynamic load. The cracks can even decrease
the corrosion resistance of the joints.

The only combination that proved to be suitable for
joining by clinching was a combination of H220PD mate-
rials — sample C. The carrying capacities of these samples
were sufficient and the metallographical analysis con-
firmed no occurrence of cracks or failures in the area of
clinched joints. The carrying capacity of these joints
reached about 20 % of the carrying capacity of resitance
spot welded joints of the same materials.

The paper was elaborated within the project Center
for research of control of technical, environmental and
human risks for permanent development of production and
products in mechanical engineering (ITMS:26220120060).
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mately 20 % of the carrying capacity of resitance spot
welded joints.
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1. Introduction

In bone tissue engineering, there is a great need to en-
gineer multi-phase materials that combine the advantages
exhibited by each component of the material, and that have
a structure and composition similar to that of natural
bone®. In our project, we design biomimetic nanocompo-
site materials that promote the regeneration of defective
bone tissue with the required rate of biodegradation. The
proposed composition of the material imitates the real
bone structure, and combines the advantages of nano fi-
bers, aliphatic polyesters, collagen, and calcium phos-
phates. This study uses nanoindentation to evaluate the in-
fluence of various weight fractions of polymeric nano-
fibrous phase on the mechanical properties of a composite
based on collagen type | matrix and poly(DL-lactide)
nanofibers (PDLL). The preparation of composite test
samples for nanoindentation and the structure of the sam-
ples are discussed.

2. Materials and methods

Composites based on PDLL (PURASORB PDL 05,
Purac Biomaterials, the Netherlands; inherent viscosity
0.5 dl g™) nano fibers and collagen type | matrix were pre-
pared. A poly(DL-lactide) nanofibrous omnidirectional
filler (Fig. 1) was prepared by electrospinning (NS 8A
1600, Elmacro Ltd., Czech Republic) from a chloroform
solution?. Collagen matrix 1SC4 was isolated from fish
skin (carp) under denaturing conditions (40 °C, acetic acid,
30 min) followed by lyophilization according to PeSakova
et al.> Composite samples were prepared with 6 different
weight fractions of nanofibers (0, 60, 70, 73, 80, 87 wt.%)
and hardened onto polymethylmethacrylate supporting
plates (AZ Plastik, Czech Republic).

$545

Fig. 1. SEM micrograph of poly(DL-lactide) omnidirectional
nanofibers (mag. x 10,000)

Briefly, all composite samples were prepared by
impregnation of PDLL with collagen/deionized water dis-
persion. The collagenous dispersion was prepared in the
IKA DI18 homogenisator (IKA Werke GmbH, Germany)
(at a rotation speed of 20.000 min™* for 2 minutes) by dis-
persion of 0.5 g of collagen in 100 g of deionized water.
The weighed amount of the PDLL nanofibrous layer was
placed on to separating foil and impregnated with
a weighed amount of collagenous dispersion in order to
achieve the chosen weight fraction of the nanofibrous filler
after water evaporation (at room temperature). Four layers
prepared using this procedure were cut into an appropriate
size and laid on a polymethylmethacrylate supporting
plate. Finally, the supporting plate and the composite were
covered by a separating foil and hardened at 50 °C under
a pressure of 4 kPa. A relatively low temperature was cho-
sen to be below the glass-transition temperature of colla-
gen* and PDLL®,

The assessment of various weight fractions of the
nanofibrous phase on the mechanical properties (reduced
elastic modulus E;) of the composites was studied using
the nanoindentaion mode, which is an option of the Hy-
sitron Tribolndenter™ TI 950 nanomechanical instrument
(Hysitron, USA). A Berkovich diamond fluid tip with apex
radius ~120 nm was used for the nanoindentation tests. For
each tested composite, indents were applied on five
60 x 60 um areas as a matrix of 5 x 5 indents with 15 um
separation (with 25 uN applied force, lift height 100nm,
preload 1 uN).

The prepared composites were also investigated by
image analysis, using a QUANTA 450 electron SEM
microscope (FEI Company, USA) under a high vacuum,
with an Au coating film on the samples.

A statistical evaluation was carried out using the fol-
lowing methods (STATGRAPHICS Centurion XV,
StatPoint, USA): the statistically significant differences
were checked by nonparametric methods (the Kruskal-
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Wallis test, o = 0.05); the Mann-Whitney test was used as
a post hoc test (oo = 0.05); and the confidence intervals for
the mean values were calculated at a significance level of
o =0.05.

3. Results and discussion
The reduced elastic modulus of composites based on

collagen matrix and PDLL a nanofibrous phase was
measured (Fig. 2).
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Fig. 2. The reduced modulus E, of the tested composites
(* denotes values without statistically significant differences,
Mann-Whitney post hoc test, o. = 0.05)

The obtained value for the modulus of pure collagen
matrix (0 wt.%) is in reasonable agreement with earlier re-
sults obtained by various methods (2-11.5 GPa)®’. After
additions of 60 wt.% of nanofibers, the modulus decreases
markedly from 5.45-3.95 GPa to 1.17-0.91 GPa. A further
decrease in the reduced modulus (in the case of composites
with 70-87 wt.% of PDLL) is less marked.

It can be deduced from the trend of this decrease that
the higher the amount of PDLL, the lower the reduced
modulus will be. This finding can be explained by the
lower elastic modulus of the PDLL precursor used for
electrospinning the nanofibers (0.47-0.59 GPa)’. The
omnidirectional orientation of the nanofibrous phase and
mainly the porosity of the composites are probably other
important factors that influence the process (Fig. 3). It
should be noted that the E, values can also be partly at-

Fig. 3. SEM micrograph of a cross section of the collagen/
PDLL (60 wt.%) composite illustrates the apparent porosity
(mag. x 5 000)
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tributed to the fact that in nanoindentation the Young’s
modulus represents the lateral elasticity at the surface, ra-
ther than the bulk stiffness. For further analyses in our
study, it will be necessary to improve the preparation of
the composite samples. The improvement will focus on
a superior fibrous phase filling with collagenous matrix,
and on applying the hardening process under higher pres-
sure. The porosity of the samples will be analysed.

4, Conclusion

The results provide an assessment of the different
weight fraction of the composite reinforcing phase. In
general, the PDLL nanofibrous phase decreases the elastic
modulus of the composites studied here. The
nanoindentation method seems to be a suitable tool for de-
termining the mechanical properties of composite materi-
als variously modified at the nanoscale.

This research was supported by the Czech Science
Foundation (project No. 106/09/1000), and by Ministry of
Education project Transdisciplinary Research in Biomedi-
cal Engineering Il., No. MSM 6840770012.
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1. Introduction

Gypsum hydration starts right after the mixing of wa-
ter with gypsum. The process of hydration and setting de-
pends on multiple factors'. These effects can be observed
on several scales. Usually, two levels (micro- and macro-
scale) are considered at least. Material properties of
hardened gypsum on macro-level (e.g. thermal and me-
chanical properties) depend on the material structure
(namely porosity) and prevailing matrix properties®. As the
main factor, water to gypsum ratio determines the value of
total porosity which is an effect of over-stoichiometric wa-
ter. Micro-level material properties depend on microstruc-
tural parameters like chemical purity of the used gypsum
(plaster); ratio between the three main components of the
gypsum binder, i.e. calcium sulfate anhydrite (different
phases), calcium sulfate hemihydrate a- or B-gypsum and
calcium sulfate dihydrate®*; some impurities and eventu-
ally additives; size and ordering of calcium sulfate dihy-
drate crystals™®, etc.

The main objective of this paper was to compare mac-
ro- and micro-elastic properties of studied gypsum materi-
als and to find the dependence between macro- and micro-
mechanical properties in connection with porosity.

2. Materials and samples

Three different materials on gypsum basis were se-
lected for the testing. The first one was commercially
available dental gypsum Interdent® based on o-calcium
sulfate hemihydrate (“Dental gypsum series”). The water
to gypsum ratio was 0.2 in this case®. The second one was
a flue gas desulphurization gypsum (FGD) based on B-
calcium sulfate hemihydrate produced at Electric Power
Station Pocerady (Czech Republic). These samples were
denoted as “FGD gypsum series”. The water to gypsum ra-
tio was 0.627 in this case. The last series was commer-
cially produced grey gypsum based on B-calcium sulfate
hemihydrate (Gypstrend Ltd. — Kobeftice near Opava in
Czech Republic) denoted as grey gypsum (after typical

color of this gypsum which contained 50 % of natural cal-
cium sulfate dihydrate). The water to gypsum ratio was
0.71. Table I shows the basic material properties as bulk
density, total porosity and values of micro-porosity lower
then 1 um. This part of the porosity was assumed to be
naturally included in the nanoindentation data since the
indentation volume under the tip covered a region of
~1-2 pm®,

Table |
Basic material properties of the tested samples

Material Bulk Total open  Open porosity
density porosity lower then
[kg m™] Mm™]  1pum[m*m™
Dental gypsum 2020 0.19 0.12
FGD gypsum 1220 0.51 0.14
Grey gypsum 980 0.61 0.13
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3. Experimental methods and results

First, the macroscopic values of dynamic Young’s
modulus on macro-level were measured by non-
destructive impulse excitation method’ which is based on
measuring the fundamental resonant frequencies. The test
arrangement was done for longitudinal vibration. The
specimen with dimensions of 40x40x160 mm was sup-
ported in the midspan, i.e. the fundamental longitudinal
nodal position. The acceleration transducer Bruel&Kjaer
of Type 4513B was placed at the centre of one sample end
face. The opposite end face was hit by the impact hammer
Bruel&Kjaer, Type 8206. From the obtained results, the
weight of the sample and the dimension of the sample,
values of dynamic Young’s modulus were calculated’. To-
tal open porosity and values of micro-porosity were calcu-
lated from results obtained from mercury porosimetry and
pycnometric density measurements.

Micromechanical properties of dental gypsum sam-
ples were measured by using CSM Nanohardness tester.
Quasi-static loading consisted of 10s of linear loading
(rate 30 mN min™), 10 s of holding period at constant peak
force 5 mN and 10 s of unloading (rate 30 mN min™). The
distance between individual indents was set 15 um to
avoid mutual influences®. Elastic constants were evaluated
for individual indents by standard Oliver and Pharr
methodology®. Poisson’s ratio was estimated to be 0.2 for
all cases. Grid nanoindentation and deconvolution tech-
niques were applied®. Three phase microstructural system
was assumed based on the shape of experimental histo-
grams of elastic moduli®. Thus, the anisotropy of gypsum
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crystals was replaced by the phase differences at a decon-
volution process®®. The dental gypsum composed of one
dominant phase (E=37.2GPa, 71.2%) and two minor
phases (E=19.4 GPa, 4.4 % and E=56.3 GPa, 24.4 %) >°.

To compare results from different methods, macro-
scopic elastic properties were predicted from analytical ho-
mogenization scheme, namely Mori-Tanaka method*°,
with the assumption of a two-phase composite — matrix
(having the properties received from nanoindentation and
lower level homogenization®™° of the three phase system
and air pores larger than 1 um. The homogenized Young's
modulus for the matrix was 34.8 GPa. Results from macro-
scopic dynamic measurements showed on the value
36 GPa, i.e. the agreement of the macroscopic value and
the micromechanically predicted one was within 3.3 % in
this case.

Since the direct micromechanical measurements on
FGD and grey gypsum samples faced significant obstacles
in the form of very high porosity and roughness it was de-
cided to use inverse analysis and predict micromechanical
properties of the matrix from the macroscopic ones using
the same principles as in case of dental gypsum. The ob-
tained results are summarized in Table II. It can be seen
that micro elastic properties of FGD and grey gypsum
samples (based on B-gypsum composition) are approxi-
mately 2.6-2.8x lower then those for dental gypsum (o-
gypsum composition).

Table Il
Measured/calculated Young’s moduli

LMP 2011

Gypsum Macroscopic Microscopic
Young’s modulus (homogenized
[GPa] matrix) Young’s
modulus [GPa]
Dental 36/34.8 — 40.0
FGD 71- — 15.2*
Grey 5/- — 14.2*

Note: *denotes results obtained from inverse analysis. An
arrow indicates the analysis direction

4. Conclusions

The paper presents comparison of micro- and macro-
mechanical properties of several types of gypsum materi-
als in dependence on their different chemical origin and
porosity. Grid nanoindentation, statistical deconvolution
and porosimetry were utilized. Good agreement within
3.3 % was found in case of dental gypsum samples based
on a-gypsum composition. The analytical homogenization
was used in the prediction of either microscopic matrix
properties (for dental gypsum) or for the inverse analysis
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of microscopic properties from the known macroscopic
ones (for FGD and grey gypsum samples). This analysis
points on the approximately 2.6-2.8x lower microscopic
elastic properties of B-gypsum based samples. Such hy-
pothesis will be subsequently verified using nanoindenta-
tion which was beyond the scope of this contribution at
present.

Support of the Czech Science Foundation
(P105/12/0824) and Ministry of Education of the Czech
Republic (MSM 6840770003) is gratefully acknowledged.
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Micro- and macro-level elastic properties of three
types of gypsum samples (dental gypsum, flue gas desul-
phurization gypsum and grey gypsum) were compared.
Grid nanoindentation, statistical deconvolution and
porosimetry were used on lower composite level and non-
destructive impulse method on macro-scale. The transition
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Mori-Tanaka homogenization method. Good agreement
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approximately 2.6-2.8x lower then those for dental gyp-
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1. Introduction

At this time, the popularity of dental bleaching has
increased in esthetic dentistry. Tooth bleaching using dif-
ferent oxidizing agents as hydrogen peroxide or carbamide
peroxide is one of the most spread procedures’™. The ef-
fect of bleaching treatment on dental enamel has long been
a concern of many dentists, because bleaching agents react
with enamel and cause chemical, structural and mechani-
cal changes on the enamel surfaces. One of the most com-
mon methods of evaluation of changes in surface topogra-
phy®® is electron microscopy, stylus profilometery or
atomic force microscopy’. The aim of this work is to in-
vestigate the effect of two different tooth bleaching gels
containing 22 % carbamide peroxide and 38 % hydrogen
peroxide on surface microhardness and properties of dental
enamel by the 3D surface topography.

2. Materials and experimental methods

Four extracted teeth human third molars were used
for experiment. Enamel slabs of 5.0x5.0x1.5 mm were cut
from the buccal and lingual surfaces by using a precision
slow speed diamond saw with water cooling. Each cut slab
was embedded in dentacryl. Enamel surface was wet
grounded to achieve flat surface by using 400, 600, 1000
and 2500 grit silicon carbide papers. Then the prepared
slabs were placed in an ultrasonic cleaner for 3 min. Sam-
ples were stored in distilled water at room temperature
prior to the experiment. A total of 8 enamel specimens
were prepared for the experiments.

Two different bleaching gels were applied on the
prepared specimens. For experiments, ,,in home* Yotuel®
Patient with 22 % carbamide peroxide (Biocosmetics La-
boratories) and ,,in office” Opalescence Boost with 38 %
hydrogen peroxide (Ultradent products) were used.
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Yotuel® Patient was applied in 1 cycle for 3 hours and
Opalescence Boost was applied in 4 cycles for 15 minutes.
After bleaching treatment samples were cleaned in dis-
tilled water and Baseline microhardness was measured
before treatment with a microhardness Vickers indenter
(LECO LM 247 AT) at a 100 g load and 12 s dwell time.
The mean Vickers hardness numbers (VHN) were derived
from five indentations made across the enamel surface of
each specimen.

After microhardness testing, surface topography of
the specimens was evaluated on a 3D surface area by the
Talysurf CLI 1000 device with non contact confocal
gauge. The topography data were visualized and evaluated
using commercial software Talymap Platinum. Measured
area was 1.25x1.25 mm. The filter cut off which separates
the roughness and waviness area A, was set to 0.25x
0.25 mm. These roughness parameters were measured: the
core roughness depth Sy — the height difference between
intersection points of the found least mean square line, the
reduced summit height Sy — the height of the upper left
triangle and the reduced valley depth Sy — the height of
the triangle drawn at 100 %.

3. Results

The confocal microscopy image shows the bleached
surface in Fig. 1. The measured values of microhardness of
showed enamel before and after treatment remain almost
the same (see Fig. 2).

The area measured by the Talysurf CLI 1000 device
is shown in Fig. 3. The values of selected parameters be-
fore and after bleaching treatment are shown in Tab. I. The
results show that bleaching gel Yotuel® Patient has a big-
ger impact on surface roughness parameters than Opales-
cence Boost PF. The results from amplitude distribution
and material ratio curves (Fig. 4) confirmed that bleaching
gels have effects on topography of enamel. After treat-

Fig. 1. The bleached surface of dental enamel in a confocal
micrograph
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Fig. 2. Enamel microhardness before and after treatment

Fig. 3. The 3D surface roughness of bleached enamel
(Opalescence Boost)

Table |
Values of (3D) surface roughness parameters
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[um] Yotuel® Patient Opalescence Boost PF
Grounded Bleached  Grounded  Bleached
Spk 0.416 0.626 0.416 0.565
Sk 0.426 0.213 0.470 0.453
Suk 0.137 0.254 0.165 0.170

a) Opalescence Boost b) Yotuel Patient ®

Fig. 4. Amplitude distribution and material ratio curves after
treatment

ment, curves showed different slopes and different ratios
of peaks to valleys.
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4, Conclusion

The obtained results show that bleaching treatment
has only small effects on surface microhardness of dental
enamel. The values remained the same. All measured pa-
rameters of surface roughness Sy, Sy, Sw after treatment
was changed. The biggest change of surface topography
was observed for Yotuel® Patient. In this case, the parame-
ter Sy decreased from 0.426 um to 0.213 um. The results
show that “in home” bleaching gel with 22 % carbamide
peroxide has bigger impact on dental enamel roughness than
“in office” bleaching gel with 38 % hydrogen peroxide.

The work presented in this paper has been supported
by the institutional development project Support of Educa-
tion and Research in Mechanical Engineering” and by the
specific research project at the Department of Mechanical
Engineering, University of Defence.
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The aim of this study was to characterize the effect of
two different bleaching gels (with 22 % carbamide perox-
ide and with 35 % hydrogen peroxide) on the surface
roughness and microhardness of enamel. Bleaching gels
were applied according to manufacturer’s instructions. For
characterization of surface microhardness and 3D surface
roughness, non contact 3D profilometer Talysurf CLI 1000
and Vickers microhardness method were used. The results
of surface microhardness did not show significant changes
from baseline for both gels. 3D surface roughness parame-
ters showed that “in home” gel with 22 % carbamide per-
oxide caused bigger changes of enamel topography than
“in office” gel with 35 % hydrogen peroxide.
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1. Introduction

Hardness measurement is one of the most important
techniques for assessment of materials’ mechanical
properties in engineering for more than a century. It allows
the non-destructive (or minor destructive if an indent in the
surface is considered a damage) quantification of strength
as explained in classical text by Tabor'. Hardness
measurement can be employed as an effective tool for in-
vestigation of local distribution of plastic deformation
based on strain hardening material model. Homogenous
materials subjected to uniform load can be characterized
by one hardness value without a significant error, if contri-
butions from individual grain orientation, or detailed phase
distribution in structure, or if affected surface layer are
“averaged”. But when properties vary substantially or
when major gradients can be identified in the stress state
of the studied object, it is advisable to study distribution of
hardness as locally dependent variable. Arrays of indents
are used in determination of mechanical properties of ma-
terials for many decades. The technique was refined with
the introduction of precise recording of depth-force rela-
tion and of micro- and nano- indentation and introduction
of motorized computer controlled stages holding the speci-
men?. On the other hand, there are situations, where crude
information is not only sufficient, but also preferred, espe-
cially when it concerns testing on-site and on medium to
large scale specimens and constructions. In such a case it
is beneficial to use a simple hand powered device (see
Fig. 1) capable of operation in any orientation and in any
environment, provided it is enhanced by up-to-date tech-
nique enabling efficient processing of large quantity of data.

This paper is focused on the presentation of such
a technique on a study of large plastic strains in compact
tension (CT) specimens and to comparison of the results to
that obtained by thermography. This technique is demon-
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strated on investigation of permanent plastic deformation
on surface and in cross-sections of the specimen after
loading close to strength limit of the material. This
knowledge is important for estimation of the ratio between
the energy dissipated into plastic deformation and the
energy consumed by crack extension during loading pro-
cess.

2. Materials and methods

In this paper, the technique for hardness map determi-
nation will be presented on investigation of two CT speci-
mens made from the same low carbon pipeline steel of
yield strength 235 MPa in as delivered state. One speci-
men is made from the material in untreated, as delivered
state after production, while the second one was annealed
at 700 °C for 4 h. It means the two different states of the
same material were obtained: one slightly hardened by me-
chanical process during production, while the other is in
the softened state. In this state, major residual stresses
attributed to elastic interaction between lattice and other
dislocations decreased and the material recovered to the
ductile state. Thus, the two same size and same material
specimens tested in the same loading conditions offer an
interesting insight on the source and manifestation of duc-
tility in metal behavior in loading.

3. Experimental procedure

The specimens were one after another fastened into
testing machine. Displacement controlled experiment was
carried out under 2 mm min™ crosshead rate. The final dis-
placement was about 7 mm, approximately the same for
both specimens. The results were evaluated by two inde-
pendent methods — one using thermocamera and the se-
cond was semiautomatic hardness mapping technique.

3.1. Thermocamera observation

The technique for determination of plastic defor-
mation zone in the vicinity of the specimen’s notch from
thermograms based on known relations coupling mechani-
cal energy and heat was employed first. Based on this cou-
pling one can analyze stress-strain state of the material in-
directly by temperature field measurement’. Therefore
temperature fields on the specimens’ surface were periodi-
cally recorded by thermocamera FLIR during the loading.
Temperature decrease is associated with thermo-elastic ef-
fect accompanying peak of elastic field in the vicinity of
notch tip, while the temperature increase indicates energy
dissipation due to plasticity.
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Fig. 1. Hand powered portable hardness tester Meopta

Elastic deformation, e.g. extension of specimen is
associated with a decrease of temperature as the material
expands in volume when stretched. If the acting stress ex-
ceeds the yield strength, the prevailing deformation in
a given point is plastic. As plastic deformation is carried
out by dislocations movement through a lattice, a substan-
tial part of the mechanical work of the testing machine ap-
plied over specimen is converted into friction. The friction
is a dissipative process resulting in increased temperature
of the specimen. A major part of the external work is con-
verted into the heat and only a small fraction (roughly
10 %) of the work is converted into elastic energy of mutu-
ally interlocked dislocations. This energy can be deter-
mined by precise calorimetric measurement during
annealing that is realized by heating of the specimen to the
temperature about 800 °C. One of the earliest observations
of such a process is described by Clarebrough et al.* Dif-
ference in temperature field evolution in response to exter-
nal load can be seen on Fig.2. Lower yield stress and
lower strain hardening of annealed specimen (left) cause
development of plastic hinge localized in narrow strip in
the notch front, while specimen in as delivered state
hardens simultaneously in large part of the specimen as re-
flected with a pronounced temperature increase.

3.2. Hardness mapping of plastic zone

Determination of elasto-plastic state of the material
by indentation has been given a considerable attention®.
Hardness measurement of strain hardening of ductile alloy
utilizes relation between vyield strength and hardness®’.
Considering these relations, one can investigate material in
state close to its strength limit and determine the distribu-
tion of the maximal stresses in great detail over studied
area.

LMP 2011
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Normal

Annealed

Fig. 2. Comparison of temperature increase over the same
time period (20s) for specimen in annealed and in as deliv-
ered state

After the test, the plastic deformation zone based on
hardness distribution was determined on the carefully
milled and polished surface of the specimens. In the vicini-
ty of the notch that coincides with the area of the highest
strain and also of the highest strain gradient, the array of
indents has been placed by purely mechanical, portable
hand powered Vickers hardness tester. The hardness tests
were performed using standard loads (981 N and 2743 N)
generating indents exceeding dimensions of the affected
surface layer produced by the processes of cutting and
polishing known as a Beilby layer®. Dense grid of indents
was imprinted on the surface to obtain a smooth map of
hardness distribution on studied surfaces (Fig. 3).

The size of the area of interest was approximately
10 mm. In a subsequent step, the image of studied speci-
men’s surface is acquired by a flatbed scanner allowing
simultaneous reading of the data with a reasonable accura-
cy. The optical resolution of the scanner was 6400 dpi, i.e.
one image pixel represents four micrometers on the speci-
men. Considering that characteristic indent size was about
300 um on diagonal, the typical uncertainty in indent size
determination was 2 to 3 um of its size. Taking into ac-
count that hardness is a function of area, it means of the
square of the indents’ size, the error due to size measure-
ment is about 2 %, the value far below expected reproduci-
bility of hand tester.

Claimed innovation of this technique is in the im-
proved productivity and comfort of evaluation of indents’
size in the studied area by the use of the scanner and by
utilization of user-written application simultaneously.

Finally, maps of local hardness distribution in studied
areas were produced. A similar approach for determination
of macroscopic size and proportions of plastic zone is out-
lined in the paper®.
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Fig. 3. Two compared CT specimens and arrays of indents
where hardness was determined. (above — annealed, below — as
delivered) Size of the specimen is approx. 60 mm

4. Results and conclusions

Lines of the equal hardness derived from the interpo-
lated discrete measurements, as well as the indents’ origi-
nal locations with a hardness value “coded” into circle di-
ameter are presented in Fig. 4. It is noticeable that plastic
zone in the thermally untreated specimen is more wide-
spread, while the annealed specimen underwent severe
plastic deformation localized mainly in the narrowest pro-
file of the specimen. It means that plastic hinge is clearly
pronounced in the hardness map of the annealed specimen.
The highest values of hardness are not only in front of
notch, but also on opposite side of the specimen, as im-
plied by analysis of the stress field calculated from elasto-
plastic analysis of the CT specimen during loading®.

It can be summarized that for both of the specimens,
the plastic zone shape and dimensions detected as a result
of hardness measurement were confirmed similar to the
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Fig. 4. Overlay of plot and image depicts lines of equal hard-
ness in front of notch (in HV, above — annealed, below — as
delivered)

one deduced from the temperature field. This technique
can be successfully applied for complete description of the
processes controlling materials’ behavior during loading
process. In spite of slight variation in relation between
hardness, yield stress and plastic strain for a different level
of deformation'®, hardness mapping can be used for evalu-
ation of plastic deformation. Combining hardness
measurement with data from stress-strain curve of the ma-
terial, one can also estimate specimens’ plastic defor-
mation.

The presented technique is to be applied on investiga-
tion of mutual interaction between stress state at the tip of
crack and material’s hardening. This kind of information
can provide useful insight in the elasto-plastic fracture be-
havior of materials. Utilization of the technique on study
of hardness along the path of fatigue crack in cyclically



Chem. Listy 106, s551-s554 (2012)

loaded large elements of steel railway bridges is another
possibility. The simplicity of the technique also allows for
its application on truly small scale in evaluation of arrays
of indents from SEM micrographs.

The research has been supported by Grant Agency of
the Czech Technical University (grant No. SGS12/205/
OHK2/3T/16), Czech Science Foundation (103/09/2101),
RVO: 68378297 and by research plan of the Ministry of
Education, Youth and Sports MSM6840770043.
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Faculty of Transportation Sciences, Prague, Czech
Republic): Determination of Local Distribution of
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Load Approaching its Strength

The paper presents enhanced method for study of se-
vere plastic deformation by hardness mapping utilizing
portable hardness tester, flatbed scanner and software pro-
cessing tool. This technique can be advantageous in situa-
tions, where crude information is not only sufficient, but
also preferred, especially when it concerns testing on-site
and on medium to large scale specimens and construction.
Validity of the approach is supported by a comparison of
hardness mapping results to the results obtained by an in-
dependent method based on evaluation of plastic strains
from thermograms. It is shown that both methods deter-
mined similar shape and the extent of the plastic zone of
the studied specimens.
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1. Introduction

New possibilities of measurements bring increased
interest for research in mechanical and tribological proper-
ties of surface layers of materials.

Wear behaviour of coatings and materials has usually
been described in terms of mechanical properties such as
hardness (H) and reduced elastic modulus (Er). Na-
noscratch test is also widely used to determine abrasion re-
sistance of materials.

Tribological tests usually use performed kind of wear
process to assess material surface characterization. Typi-
cally the wear tests are handled using full scale experi-
mental model and tribological evaluations of the samples
are focused on the damage characterization and material
wear loss expressed volumetrically.

Tests results parameters can provide complex image
of the material behaviour and are usually used for com-
parison of several types of microstructure. During these
approaches is difficult to distinguish which degradation
process played major role during wear processes.

This work is focused on quantitative characterization
of wear resistivity of the material surface and mathemati-
cal modeling of wear process using scratch test'?,

2. Normalized scratch energy NSE

Quantification of work can be described by integral
of the ratio of acting force and indenter depth over the
scratch length:

F, is lateral force; I is length of nanoscratch test; h is depth

I 1
NSE = j%dl @
lo

of nanoscratch test

In this research a new approach to evaluating the re-
sults of nanoscratch test is used. The result of this ap-
proach is based on normalized scratch energy NSE.
With the NSE we can accurately numerically quantify the
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results of the nanoscratch test and also quantify the abra-
sion resistance of the material.

Materials with higher values of NSE have higher re-
sistance to abrasive violations.

Condition for comparing values of NSE is
a standardized load function of nanoscratch test, which
must be the same for all compared measurements®.

3. Experimental procedure

There were performed set of experiments with pure
silicon crystal in different crystal orientation planes. In this
work is presented energetical approach to evaluation of the
scratch test for two crystal orientations and wide range of
the condition of the scratch.

This work is focused mainly on mathematical model
of the scratch test itsels. Nanoscratch tests were performed
on single crystal of silicon with orientation (100) and
(112).

Nanoscratch test was performed on the Hysitron Tri-
boindenter TI 950 device. Nanoscratch tests were per-
formed with normal forces 500 uN and 1000 uN in both
orientations. Three tests were performed for each force and
orientations. Length of nanoscratch test was 10 um and a
velocity of the tip was 0.33 pm s~ With the higher veloci-
ty of the tip the value of NSE will increase, because the re-
sistence of the material and the lateral force will increase.

Nanoscratch tests were performed by Berkovich dia-
mond tip. In this case tip orientation on the track of na-
noscratch test is important.

Fig. 1 shows different orientation of the tip. The
lateral force will be different in both cases. The lateral
force will be lower in Fig. 2a than Fig. 2b. Therefore, the
value of NSE will depend on the orientation of indentation
tip. Experiment results are only for comparison wich each
other, because they were tested in the same orientation of the
tip.

The ideal is nanoscratch test performed by spherical

Fig. 1. a) ideal alignment of the indentation tip b) real align-
ment of the indentation tip*
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Fig. 2. Ideal nanoscratch test for measurement NSE*

indentor, which guarantees the same orientation of the tip
and the reproducibility of results.

4. Results

Nanoscratch tests were performed on single crystals
of silicon with orientations (100) and (111). The resulting
values of NSE for normal forces 500 uN and 1000 uN are
shown in Tab. | and average values are shown in Tab. II.

Single crystal Si (111) had a higher value of NSE
than single crystal Si (100). Higher NSE values of single
crystal Si (111) reflect a higher abrasion resistance of this
single crystal orientation. Difference of NSE values was
very small for both orientations (very small difference of
abrasive resistance), but this difference was recognizable
by this method. The cause of a small difference in values
of NSE was the crystallographic orientation of the test sur-
face.

Table |
Results of NSE
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NSE x10°® Si (100) Si (111)
[uNpm/nm]
12.48 15.39
500 uN 12.34 13.61
12.57 14.85
9.67 11.81
1000 pN 9.79 11.79
9.31 12.03
Table 11
Average results of NSE
NSE x10° Si (100) Si (111)
[uNpm/nm]
500 pN 12.46+0.09 14.62+0.75
1000 uN 9.59+0.20 11.88+0.11
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5. Conclusions

This paper demonstrates a new approach to evalu-
ating the abrasion resistance of materials and surface lay-
ers. Value of NSE is calculated by quantification of energy
consumed during the nanoscratch test. This energy is nor-
malized by depth of nanoscratch test. The value of NSE
corresponds to the abrasive resistance of the material. The
value of NSE increases with increasing resistance of the
material.

The obtained results are dependent on the orientation
of the tip and parameters of the nanoscratch test (normal
force, speed of lateral displacement).

In the experimental section were compared two sin-
gle crystal of Si with different orientation (100) and (111).
Different values of NSE were measured for both orienta-
tions. The NSE value of the single crystal Si (111) was al-
ways higher than NSE value of single crystal Si (100). The
difference was very small, but recognizable in this new
method.

This paper was created in the project of Ministry of
Education, Youth and Sports No. SP2011/170 ““The ani-
sotropy of micromechanical properties of selected type of
steel” and in project No. CZ.1.05/2.1.00/01.0040
“Regional Materials Science and Technology Centre”
within the frame of the operation programme “Research
and Development for Innovations™ financed by Structural
Funds and from the state budget of the Czech Republic,
their support is gratefully acknowledged.
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The paper presents a new perspective on the assess-
ment of abrasive failure of material and surface layers.
Wear behaviour of coatings and materials has usually been
described in terms of mechanical properties such as hard-
ness (H) and reduced elastic modulus (Er). Nanoscratch
test is also widely used to determine abrasion resistance of
materials. This new approach uses to assessment nor-
malized scratch energy NSE. The paper describes the
testing methodology and influence of each scratch test pa-
rameters on resulting value of NSE. NSE values were
experimentally measured and compared on two single
crystal of Si.
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1. Introduction

Every day, the world is generated large quantities of
waste materials, such as: water, oils, solvents and solid
waste (fly ash, glass, stone powder, mine tailings, etc). Fly
ash has emerged as a material with high potential applica-
tions in construction because it has a chemical composi-
tion similar to Portland cement, cheep material, low densi-
ty, good dispersion and fluidity®?. However, the scope
application of fly ash is very limited due to fly ash is grey
or black in color; using only to product where color is not
important. For this reason, a heating method was necessary
to be developed to increase the whiteness of fly ash.

The purpose of this research is whitening the fly ash
to compete with other filler materials. And compared the
influence of adding fly ash before and after modified by
high temperature in order to obtain the compressive
strength and the hardness of geopolymer mortar is investi-
gated. Experimental results show that high temperature is
effective method to purify fly ash, high whiteness of the
particle which increased with the calcination temperature
and slightly reduced the hardness of geopolymer mortar.

2. Experimental

Geopolymer mortar prepared by mixing from calcined

shale fly dust from rotary kiln as binder (Si/Al ratio of 2.0)
with alkali activator containing NaOH and Na,SiO;z with
modulus 1.50-1.95. Next the mixture was mixed with fine
sand and fly ashes as filler’. Compressive strength testing
of mortar was performed as per AS 1012.9 using
(2 50 x 100) mm diameter cylindrical moulds.
Fly ashes used in this study came from different sources in
Czech Republic. The fly ashes were already classified into
2 names of city and coded such as: OPE (Elna Opatovice),
PRT (Prazska Teplarenska).

Fly ashes are heated to improve the whiteness at cer-
tain temperature using a furnace. Around 1 kg fly ashes
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was heated in a furnace to 200 °C, 400 °C, 600 °C, 800 °C
and 1000 °C at a heating rate of 5K/min and with a soak
time of 1 hour at the maximum temperature and finally
annealed down to room temperature. The exact weight of
fly ashes before and after heating was measured by using
an analytical balance with a resolution of 0.1 mg. Fig. 1
shows that the weight loss of fly ash samples at tempera-
ture below 200 °C is small (less than 0.2 %), it indicates
that as-received fly ash samples are relatively dry. When
fly ash samples are further heated, the weight loss will be
increased and the maximum of weight loss is at around
1000 °C. Fig. 2 shows fly ash particles before and after
heating at 1000 °C.

Fly ash particles are generally spherical in shape and
range in size from 1 um to 20 um. Figs. 3 and 4 show the
SEM photographs and corresponding energy spectrum of
fly ash OPE, PRT before and after heating at 1000 °C.
After heating at high temperature, fly ash particles may
suffer sever degradation, pitting, buckling, and breakage,
which all can eventually regress the mechanical property
of matrix. Tab. | shows the summary chemical composi-
tion of fly ashes.

Fig. 1. The weight loss as a function of heating temperature

Fig. 2. The photograph of fly ash OPE, PRT before (grey) and
after heating at 1000 °C (brown)
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Fig. 3. SEM photographs and corresponding energy spectrum
of fly ash OPE before (above) and after heating at 1000 °C
(under)

Table |
The calcination dependent composition of fly ashes
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Atomic  PRT PRT OPE OPE
[%] 1000 °C 1000 °C
Na 0.77 0.63 0.47 0.61
Mg 1.17 0.70 0.43 0.53
Al 10.89 450 12.64 13.88
Si 25.17 33.56 28.54 22.47

K 1.70 0.83 1.27 1.42
Ca 0.93 1.06 0.97 4.64
Ti 0.53 0.50 0.41 1.06
Fe 3.68 1.76 2.44 8.78
As 0.10 0.03 0.11 1.29
Cr - - 0.08 0.08
(6] 55.06 56.43 52.65 45.24
3 “ E
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Fig. 4. SEM photographs and corresponding energy spectrum
of fly ash PRT before (above) and after heating at 1000 °C
(under)
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3. Results

The obvious color difference can be observed by

a naked eye for samples in Figs. 5—7.
This high processing temperature can have significant
influence on the final properties of the geopolymer mortar.

Fig. 5. The photograph of geopolymer mortar based on fly
ash OPE, PRT before (grey) and after heating at 1000 °C
(brown)

Fig. 6. SEM photographs geopolymer mortar based on fly ash
OPE before (left) and after heating at 1000 °C (right)

Fig. 7. SEM photographs geopolymer mortar based on fly ash
PRT before (left) and after heating at 1000 °C (right)

Tabs. Il and 111 present the hardness and density of geopo-
lymer mortar based on fly ashes PRT, OPE before and
after modified particles by heating at 1000 °C.

After heating fly ash particles at 1000 °C, the hard-
ness and compressive strength of samples can be reduced
slightly but not much in Figs. 8 and 9.

4. Conclusions
The purpose of this research is using the method of

calcination temperature to whitening the fly ash to com-
pete with other filler materials. It is evident from the above
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Table 11
Properties of geopolymer mortar before and after heating
PRT fly ash (FA) particles at 1000 °C
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Table 11
Properties of geopolymer mortar before and after heating
OPE fly ash (FA) particles at 1000 °C

Water/fly ash [%] 0.25 0.33 0.37 0.40

Water/fly ash [%] 0.21 0.33 0.35 0.42

Original Density  1.75 1.62 1.47 1.53
FA [g/cm?]
Hardness 35317 279+5 19846 146+3
[HV]
FA at Density 1.73 1.56 1.42 1.46
1000 °C  [g/em’]
Hardness 34647 24947 16316 132+3
[HV]

Original Density  1.77 1.67 1.53 151
FA [g/cm’]
Hardness 31249 28249 23146 14146
[HV]
FA at Density 154 1.54 1.36 1.38
1000 °C  [g/em?]
Hardness 247+4 26748 189+3 12544
[HV]

observations that the high temperature has considerable
effect on the surface morphology and pitting of the fly ash
particles. The study are used fly ash particles as filler, the

Fig. 8. Compressive strength of geopolymer mortar based on
fly ash PRT

Fig. 9. Compressive strength of geopolymer mortar based on
fly ash OPE

particles after heated at high temperature will soften and
may have adverse effect on the structural and reduced me-
chanical properties of the geopolymer mortar. Thus, au-
thors recommend this method use in fine art sculpture,
architecture, especially where color is more important than
the mechanical properties.

The authors were supported by Ministry of Education
of the European Social Fund (ESF) — Operational Pro-
gram VaVpl under the project Center for Nanomaterials,
advanced technology and innovation”,
CZ.1.05/2.1.00/01.0005 and by project “Innovation Re-
search in Material Engineering” of PhD student Grant
TUL.
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Czech Republic): The Influence of Modified Fly Ash
Particles by Heating on the Compressive Strength of
Geopolymer Mortar

In this study, 2 types of fly ash from Czech Republic
power plants were investigated with respect to composi-
tion. Fly ashes particles are heated at high temperature up
to 1000 °C to remove the contaminant (unburnt carbon)
and the color become brighter can be observed by a naked
eye. However, the high processing temperatures can slight-
ly influence on the final properties of the fly ash and geo-
polymer mortar. After heating fly ash particles at 1000 °C,
the compressive strength of samples can be reduced slight-
ly when comparing with original fly ash.
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1. Introduction

In 1979, geopolymer was first discovered by a French
professor Joseph Davidovits, geopolymers have emerged
as a promising new material for coatings and adhesives,
a new binder for fiber composites, new cement for mortar
or concrete and environmentally sustainable properties™.
Geopolymers possess many advantages compared with or-
dinary Portland cement as the following: high fire re-
sistance (up to 1000 °C), good acid resistance, high com-
pressive strength?, etc. However, geopolymer mortar and
concrete always have flaws and micro-cracks at the inter-
faces even before an external load was applied®®, because
the micro-cracks in the matrix (in this case geopolymer
resi?) are determined as inborn defects of inorganic ma-
trix”.

Short fibers have been known and used for many
decades to reinforce brittle materials like cement®. Current-
ly, there are various types of fiber available for commer-
cial use, the basic types being glass®, carbon®, polypro-
pylene’, nylon® and some natural fibers® (coconut, jute,
rice straw, sugar cane, wood, banana, etc.). All previous
research has been concerned with short random fibers rein-
forced concrete and mortar. When combined with short fi-
bers reinforced concrete, the results showed that concrete
increases its mechanical and fracture properties compared
to unreinforced concrete®®,

In this paper, we used basalt and Isover granulate fi-
bers as a filler in geopolymer mortar. These fibers have
some advantageous properties including low cost, light
weight, good chemical resistance, high-performance insu-
lation materials (thermal and sound), stable in the alkaline
environment of concrete and resistant to plastic shrinkage
cracking. Especially, the fiberization process is more envi-
ronmentally safe than other fibers. Further, they have no
toxic reaction with air or water, and are noncombustible
and explosion proof. Nevertheless, Isover granulate also
has some disadvantages including poor fire resistance,
a low Young's modulus®.
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At the present time, there are no reports about basalt
and Isover granulate reinforced geopolymer mortar. The
present paper compares the mechanical properties of geo-
polymer mortar reinforced with short random commercial
fibers and with unreinforced geopolymer mortar. Prelimi-
nary, the results showed a significant increase in the
flexural strength and the hardness of geopolymer mortar
containing different percentages of fibers studied.

2. Experimental

Geopolymer cements were synthesized from shale fly
dust burnt in rotary kiln (for 10 hours at 750 °C) with Si/
Al and Na/Al molar ratio of 2.0 and 0.8 respectively, that
is poly(sialate-siloxo)*. Geopolymer resin was prepared by
mixing of alkali activator containing NaOH and Na,SiO;
with modulus 1.50 + 1.95 with geopolymer cement. The
microstructure of pure geopolymer matrix was analyzed by
mean of SEM and EDX in Fig. 1.

The fly ash used in this study came from Komotany
Latkovy Filtr in Czech Republic. Fly ash particles are ge-
nerally sharp, pointed and range in size from 1 um to 30 um,
Fig. 2.

All experiments were performed using the same
batches of reagents and starting materials. The atomic of
fly ash are summarized as following: Na (1.81 %), Mg
(0.97 %), Al (14.73%), Si (23.97 %), S (0.39%), K
(0.41 %), Ca (1.69%), Ti (0.57 %), Fe (2.57 %), As

Fig. 1. SEM and EDX mapping of an individual geopolymer
matrix
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Fig. 2. SEM and EDX mapping of an individual fly ash
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Fig. 3. Mounting tab for single filament testing

(0.09 %), O (52.81 %).

Geopolymer mortar mixtures were used to reinforce
different volume fractions ranging from 0.2 to 4 % of
Isover granulate and basalt fiber from 0.2 to 2 %, respec-
tively. Tensile strength, Young's modulus and elongation
of fibers were investigated as following.

A single filament of each kind of fiber was separated
with a magnifier and prepared on a punched mounting tab.
The single filament test piece was bonded by adhesive so
as to let the length specified gauge length under the condi-
tion to make the filament straight along the center line of
the mounting tab. This was evaluated in accordance with
Japanese Industrial Standard (JIS R 7601)". Tensile
strength and Young's modulus were calculated from the
load-elongation records and the cross-sectional area
measurements. The specimen is shown in Fig. 3.

The samples were tested by the machine Instron
LaborTech 2.050 (maximum load of sensor: 5 N).

Properties of commercial fibers are illustrated in
Tab. I and Fig. 4 displays SEM images of the fibers.

The technology of sample preparation is as follows.
At first, the geopolymer resin was prepared by mixing the
alkaline activator with the raw materials. The liquid and

Table |
Main properties of short basalt and Isover granulate fiber
Properties Basalt Isover
BCF13-2520tex granulate
Diameter, um 13 7
Density, kg m™ 2670 2880
Length, mm 3.2+05 1.0+50
Young's modulus, 64 -
GPa
Tensile strength, MPa 2563 0.146
Elongation, % 3.98 2.3
Thermal conductivity, 0.031+0.038 0.044

W/(m.K)
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Fig. 4. The microstructure of commercial fibers, left: Isover
granulate, right: basalt

solid components were mixed for about 3 minutes at room
temperature until the solution homogenized, while the
mixer was running at 60 rpm. Next, the geopolymer resin
mixture was mixed with fly ash and fine sand content?.
The mixing was done in an air conditioned room at ap-
proximately 20 °C until the mixture homogenized (about
5 minutes). The fibers were added, and the mixer was al-
lowed to run for another 5 minutes. Directly after mixing,
the fresh mortar was poured into the moulds with dimen-
sion (40 x 40 x 160) mm in accordance to ASTM C348
and vibrated for 1 minute on the vibration table to remove
air voids. These samples were cured at room temperature
for 3 days after casting. Next, the samples were removed
from the moulds and left in laboratory ambient conditions
until the day of the test. The sample ages for the latter tests
were 7, 14, and 28 days. The values are the averages of
three separate tests. Data that deviated more than 10 %
was eliminated.

The sample dimensions were made and tested under
three-point bending in accordance to ASTM C78 standard
test method for flexural strength of mortar and concrete.
The flexural tests were conducted over a simply supported
crosshead speed of 2.0 mm min™ and span length of
120 mm with a center-point load by the testing machine
INSTRON Model 4202 (maximum load of the sensor:
10 kN).

3. Results

The initial density of specimens containing Isover
granulate and basalt fibers was less than that of mixtures
without any fibers. Tab. Il shows that the density of speci-
mens was significantly decreased when increasing the per-
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Table I
Density p [g cm™] of geopolymer mortar after curing
28 days at room temperature
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Table 111
Flexural properties of geopolymer mortar with 0%, 1 %
Isover granulate and 2 % basalt fiber after curing 28 days

Percentage of Isover granulate Basalt
fiber [%)]

0.0 1.74 1.74
0.2 1.73 1.69
05 1.72 1.68
1.0 171 1.58
2.0 1.70 157
3.0 1.68 —
4.0 157 -

Properties Flexural Flexural Relative
strengthR,  modulus E  deformation
[MPa] [GPa] € [%]
0% 272+0.3 1.35 0.66
1% Isover 6.95+0.2 1.15 2.01
2% basalt 6.91+0.6 1.17 1.38

centage of fibers reinforced with geopolymer mortar. The
weight change of mortar was mainly due to the dehydra-
tion of cement paste.

Figs.5 and 6 show a flexural strength comparison
graph between the commercial fibers studied. According to
the results, by increasing the amount of fibers in the matrix
the flexural strength of specimens reduced. Also, it is clear
that the flexural strength of specimens increased by in-
creasing the curing time at room temperature. When the
curing time was increased (particularly from 14 to
28 days) the flexural strength of the geopolymer mortar of
the specimens without fibers was significantly reduced by
52 % (5.20 to 2.72 MPa).

The results of geopolymer mortar containing 0 %,
1 % Isover granulate and 2 % basalt fibers are shown in
Tab. Ill. The flexural strength of unreinforced and syn-
thetic reinforced geopolymer mortar is compared to the
commercial fiber-reinforced geopolymer mortar. Commer-

Fig. 5. The flexural strength of short basalt fiber reinforced
geopolymer mortar
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Fig. 6. The flexural strength of Isover granulate fiber rein-
forced geopolymer mortar

cial fibers reinforced geopolymer mortar has higher flex-
ural strength than unreinforced mortar. The test results
showed that optimum content of fibers (1 % for Isover and
2 % for short basalt fibers) results in ca the same flexural
strength (6.95 and 6.91 MPa) after curing 28 days at room
temperature. An increase in the flexural strength of ca
39 % for both fiber reinforcement is observed when com-
pared with unreinforced geopolymer mortar.

Commercial fibers were mixed well homogenized
with geopolymer resin.

Fig. 7 shows the variation of Vickers hardness de-
pending on the fibers content and curing time of geopoly-
mer mortar. Isover granulate (1 %) fiber reinforced mortar
exhibits the highest hardness of 3.30 GPa compared to
3.08 GPa of the unreinforced sample. Generally the addi-
tion of commercial fibers in mortar can lead to the im-
proved hardness.
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Fig. 7. The hardness of fibers reinforced geopolymer mortar
with function of time and fibers content

4, Conclusions

Geopolymer mortar and concrete have very
promising properties which may place this material in the
building and public works market in the near future.

In this study, the effect of commercial fibers content
on the mechanical properties of the geopolymer mortar
was investigated and the following conclusions were
derived:

The percentage of fibers content
been optimized.

Mechanical properties of mortar can be improved by
the addition of short basalt and Isover granulate
fibers.

The density of specimens was significantly decreased
when increasing the percentage of fibers reinforced
with geopolymer mortar.

Isover granulate fiber displays to be an excellent
reinforcement for geopolymer mortar increasing the
hardness, flexural strength and can be very easily and
homogeneously mixed with geopolymer resin.

The durability of commercial fibers for reinforcement
can be improved by stabilization of micro-cracks and
reduced shrinkage.

in mortar has
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The essential objective of this work is to study the
mechanical properties and microstructure of geopolymer
mortar containing different kinds of fibers. Results show
that the use of fibers as reinforcement in geopolymer
mortar significantly improves the flexural strength and the
hardness of the geopolymer mortar, reduces the amount of
cracking and is also more lightweight than before.
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1. Introduction

Additive law known also as a "rule of mixture” could
be applied in microindentation measurements when the
sample measured is a system consisting of two or more
components. Additive law for microhardness could be
generally presented by the equation:

H=Hix;+ Hoxo + ... +HiX;, (X1+ Xo+..Xj = 1) (1)

where H; and x; are the microhardness and mass fraction,
respectively, of each component of the systems.

In the case of polymer materials these components
could be: crystal polymers having a crystal and an amor-
phous phase; copolymers whose molecular structure com-
prises different incorporated monomers; polymer blends
that could be miscible and inmiscible; polymer composites
which could be of a greate variety according to the type of
matrix and the filler particles size.

The main goal of this work is not to define the
limits for validity of additive law, but to describe some
cases when the coincidence or the deviation of  micro-
hardness values determined experimentally from those
predicted by additive law helps to clarify some structural
peculiarities of the samples studied.

2. Investigation methods

Two types of microhardness were determined:
Vickers microhardness (MHV), which is the material
resistance against irreversible deformation. This mag-
nitude is determined predominately by the type,
quantity and perfectibility of the crystal units
(lamellas) and by the mechanism of their deformation
during the penetration. It is calculated according to
the equation:

MHV= kP/d? (2)
where P is the applied load, d is the projected diago-

nal of residual imprint and Kk is a constant depending
on geometry of the pyramid.

Total microhardness (MHT), which characterizes the
overall material response to indenter penetration, in-
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cluding reversible and irreversible components of de-
formation. It is given by a similar equation:

MHT= kP/D? (3)
where D is the projected diagonal length of the im-
print in the loaded state. For polymers usually the
type and structure of the disordered (amorphous)
phase is related to reversible deformation.

3. Results and discussion

Some of the experimental work and a good deal of
data have already been reported in the literature on these
materials. Now we will emphasize and discuss the fol-
lowing multiphase or multicomponent systems with regard
to the additive law.

3.1. Semicrystal polymers

It is known that all semycrystal polymers or called
only crystal polymers consist of an ordered crystal phase
and disordered amorphous one. For them the additive law
is expressed as follows:

MHV= aMHV+ (1-c)) MHV, @)
when MHV,<< MHV, MHV= aMHV, (5)

where MHV, and MHV,, are Vickers microhardness
values of the crystalline and amorphous phases and o is the
degree of crystallinity. In accordance with* for many poly-
mers MHV << MHV, and could be ignored.

Three types of ultra-high molecular weight poly-
ethylene (UHMWPE) obtained via different catalytic sys-
tems and consequently characterised by different molecu-
lar weight, M,,, and degree of crystallinity, o. were studed?
(Table I). The difference between catalyst systems 2 and 3
are in the ratio of cocatalyst. The obtained values for MHV
and MHT as well as the MHV, value calculated by equa-
tion (5) are also presented in Table I. As seen MHYV in-
creases when the degree of crystallinity increases and the
molecular weight decreases. It was established that the
molecular weight for polyethylene influences linearly
MHYV only if M,<10° (ref.3). In this case M, does not influ-
ance directly MHV but influences o and lamelas per-
fecttions. The too large molecule chaines can take part in
more than one lamella. That gives rise to additional entag-
lements and tie molecules in the amorphous regions be-
tween ctystallites. As a result the decrease of the molecule
weight leads to increasing of the degree of crystallinity and
crystalline perfectuon (MHV,). On the other hand, it has
been established that for samples obtained by titanium
catalitic systems the polymerization rate exceeds the crys-
tallization one. That gives rise to many physical entangle-
ments and tie molecules in the amorphous areas which
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Table |
UHMWPE obtained via different catalytic systems and
their structural (M,,, o) and microhardness characteristics

N°  Catalist M, «[%] MHV MHT MHV,

system  x10° [MPa] [MPa] [MPa]
1 VIS0, 54 60 326 207 639
2 TS0, 21 66 372 231 647
3 TilSIO, 10 72 411 276 662

contributes to increasing the resistance against elasic de-
formation. The latter was calculated according to a parallel
model*: 56.7 MPa, 60.1 MPa, 82.8 MPa, for samples 1, 2
and 3 respectively. In this case microhardness measure-
ments give a possibility to distinguish the efect of crystal-
linity from the effect of entanglements.

3.2. Copolymers

Norbornen-ethylene copolymers with relatively high
norbornene content synthesised using a number of dif-
ferent metallocene catalysts were studied by microindenta-
tion methods, PALS (Positron Annihilation Lifetime
Spectroscopy) and NMR®. The norborene content as well
as the prevailing sequences, determined by NMR are listed
in Table II.

As seen from Fig. 1 and Fig. 2 the dependences of
MHV and MHT as a function of norbornen content are not
linear. So, the additive law is not valid. In this case one
can expect that Vickers microhardness, could depend both
on the rigidity of the polymer chains and on the free vol-
ume Fv. MHV is almost the same for the polymers con-
taining meso dyads (C, A, E) and is not sensitive to other
sequences included in these samples. So, MHV is not sen-
sitive to block sequences. As distinct from MHV, the alter-
nating groups and blocks influence the resistance against
the total deformation (MHT) (Fig. 2). Sample E shows a
relatively good resistance against plastic deformation but a
very low resistance against total deformation, i.e. it ex-

Table Il
Norbornen-ethylene copolymers

Tg Norb The most characteristic norbornene sequences

LMP 2011

[°C] [ %] Alternating Meso dyads  Blocks
ENENENE ENME ENNNE
o o o ~
- ~7 \40
Al17355 ++ ++++ +
C19454 + ++++ +
D 148 47  ++++ (isotactic)  + +
E 12560 ++ ++ ++++
F 156 58  +++ (syndiotactic) +++ (racemic)
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hibits good elastic properties due the prevailing ethylene
blocks. On the other hand, the dependence of the free
volume Fv versus norbornene content (Fig. 3) has the
same tendency as Fig. 1. That does not mean that MHV
depends linearly on Fv, but that MHV and free volume
measurements have a similar sensibility to rigidity of the
main polymer chain.

Hence, it could be concluded that Vickers microhard-
ness is influenced predominantly by the micromechanical
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Fig. 1. Vickers microhardness vs. norbornene content
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Fig. 2. Total microhardness vs. norbornene content
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Fig. 3. Free volume vs. norbornene content
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properties of the polymer chains. This parameter is not
sensitive either to dimensions and quantity of the pores or
to the free volume.

3.3. Polymer blends

Blends based on a polypropylene/cycloolefin copoly-
mer (COC) with a spontaneously arisen fibrous structure
were also studded®. Despite of the immiscibility of both
components, it was experimentally found that COC fibril
has a reinforcing role in the case of blends with small
quantity of COC (Fig. 4). Applying the additive law to the
blend compositions the inherent values for Vickers micro-
hardness for the ingredients within the blend was esti-
mated (Fig.5). The unusual trend of the microhardness
profiles was explained by the manifestation of the scale
factor in the thin COC fibers.

180

MHV (MPa)
I = =
N B (2]
o o o

[N

o

o
n

o]
o

0,2 0.4 0,6 0,8 1,0

COC volume fraction

0,0

Fig. 4. Vickers microhardness vs. COC content

250
@)
200 -
coc
= 150}
o
=
z 100} PP
=
50 -
P
0,0 0,2 0,4 0,6 0,8 1,0

COC volume fraction

Fig. 5. Inherent MHV values for PP and COC components for
different PP/COC blends

3.4. Polymer composites

UHMWPE/Fe composites obtained by pressing and
sintering were studded’. Filler particles were relatively
large, in the range 50-200 um and were extremly porous.
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Table I11
Vickers microhardness of UHMWPE/Fe composites

Sample 1 2 3 4 5
UHMWPE [wt.%] 100 73 49 24 0
Fe [wt.%] 0 25 49 72 100
Additivves [wt.%)] 0 2 2 4 0
MHV [MPa] 41 42 39 40 1700

s566

Small amaunts of the additives (up to 5 %) as carbon, stea-
rates, etc. were also added. Table Il presents the relation
between composition ingredients in the samples and the
obtained mean values of Vickers microhardness.

It is evident that the additive law is absolutely inap-
plicable and there is no correlation between the microhard-
ness and metal content. When the indenter presses the
large iron particle it sinks into the much softer polymer
matrix. That is why the overall microhardness of the com-
posites does not vary and is almost equal to that of the
pure polymer.

3.5. Polymer nanocomposites

Usually there are deviations from the additive law in
the case of hanocomposites. Those are caused by different
reasons: changes in the structure of the polymer matrix,
agglomeration of the nanofiller particles, etc. Two exam-
ples for a crystal and an amorphous polymer nanocompo-
site are described and discussed below.

PP/multiwall carbon nanotubes  composites
(MWCNT)? which concentration dependence of Vickers
microhardness passes through three characteristic zones
(Fig. 6). In small weight fractions of MWCNT, MHV
rapidely increases (line a) and that is due to the nucleation
effect of the MWCNT. Changes in the crystal phase of the
polypropylene matrix occur consequently. A further in-
crease in MWCNT content in the composite leads to a
smoother increase in microhardness, obeying the additive

110
a c
100+
T
o
=3
z
S 904
—@— exp.
---O--- additive

80

T T

1 2
MWCNTSs weight content [%]

Fig. 6. Vickers microhardness vs. MWCNT content
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law (line b). After 1 % concentration threshold, percola-
tion processes take place and the effectiveness of the nano-
filler decreases drastically (line ¢). The microhardness
even becomes worse than that of the non-filled samples.

Epoxy/multiwall carbon nanotubes composites® were
prepared by two different processing modes with func-
tionalization and without functionalization of the filler.
Polyethylene polyamine was used as a curing agent. The
samples without preliminarily functionalized nanoparticles
show decreasing of the microhardness parameters (MHV
and MHT) at small MWCNT content (about 0.03 wt.%)
(Fig. 7), while functionalized ones exhibit an increase in
these characteristics due to better exfoliation (Fig. 8).
However, an additional portion of MWCNT causes again
a diminishing of their hardness which could be attributed
to a reached percolation threshold and to the formation of
floccules. The hardness increases for composites with
filler amount higher than 0.08 % because carbon nano-
tubes form a spatial network in the entire volume of the
composite.

--0- MHV

1604 —@— MHT|

140 \
120 \

1004

Microhardness[MPa]

80+

0,0 0,1 0,2 0,3
CNTs content [%)]

Fig. 7. MHV and MHT vs. MWCNTcontent for samples with-
out preliminarily functionalized nanoparticles

Microhardness [MPa]

T T T
01 0,2 0,3
CNTs content [%]

Fig. 8. MHV and MHT vs. MWCNT content for samples pre-
liminarily functionalized

4. Conclusions

There are many conditions or limits to the direct ap-
plying of the additive law:
There should be no big difference in the hardness of
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the components. When solid particles are distributed
in asoft matrix during the indentation, they only
“float” in the soft medium and do not contribute to
the hardness of the system. When soft particles are
distributed in a hard matrix, they do not contribute
with their inherent small hardness but the system has
behavior like that the second component is an empty
space.

For semicrystal polymers not only the degree of crys-
tallinity has to be taken in account but also the in-
herent hardness of the crystal phase which depends
on type of crystal cell, depth of the crystal lamella
and their perfectibility. Especially when studying to-
tal microhardness, the structure of the amorphous
phase and eventually her changes has to be con-
sidered because it contributes mainly to the elastic re-
sistance against penetration.

For copolymers: the relation between the quantity of
monomer units is less important than their sequence.
The inherent rigidity of the macromolecules is more
significant than the magnitude of the free volume.

For polymer blends and composites the filling agent
must not cause structural changes in the polymer ma-
trix. The dimensions of the filler particles must not
change with the degree of fillings as in the direction
of agglomeration because its effectiveness drastically
decreases, as well as in the direction of diminishing
because of occurrence of scale factor or orientation
reinforcing effect.

Of course many times the properties of the mez-
zophase have to be taken into account as an addi-
tional component of the system. Hence the miscibility
for polymers and wetting of the filler for composite
materials are essential factors for the eventual appli-
cation of the additive law.

Therefore the deviations from the additive law could
not be considered as an obstacle for microhardness investi-
gation. Those should be regarded as an indication of some
structural peculiarities of the samples and a challenge for
structural investigation and characterization of the relative-
ly complicated polymer based materials.

This study has been supported by NSF — Bulgaria,
(D002-138/2008-2011).
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kov”, Sofia, Bulgaria): Applicability of Additive Law in
Microhardness Measurements on Polymer Materials

This paper deals with some cases when additive law
could be applied. It also presents the positive or negative
deviations from it exhibited by some semicrystal poly-
mers, copolymers, polymer blends and polymer based ma-
terials. The ways how the deviation of experimentally de-
termined microhardness from the one predicted by the ad-
ditive law could indicate and help to determine some struc-
tural peculiarities of polymer based materials with a rela-
tively complicated structure have been described.



Chem. Listy 106, s569-s571 (2012)

LMP 2011

Regular Papers

INVESTIGATION OF MORPHOLOGY CHANGES ON CARBON THIN FILMS UNDER

RECIPROCATING SLIDING TESTS

E. ZDRAVECKA? V. M. TIAINEN®,

A. SOININENP, Y. T. KONTTINENP®?
L. FRANTA®, M. VOJS', M. MARTON',
M. VESELY', M. KOTLAR',

M. KELEMEN?, and M. ONDAC?

8Technical university of KoSice, Faculty of Mechanical
Engineering, Kosice, Slovak Republic, "ORTON Ortho-
paedic Hospital, ORTON Foundation, Helsinki, Finland,
“Department of Medicine, Biomedicum Helsinki, Helsinki
University Central Hospital, Finland, ® COXA Hospital for
Joint Replacement, Tampere, Finland, ¢ Czech Technical
University in Prague, Faculty of Mechanical Engineering,
Department Mechanics, Biomechanics and Mecha-
tronics,Prague,Czech Republic, 'FEI STU Institute of
Electronics and photonics in Bratislava, Slovak Republic
eva.zdravecka@tuke.sk

Keywords: diamond like carbon, AFM, ta-C, linear
reciprocating sliding

1. Introduction

Diamond-like carbon (DLC) coatings generally have
properties such as low friction and high wear resistance’.
In order to be able to produce reliable DLC coatings for
bio-mechanical applications, it is important to understand
the tribological behaviour under all operating conditions.
This has been studied intensively by numerous scientists
e.g.”™* during the last years. The wear behaviors of DLC
coatings surface can be simulated by various tribological
test configurations®. Temperature affects wear behavior via
thermochemical and thermodynamic mechanisms. For the
development of successfully DLC coated implants, it is
thus necessary to perform tests under conditions resem-
bling the in vivo situation®. A unique friction tribometer
was designed for this purpose and was used in this study
for preliminary screening to analyze the mechanisms of
failure of DLC coated samples whose shape corresponds
to the knee joint geometry and provides thus a better un-
derstading of the tribological processes. Adhesion
strength, hardness and elastic modulus are important fac-
tors affecting the wear behavior and were also tested®.
Analyses of the coatings surface changes after testing were
done using AFM and SEM techniques.

2. Experimental procedure

The ta-C and a-C:N films were both deposited by
FPAD equipments described elsewhere”®. In the designed
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friction tribometer, shaped metallic samples and flat coun-
terfaces of ultra-high molecular weight polyethylene
(UHMWPE) were tested. The radius of the curvature of
the knee joint and the geometry of the sample was similar
to the geometry of the total knee implants. The parameters
used during testing were: normal force 340 N, frequency
1 Hz, environment * lubrication, temperature 37 °C, tra-
jectory L =18 mm, mean speed 51.6 mm s™. Lubrication
with bovine serum diluted to 25 % in deionized water,
containing penicillin, streptomycin and sodium azice, was
used for ta-C coatings. Each test pair received 160 ml
of serum. Testing of a-C:N coating was carried out without
heating in H,0+0.9 glI* NaCl solution. The AFM
measurements were made on PARK 100 in non-contact mode.

3. Results and discussion

According to the previous results, the hardness of the
ta-C coating was around 46 GPa, and its elastic modulus
352 GPa. The hardness of the a-C:N coating was around
10.4 GPa and elastic modulus 119.1 GPa (ref.?). The ad-
hesion behaviour of carbon coatings was characterized
using scratch tests. The first failure of the ta-C coating was
visible as tensile and cohesive cracks on the scratch path
and was detected in the load range from 10 to 33 mN. The
first failure of the a-C:N film on the scratch path was de-
tected in the load range from 40 to 57.5 mN. Together
with the SEM examination of the scratch, this suggests
agood adhesion, when compared to comparable similar
coatings®.

3.1. Wear and friction

The unique friction tribometer was used in a reversi-
ble sliding regime mode. The results show that the a-C:N
coating on the CoCrMo specimens under lubricated condi-
tions was damaged (Fig. 1). The tests against UHWMPE
samples were stopped after 0.3-10° cycles. The SEM image
shows visible scratches and wear tracks. This could be ex-
plained by the influence of the abrasive wear mechanism.
Initial results showed that, the substrate material wasn’t
able to provide adequate support for a-C:N films, adverse-
ly affecting their tribological performance and durability.
The wear generation of a-C:N coating was thus associated
with a failure initiated in the CoCrMo substrate rather than
within the a-C:N coating. The occurrence of defects also
accelerates the wear mechanism. The coating failure is
promoted by lubricant enclosed in the surface microde-
fects which causes their further connecting and extending.
Fig. 2 presents the SEM micrograph of the wear area of
CoCrMo/ta-C sample after the test using 1-10° cycles.
Wear scars on the CoCrMol/ta-C substrate were not ob-
served.
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Fig. 1. SEM of CoCrMo/ a-C:N (marker 2 um)

Fig. 2. SEM of CoCrMo/ta-C (marker 200 um)

Fig. 3. AFM of CoCrMo/ta-C before test

Fig. 4. AFM of CoCrMo/ta-C after test (1-10° cycles)
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Fig. 3 and Fig. 4 present AFM images of ta-C coated
CoCrMo sample before and after 1.10° cycles. AFM analy-
sis shows small increase of surface roughness after 1.10°
cycles (from R, = 4.104 nm to 17.105 nm).

4. Conclusions

From the ELTC tribometer tests of shaped samples
with lubricants, the following conclusions can be made:

—  The wear generation of a-C:N coating was associated
with a failure initiated in the CoCrMo substrate rather
than within the a-C:N coating.

—  Studies showed a similar wear mechanism for all test
cases of CoCrMo coated with ta-C. The measured
values suggest good adhesion properties compared to
ta-C coatings produced with other systems®.

—  The application of 1.10° sliding cycles increased the
roughness of the wear scar (from R, = 4.104 nm to
17.15 nm), while the weight losses were very low,
this may be affected by sticking.

Compared with the plain CoCrMo alloy, the ta-C and
a-C:N coated samples showed lower wear rates and high
wear resistance under lubricated contact. The adhesive
wear was the main mechanism for ta-C coated sample.
However, there are a number of important questions, re-
lated to key tribological and biomechanical system varia-
bles, that cannot be answered by such experiments but
which are important in clinical applications. Nevertheless,
the application of DLC coatings on CoCrMo substrate has
demonstrated a positive effect on reduction of wear and
damages.

This work was financially supported by the projects
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In this study ta-C and a-C:N thin films were
deposited on medical grade CoCrMo alloy substrates by
FPAD method from graphite target using different deposi-
tion conditions. The surface morpoholgy changes after use
of a friction tribometer testing were investigated by SEM
and AFM. The application of 1.10° cycles of shaped sam-
ples testing increased the roughness of the wear scar, while
the weight losses were very low. The measured values
suggest good adhesion properties.
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1. Introduction

Material properties of trabecular bone at the level of
single trabecula are important for understanding of osteo-
porotic changes, bone remodelling processes' and overall
deformation behaviour of bone tissue. One of the powerful
methods to measure elastic properties of single trabeculae
is nanoindentation, however, this method can be reliably
used only to get information about elastic properties. Yield
properties as well as softening behaviour can not be relia-
bly measured by nanoindentation and have to be obtained
by fitting>. The purpose of this study is to demonstrate
possibilities of micromechanical testing to develop ad-
vanced numerical material model for single trabecula and
to compare the model to previously developed one which
was based on nanoindentation?.

2. Materials and methods

Samples of trabeculae (n=13) were harvested from
human proximal femur of a 70-year old cadaver and
cleared off marrow in ultrasonic bath. Clear trabeculae
were dipped into a black toner solution to obtain a better
contrast of surface for digital image correlation (DIC).

Precision of the experimental setup prior the tests
with trabeculae has been evaluated using two groups of
specimens of known material properties. BOPET film
(Biaxially-oriented polyethylene terephthalate, DuPont,
USA) with 72 um height, Co-Ni wire with 90 um diameter
and 2 mm length were used as the test materials.

For micromechanical testing a novel experimental
device has been developed (see Fig.1). Experimental
setup was developed using translational stages and loading
is controled by stepper motors (SX16, Microcon, Czech
Republic). Design of the setup allows for testing in either
tension-compression or three point bending. Applied force
is measured with 4.5 N capacity load sensor (FBB350,
FUTEK, USA) and the strains are measured optically
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Fig. 1. Experimental setup for three-point bending tests

using CCD camera (Vosskuhler CCD-1300F, Germany).
From each test the stress-strain curve was established.

Apart from the tension tests, three-point bending with
single trabecula (Fig. 2: right) was performed (after verifi-
cation using three-point bending of BoPET film (Fig. 2:
left) and Co-Ni wire).

Groups of markers were selected in the image data
captured by the CCD camera. Positions of the markers
were tracked using DIC toolkit* based on Lucas-Kanade
algorithm. From displacements of the markers, strain
values were computed. Stresses were calculated using the
measured forces and cross-sectional areas. Resulting stress-
strain curves were established for each of the sample.
Elastic modulus, yield strains and yield stresses were de-
termined using the 0.2 % offset method.

Elasto-plastic material model with von Mises yield
criterion and bilinear hardening for trabecular bone was
chosen. This material model requires two constants E, p
(Young’s modulus and Poisson’s ratio) for the elastic part
and two constants oy, Eg, (yield stress, tangent modulus)
for the plastic part. Finite element analyses (FEA) used for
constants identification of material model were performed
for BoPET samples and samples of trabeculae. The ge-
ometry of each sample of trabecula was approximated
using elliptical cross sections. The lengths of the major
and minor axes of the ellipses were obtained from two per-
pendicular projections captured by CCD camera. These
geometric models were meshed and nodes corresponding
with places of markers (for DIC) on specimen surface in

Fig. 2. BOPET specimen (left),
breaks (right)

trabecula specimen after
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experiments were selected. The 3D FE models were com-
posed of elements with quadratic shape functions (10,400
brick elements for BoPET, 23,170 tetrahedral elements for
trabecula). During the analyses the same boundary condi-
tions and external forces as experimental ones were used a
material constants were varied using custom optimization
algorithm®. Resulting displacements of markers from FEA
were fitted to experimentally obtained values and the best
constants were found by least square method.

3. Results

Elastic modulus, yield strains and yield stresses were
determined using the 0.2 % offset method (usually used
for trabecular bone)®. Comparison of resulting material
constants for BoPET and trabecula from experiments and
FEA are shown in Tab. I.

The best fit of identified material constants for
marker displacement of the trabecula sample is shown in
Fig. 3.

Table I
Resulting material constants

LMP 2011

BoPET Trabecula
exp. FEA exp. FEA
E [MPa] 4615+271 5173+291 10347 11835
+1162 +1560
u -] - 0.35 - 0.23
+0.04 +0.03
oy [MPa] 107 58.1 208 231.8
+7.8 +8.6 +23.9 +33
Etan [MPa] - 608 - 1878
+200 +310
0 T T T T T T T
E experiment —+—
3 -0} FEM ---%--- -
§ ol -
g sor . -
2 40t i
f,ﬁ‘ -50 - \ ]
T 60 %
E 1 1 1 1 1 1 1
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force [N]

Fig. 3. Marker displacement of the best fit of material con-
stants

4. Conclusions
A novel high-precision micromechanical testing sys-

tem has been developed and used to measure properties of
single human trabeculae. Overall precision of measure-
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ment was determined (based on experiments with BoPET
and Co-Ni wire) as the upper limit of all measurements —
elastic modulus 5 %, yield stress 7 % and yield strain 5 %.
From comparison of results from FEA and experiments for
BOPET material it is apparent that used yield condition is
not suitable for polymers however the intention was only
to verify the functionality of the proposed identification
process (good agreement in the elastic part) and experi-
mental setup (small standard deviation). On the other hand
chosen material model and elasto-plastic constants identi-
fied using FEA showed good match for trabecular bone.
Obtained constants were confirmed by comparison with
results from nanoindentation that have been previously
published®®. For even better results it is necessary to im-
prove the process of creating model geometry. Cross sec-
tion of the model has a large influence on the accuracy of
determination of material properties from three-point
bending.

The research has been supported by the GACR (grant
No. P105/10/2305), GA CTU (grant No. SGS11/140/
OHK2/2T/16) and research plan of the MEYS CR
(Research Plan 6840770043) and Academy of Sciences of
the Czech Republic AV0Z20710524.
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Advanced Mechanical Surface Testing

//// CSM ULTRA NANOINDENTATION TESTER (UNHT)
the new generation of Nanoindenter with ultra low thermal drift

This new Nanoindenter is based on the principle of wusing a measurement head (built with drift-free
Zerodur® glass material) with one axis for measurement and one axis for reference, each one having its own
actuator and its own sensors of depth and force. It is therefore possible to carry out active referencing of the sur-
face of the sample. The true penetration depth is measured with a third capacitive sensor monitoring the direct
difference of penetration between the reference and the indenter.

> Extremely soft materials: gels and cells
Experiments performed on gels show the exceptional capa-
bilities of the UNHT in extreme applications: with loads lower
than 50 uN, penetration depths can reach 10 to 20 um!
Great measurement accuracy can be obtained for penetra-
tion depths from 10 nm to over 50000 nm. Thanks to the
unmatched thermal stability of the system, adhesion energy
can be easily studied on various soft materials.

> Ultra low load indentations on low-K films
Low load indentations on low-K films of 200 nm thickness
demonstrate the high-resolution capabilities of this unique
and patented UNHT instrument. This makes it the ideal
instrument for characterization of ultra thin coatings.

CSM Instruments | Rue dela Gare4 |
Phone : +41 32 55756 00 |

CH —2034 Peseux |
Fax: +41 32 557 56 10

> Creep studies on polymers

Nanomechanical testing of materials exhibiting time-
dependent properties requires an instrument with high ther-
mal stability and high resolution. Creep studies on polymers
can always be performed without any thermal stabilization
period or thermal drift correction!

WWW.Csm-instruments.com

|  E-mail : info@csm-instruments.com



Vyhradni zastupce vyrobce elektronovych mikroskop@ FEI pro Ceskou
republiku a Slovensko

ZaFizeni a sluzby pro elektronovou a optickou mikroskopii

Adresa spole€nosti

EDLIN, s. r. o.
Za Kralupkou 440
277 11 LIBIS
www.edlin.cz

tel:+420.313 034 666
fax: +420.313 034 662



The Agilent 8500 FE-SEM is a compact system
that offers researchers a field emission scanning
electron microscope (FE-SEM) right in their own

laboratory. The innovative 8500 has been
optimized for low-voltage imaging, extremely
high surface contrast, and resolution typically
found only in much larger and more expensive
field emission microscopes.

Nano Indenter” G200

The culmination of decades of research and
development, the Agilent Nanoindenter systems
are the world’s most accurate, flexible, and
user-friendly  instrument for  nanoscale
mechanical testing. Electromagnetic actuation
technology allows the systems to achieve
unparalleled dynamic range in force and
displacement.
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NanoTest, NANOINDENTACE
\Amtage

vvrs »

Mérici moznosti systému

Nanoindetace

« Méreni tvrdosti, modulu a visko-elastickych
vlastnosti pomoci nano a mikro indexacnich technik

« Analyza tvrdosti a modulu v zavislosti na hloubce

« Mapovani mechanickych vlastnosti

« Kvazi-statické a dynamické testovani

Nano-impact a fatigue
« Analyza naruseni materialu
« Méreni materidlového Utlumového koeficientu

.

Analyza chovani pfi vysoké zatézi
- Nano-scratch a wear

Nizka nebo vysoka zatéz
« Analyza kritické zatéze pfi scratch testu a tfeni

10 uN-500 mN 0.2-20N B S o .
(10 ) | ) J « Méfeni poctd cykll do poruchy pro ochranné vrstvy
Rizené Dynamické | Charakteri- NZI'(‘O'Ifrett'“g e )
VR P « Akcelerované reciproké Uinavové testy
prostiedi zatizeni zace Rl - h o
J J J « Nizky kontaktni tlak pro dlouhodobé testovani
(@z 1 milion cykla)
Vysoka teplota Scratch 3D zobrazeni -
(750°C max) Wear povrch Kontrolované podminky testt a rozsireni
Nizka teplota Eretti profiling/ Kontrolované podminky prostfedi pro testovani
(-30°C min) retting nanopositioner s , veis , .o
, za realnych podminek pouziti testovanych materiald
Kapali Sample impact Hloubkovy profil
apalina
(*ﬁg&fl) Pendulumimpact £ 5, hrazeni vyso- - Vysokoteplotni nanoindentace, nanoscratch
(15-80% RH) ke VCZ\ZF':aen" a nanoimpact az do 750°C
Inertni atmosféra ) + Nizkoteplotni nanoindentace a nanoscratch do -30°C
PR Akusticka emise « Testovani v kapalinach (vzorek i hrot jsou
(Ar, N2) Cilend a mapujici o K e
Atmosféra s nizkym nanoindentace p??or,en}{ vV Kapa iné) ; . ;
obsahem kysliku - Méreni pfi kontrolované atmosfére (bez kysliku)
(0.1% min) J J

« Méreni pfi kontrolované vlhkosti

Nase firma LAO - primyslové systémy, s.r.o. nabizi Siroké portfolio produktl a sluzeb v oblasti védeckych a prdmyslovych aplikaci.
Obecné se zabyvame prodejem laserd, védeckych laserovych systému, optiky a optomechaniky, optoelektronickych, detekénich a mé-
ficich zafizeni, kompletnich technologickych laserovych systému pro primyslové aplikace a to véetné servisu, dodavek nahradnich dild
a spotiebniho materidlu. Na trhu pisobime témér dvacet let a rddi bychom zminili, ze kontinuitu kvalitnich sluzeb vzdy zarucovali pracov-
nici, ktefi maji nékolikaleté zkusenosti s laserovymi a optickymi aplikacemi. Informace o vétsiné produktt a sluzeb firmy LAO — prdmyslové
systémy s.r.o. naleznete na www.lao.cz

Snahou firmy LAO - priimyslové systémy, s.r.o. je vzdy délat vSe pro to, abychom maximalné a efektivné uspokojili Vase pozadavky,
potieby a zaméry a zUstali tak ve Vasem povédomi jako schopny a divéryhodny partner pro dlouhodobou spolupraci. Dokazeme poradit
s feSenim dané aplikace, navrhnout vhodnou sestavu ¢i pomUGzeme s vybérem optimélni technologie. Nabizime kvalitni a provérené pro-
dukty od svétovych dodavateld. Zarukou kvality nasich sluzeb je také certifikace 1ISO 9001-2009, kterou jsme ziskali v roce 2005.

V piipadé Vaseho zajmu o nase produkty ¢i o cokoliv dal$iho, nds nevahejte prosim kontaktovat. Odpovime Vam radi na veskeré dotazy
a poradime se spravnym vybérem a konfiguraci pro Vase pracovisté, tak aby jste maximalné vyuzili véech moznosti a schopnosti, které

tyto produkty nabizeji.

SLAVIME 20. VYROCI
LAO - priimyslové systémy, s.r.o

Na Flofe 1328/4, 143 00 Praha 4 - Tel.: (+420) 241 046 800

SO 9001:2011

Lasery aOptika www.lao.cz
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Creep of Si at RT-500°C

Heating: Laser Heater: Rt- 500°C
Cooling: - 80°C to 180°C (250 °Cmax)

SURFACE Rheinstr.7 D41836 Hiickelhoven Tel. +49 2433 970305 info@surface-tec.com www.surface-tec.com
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