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1. Introduction 
 

Materials for the automotive body (12 mm thin) in the 
crash event must have high resistance toward crack growth 
initiated by the crash and guarantee the safety. Evaluation the 
crack growth resistance is well developed for bigger thick-
nesses, but not for thin sheet materials. 

The crack growth resistance of a ductile material charac-
terises R-curve by continuously recording the toughness in 
dependence on crack growth, Δa. Fracture toughness is com-
monly expressed in terms of the J-integral1. Relationship be-
tween the applied value of J and the amount of stable crack 
extension is known as the JR-curve. The full JR-curve is 
a material property and is indicative of the materials toughness2.  

The tearing modulus parameter is a measure of the re-
sistance of the material to tearing and an indication of the 
stability of crack growth. The tearing modulus T represents 
a dimensionless form of the JR-curve slope3. Use of the JR-
curve for stable crack growth is popular, although it is accept-
ed that the JR-curve may depend on the geometry of the speci-
men or the component4. The range of validity, i.e. of geome-
try independence is obviously much larger for the crack tip 
opening displacement CTOD resistance curve δR-curve5. 

Local deformation at the crack tip occurs in 1st stage of 
ductile tearing by notch tip blunting. Dimensions of sharp 
notch with tip radius 0.1 mm increase by blunting; before 
crack initiation the stretch zone6 of the steels investigated 
reaches dimensions 0.1 – 0.2  0.4 – 1.3 mm. By followed 
stable crack growth CTOD increases. CTOD of the steels 
investigated reaches 1.5 – 5 mm at the end of ductile tearing 
by crack extension Δa=4 mm. 

The aim of experiments was to analyze the influence of 
the microstructure, the rolling direction and loading rate on 
the crack growth resistance.  
 
2. Material and methods  

 
The materials used in this study are three grades of thin 

automotive steel sheets: XSG, HR 45 and DP, Fig. 1. XSG is 
a deep drawing interstitial free steel with ferrite microstruc-
ture (C=0.0013 %). HR 45 is a microalloyed steel with ferrite-
pearlite microstructure (C=0.16 %) and DP is a dual phase 

steel with ferrite-martensite microstructure (C=0.072 %). 
Thickness t and mechanical properties of the steels investigat-
ed are shown in Tab. I. 
     

Stable crack growth was monitored with videoextensom-
etry techniques on the CT (Compact Tension) specimens with 
an electrospark prepared notch (tip radius 0.1 mm) or a fa-
tigue precracks. Specimens with spot welds7 in the fixative 
hole area and with anti-buckling plates were loaded by eccen-
tric tension on material testing machine FP 100/1, whereby 
the deformation in area around the notch was recorded by 
a non-contact displacement measurement – a videoexten-
sometry technique8. Opening of the notch was determined by 
continual recording the co-ordinates of centre of gravity of the 
dots by appropriate software. The crack growth Δa, in both 
directions perpendicular and parallel to the rolling direction, 
was evaluated with program MATLAB on recorded images. 
Opening of the notch has been recalculated at CTOD by plas-
tic hinge model, used equations are published in9. J-integral 
values using10 were determined. 
 
3. Results 

 
Experiments were performed using three automotive 

zinc coated steel grades. From obtained data JR-curves and δR-
curves were evaluated. Max. J-integral as well as CTOD were 
found in XSG steel.  

The R-curve slope characterizes the stable crack growth 
resistance. In Fig. 2 are presented the crack growth resistance 
characteristics of the steels investigated (dCTOD/da, 
T modulus). The crack growth resistance characteristic  T 
modulus of the steels investigated by the crack growth in 
direction perpendicular to the rolling direction (LT orienta-

Grade t 
[mm] 

Re 
[MPa] 

Rm 
[MPa] 

A 
[%] 

XSG 1.95 182 299 45.2 

HR 45 1.80 382 493 24.7 

DP 1.60 357 580 24.5 

Table I   
Mechanical properties of the steels investigated  

a) XSG                        b) HR 45                      c) DP 

Fig. 1. Microstructure of the investigated steels  
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tion) is bigger of 2 % as by the crack growth in the rolling 
direction (TL orientation). Bigger differences (3–14 %) were 
determined for dCTOD/da. 

CT specimen usually has notch end with a fatigue 
precrack. In this work were used CT specimens with an elec-
trospark prepared notch. In ref.11 was no particular difference 
in the crack propagation characteristics of both fatigue 
precracked and sharp V-notched specimens with notch radius 
0.1 mm. δR-curve of steels used for both an electrospark notch 
and a fatigue precrack are in Fig. 3. For slope dCTOD/da of 
steels investigated weren't determined important differences. 

 

The influence of various loading rates (1.3, 130 and 
1000 mm min1) on the crack growth resistance  slope 
dCTOD/da was determined for XSG steel. Slope dCTOD/da 
increases with loading rate increasing. By the loading rate of 
1000 mm min1 dCTOD/da for XSG reaches the highest val-
ues (more than 8 % as by loading rate of 130 mm min1; more 
than 10 % as by 1.3 mm min1). By the loading rate of 130 
mm min1 dCTOD/da reaches higher values of 2 % as by 
loading rate of 1.3 mm min1. 
 
4. Conclusions 

 
The crack growth resistance depends on steel grade, on 

the crack orientation to the rolling direction as well as on the 

loading rate. The crack growth resistance of steel XSG 
(IF steel) is the highest, for both parameters dCTOD/da and T 
modulus. The crack growth resistance (T modulus) of XSG 
steel is higher by 80 % than that of both HR 45 (ferrite-
pearlite steel) and DP (dual phase steel). Differences between 
the crack growth resistance of steels investigated are result of 
microstructure and mechanical properties. The crack growth 
resistance is higher for crack growth perpendicular to the 
rolling direction compared with parallel direction. 

No important differences in the stable crack growth 
characteristic (dCTOD/da) of both fatigue precracked and 
electrospark notched specimens of steels investigated were 
observed. 
 

This work was performed within the frame of the APVV 
Project No.  APVV – 0326 – 07.  
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Ľ. Ambriško and L. Pešek (Technical University of 

Košice, Faculty of Metallurgy, Department of Material Sci-
ence): Determination the Crack Growth Resistance of 
Automotive Steel Sheets 

 
This paper deals with determination of the crack growth 

resistance of automotive steel sheets. Stable crack growth was 
monitored with videoextensometry techniques on CT 
(Compact Tension) specimens with various orientation of 
notch (parallel to rolling direction, perpendicular to rolling 
direction). Specimens of three steel grades with a fatigue 
precracks and with an electrospark produced notches were 
loaded by eccentric tension by loading rate 1.3 mm min1. 
From obtained data the local deformation at the crack tip 
CTOD (Crack Tip Opening Displacement), J-integral and 
crack growth Δa were specified and afterwards the R-curves 
were established. From R-curves the resistance of the stable 
crack growth for each material was determined. 
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Fig. 2. The crack growth resistance characteristics of the steels 
investigated 
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1. Introduction 
 

S-phase is a phase with very high hardness and good 
corrosion resistance that has a large potential for many appli-
cations. It can be obtained using various methods, including 
gas and plasma nitriding of austenitic stainless steel as the 
most common ones14. However, layers produced at such 
conditions have a gradient structure, which makes it difficult 
to characterise properties of layers as a function of nitrogen 
content. S-phase coatings obtained by reactive magnetron 
sputter deposition (PVD) are homogeneous in a bulk and can 
be produced in an effective way even at a very low tempera-
ture.  

There are few publications that present a possibility to 
obtain such coatings by reactive magnetron sputtering59. As 
it was observed in previous investigations10,11 layers obtained 
by this method have a very strong texture. The <100> direc-
tion perpendicular to substrate surface was a preferred direc-
tion of crystal growth. However, it is possible to modify 
the microstructure of coatings by changes of sputtering depo-
sition parameters. The main objective of this work was to 
evaluate how changes in microstructure of S-phase coatings 
can influence its mechanical properties.  
 

2. Experimental 
 

The coatings were produced using an unbalanced DC-
magnetron sputtering system equipped with three magnets. 
Substrates ( 28 mm, 4 mm thick) and targets ( 50 mm) were 
made of AISI 316 steel. During the experiments the following 
parameters were kept constant: temperature – 200 °C, N:Ar 
ratio – 3:10, sputtering time – 30 min. Two different total 
pressures were applied – 0.53 and 1.07 Pa and two different 
plasma power densities – 10 and 20 W cm2. Moreover, 
a different numbers of targets were used during deposition (1, 
2 or 3). Samples before depositions were mechanically 
ground and polished. Final polishing step was conducted with 
0.05 m alumina slurry by means of vibrational polishing 
machine to eliminate surface deformation leading to ferrite 
formation in subsurface layer. The current paper presents only 
selected results to discuss how coating morphology affects 

their properties. The following techniques were used to char-
acterise the coatings: 
a) X-ray diffraction (XRD) with Bragg-Brentano geometry 

for the range of 2 theta angles between 20120° with 
CuK radiation (X’pert Panalytical); 

b) Electron microprobe spectrometry (EPMS WDS) to 
measure nitrogen content in the coatings (IBEX Noran 
Instruments); 

c) Glow discharge optical emission spectroscopy (GD-OES 
– Horiba Yvon Jobin) to estimate elements distribution 
in the coatings;  

d) Hardness measurements by nanoindentation with 
a Berkovich tip (XP– MTS NanoInstruments). The con-
tinuous stiffness measurement technique was applied to 
determine hardness changes across the coatings. The 
load was gradually increased to obtain a maximum pene-
tration depth of ca. 2.9 m. The maximum load of 490
545 mN was reached. A set of 25 measurements was 
performed for each coating.  

e) Coating thickness was estimated by means of profilome-
ter (Dektak 8M – Veeco) by measuring the step between 
coated and uncoated part of the substrate that remained 
covered during deposition. The same instrument was 
used to evaluate roughness of the coatings.   

 
3. Results and discussion 
 

Deposition of the coatings did not change geometry of 
the surface. Roughness of the coatings varied in the same 
range as for non-treated surface: Ra=0.0080.025 m. XRD 
analysis demonstrated that all the coatings were composed of 
S-phase. Essential differences in peaks position and texture 
were observed, however, depending on the deposition param-
eters. Fig. 1 presents a comparison of diffraction patterns 
obtained for different gas pressure values when 2 or 3 targets 
were used. When lower pressure (0.53 Pa) was applied coat-
ings were composed of S-phase grains with (200) planes par-
allel to substrate surface only (lines 1 and 3, Fig. 1). An in-
crease of the pressure (1.07 Pa) changed the texture: grains 
with planes (111) parallel to the surface were dominant in 
these coatings (lines 2 and 4, Fig. 1).  

Increasing the number of targets at the same time as total 
pressure caused the shift in the S-phase peaks position toward 
higher 2theta angles regardless of the kind of texture observed 
(lines 1 and 3, 2 and 4, in Fig. 1 and Fig. 2). It means 
a decrease in S-phase lattice parameter due to lower nitrogen 
content. This phenomenon can be explained by higher quanti-
ty of metal ions in comparison to nitrogen supply from plas-
ma.  

It was also observed that S-phase peaks with much high-
er intensity were registered when one target was used during 
deposition (Fig. 2). It can suggest much bigger crystallites 
size in these coatings. Usually, a higher number of targets 
used during deposition means that much higher quantity of 
metal ions is sputtered toward the substrate. In this way the 

CHARACTERISATION OF MECHANICAL PROPERTIES OF S-PHASE COATINGS 
PRODUCED BY MAGNETRON SPUTTERING DEPOSITION   
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number of nuclei is also increased leading to formation of 
much finer crystallite structure as it was observed in current 
studies.  

When lower plasma power density was applied in the 
experiments (10 W cm2) there were no changes in a texture 
observed for 0.53 Pa pressure. However, an increase of plas-
ma power density up to 20 W cm2, for the same number of 

targets also led to production of grains with (111) planes par-
allel to the surface (Fig. 3).  

Positions of S-phase peaks in diffraction patterns corre-
spond well to nitrogen content measured by WDS methods 
(Fig. 4), even though the measurements on thin coatings are 
affected by the substrate influence. Only small differences in 
lattice parameters measured for (111) and (200) peaks can be 
observed. In case of S-phase produced by nitriding this differ-

Fig. 1. Diffraction patterns for samples deposited with the follow-
ing parameters: p=10 W cm2, 1 – 2 targets, 0.53 Pa; 2 – 2 targets, 
1.07 Pa; 3 – 3 targets, 0.53 Pa; 4 – 3 targets, 1.07 Pa 

Fig. 2. Diffraction patterns for samples deposited with the follow-
ing parameters: pressure = 0.53 Pa, p=20 W cm2: 1 – 1 target; 2 – 2 
targets; 3 – 3 targets 

Fig. 3. Diffraction patterns for samples deposited with the follow-
ing parameters: pressure = 0.53 Pa, 1 – 2 targets, 10 W cm2, 2 – 3 
targets, 10 W cm2, 3 – 2 targets, 20 W cm2, 4 – 3 targets, 20 W cm2 

Fig. 4. Changes of lattice parameter in function of nitrogen con-
tent: triangle – lattice parameter measured for (111) planes, circle – 
for (200) planes 



Chem. Listy 105, s769s772 (2011)                                   LMV 2010                                                                                      Posters 

s771 

ence can be up to 10 % due to strong stresses generated dur-
ing layer formation3,4.  

An analysis of nitrogen profiles obtained by GDOES 
technique confirmed differences in nitrogen content (Fig. 5), 
but it also showed that WDS analysis underestimated nitrogen 
content due to small thickness of the layer (thinner than the 
depth of the analysed area). The thickness varied in the range 
between 300 and 1800 nm. Thickness of the coatings depend-
ed on depositing parameters. A rate of deposition was increas-
ing with an increasing number of targets, plasma power densi-
ty and total pressure.  

Microstructural changes induced by different process 
parameters influenced mechanical properties of the coatings. 
In case of coatings with (200) texture, small influence of ni-
trogen content on hardness can be observed (Fig. 6 – trian-
gles). Hardness increases from 6 GPa up to 11 GPa with nitro-
gen content. Then it drops below 10 GPa. It suggests the ex-
istence of a maximum of hardness observed by others6. How-
ever, the drop in the hardness in the coating with the highest 
nitrogen content, which was relatively thin (Fig. 5 – line 3), 
can be strongly influenced by substrate with much lower 
hardness than the coatings. 

However, a drop in hardness is also observed for coat-
ings with a (111) texture with higher nitrogen content (Fig. 6 
– circles). It can be caused by the same effect as above, but 
after having analysed the hardness profiles obtained by con-
tinuous stiffness measurements (Fig. 7) this hypothesis was 
rejected. Coating 3, which has a comparable thickness to coat-
ing 1 but has much higher nitrogen content (Fig. 5), has 
a significantly lower hardness. The coating 5 which has 
a comparable nitrogen content to that of coating 4 which is 
slightly thicker, has much higher hardness. These coatings 
with a (111) texture were obtained at higher pressure of depo-

sition which means also under higher nitrogen partial pressure 
(0.24 Pa). Dahm et al.6 observed that an increase of nitrogen 
partial pressure led to formation of coatings with lower hard-
ness. No explanation to this fact was given. According to the 

Fig. 5. Nitrogen profiles in analysed coatings  (GDOES): 1 – 2 
targets, 0.53 Pa, 10 mW cm2,  2 – 3 targets, 0.53 Pa, 10 mW cm2, 3 
– 2 targets, 1.07 Pa, 10 mW cm2, 4 – 3 targets, 1.07 Pa, 10 mW cm2, 
5 – 1 target, 0.53 Pa, 20 mW cm2, 6 – 2 targets, 0.53 Pa, 20 mW cm2, 7 
– 3 targets, 0.53 Pa, 20 mW cm2 

Fig. 6. Hardness of the coatings as a function of nitrogen content: 
triangles – coatings with a (200) texture, circles – coatings with 
a (111) texture  

Fig. 7. Hardness profile measured by nanoindentation from the 
coating surface: 1 – 2 targets, 0.53 Pa, 10 mW cm2,  2 – 3 targets, 
0.53 Pa, 10 mW cm2, 3 – 2 targets, 1.07 Pa, 10 mW cm2, 4 – 3 
targets, 1.07 Pa, 10 mW cm2, 5 – 1 target, 0.53 Pa, 20 mW cm2, 6 – 
2 targets, 0.53 Pa, 20 mW cm2, 7 – 3 targets, 0.53 Pa, 20 mW cm2 
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present investigation changes in hardness can be attributed to 
changes in grain texture formed in the coatings. Similar rela-
tionship was observed for Young modulus, which was much 
lower for coatings with a (111) texture.  

Mechanical properties of single crystals depend on crys-
tallographic direction. In fcc structure the maximum modulus 
is in direction <111> while the minimum value is in direction 
<100>12. It is contradictory to the observations made in the 
present investigations. Therefore, it can be suggested that 
much finer microstructural differences related to the type of 
the texture formed during deposition could be responsible for 
changes in mechanical properties, which will be the subject of 
further investigations.  
 
4. Conclusions 
 
1.  The reactive magnetron sputtering deposition enables S-

phase coatings to be produced and these coatings do not 
demonstrate deformations of a crystal cell typical for 
other processes of S-phase formation.  

2. An increase of such parameters as total and nitrogen 
partial pressure, plasma power density and metal ion 
supply influences positively the rate of deposition, but 
also has an important effect on layer morphology. An 
increase of nitrogen partial pressure changes the coat-
ings’ texture. The growth of the crystals proceeds along 
<111> direction instead of <100> observed for lower 
pressure.  

3.  A kind of texture produced in S-phase coatings can have 
an influence on coatings mechanical properties. Higher 
hardness was measured for coatings with a (200) texture 
than with a (111) texture. However, this effect is not 
related directly to orientation of the crystals dominating 
the coatings.  

 
The authors would like to acknowledge the financial 

support of Polish Research Committee in a period of 2009-
2012.  
 

REFERENCES 
 
  1. Fewell M. P. Mitchell D. R. G., Priest J. M., Short K. T., 

Collins G. A.: Surf. Coat. Technol. 131, 300 (2000). 
  2. Baranowska J.: Surf. Coat. Technol. 180-181, 293 

(2003). 
  3. Christiansen Th., Somers M. A. J.: Struers J. Metallog-

raphy 9, 1 (2006) 
  4.  Maendl S., Rauschenbach B.: Def. Diff. Forum 188-190, 

372 (2001).  
  5. Terwagne G., Colaux J., Collins G. A., Bodart F.: Thin 

Solid Films 377-378, 441 (2000). 
  6. Dahm K. L, Dearnley P. A.: Surf. Eng. 12, 61 (1996). 
  7. Dahm K. L, Anderson I. A., Dearlney P. A.: Surf. Eng. 

11, 138 (1995). 
  8. Dahm K. L, Dearnley P. A: Proc. Inst. Mech. Eng. 214, 

181 (2000) 
  9. Kappaganthu S. R., Sun Y.: J. Cystal Growth. 267, 385 

(2004). 
10. Baranowska J., Fryska S., Przekop J., Suszko T.: Adv. 

Manuf. Sci. Technol. 33, 59 (2009). 
11. Baranowska J., Fryska S., Przekop J., Suszko T.: 

Elektronika 9, 19 (2009). 
12. Noyan I. C., Cohen J. B.: Residual Stresses. Springer, 

Berlin 1987. 
 

J. Baranowska and S. Fryska (Institute of Materials 
Science and Engineering, West Pomeranian University of 
Technology, Szczecin, Poland): Characterisation of Me-
chanical Properties of S-Phase Coatings Produced by 
Magnetron Sputtering Deposition 

 
The paper presents the results of the investigations of 

mechanical properties of S-phase produced by reactive mag-
netron sputter deposition. It was demonstrated that texture of 
the coatings, which depended on deposition parameters, had 
an influence on coatings’ hardness. Higher hardness was 
measured for coatings with a (200) than with a (111) texture. 



Chem. Listy 105, s773s774 (2011)                                     LMV 2010                                                                                    Posters 

s773 

ANNA BIEDUNKIEWICZ*, WITOLD  
BIEDUNKIEWICZ, PAWEŁ FIGIEL, 
and DARIUSZ GRZESIAK 
 
West Pomeranian University of Technology Szczecin,Piastow 
Ave.17; 70-310 Szczecin, Poland 
Anna.Biedunkiewicz@zut.edu.pl 
 

Keywords: nanocomposite, TiC, sol-gel, SLM, FEM 

 
 
1. Introduction 
 

Metal matrix composites (MMCs) are in the focus of 
intensive research and development world wide for many 
industrial applications, where weight reduction along with the 
improvement in elastic moduli, strength, thermal stability, 
wear resistance and service life are required14. One of the 
ways for obtaining functional nanocomposite materials is the 
technology based on the selective laser melting of the pow-
ders. This method belongs to promising rapid prototyping 
(RP) processes due to its ability to fabricate three-dimensional 
(3D) metal parts directly according to CAD model5. 

Our work presents an experimental investigation of the 
synthesis and characterization of nanocrystalline TiC prepared 
by sol-gel method and composite stainless steel/TiC prepared 
by SLS/M method using stainless steel powder and pure tita-
nium carbide powder as raw materials. 
 
2. Experimental details 
 

The original way of ceramic nanomaterials synthesis 
based on non-hydrolytic sol-gel method was elaborated6,7. 
Using carbonized and purified nc-TiC particles the technolo-
gy of the production of the nanocomposite structures based on 
the Selective Laser Sintering/Melting (SLS/M) technology 
was worked out. The MCP HEK Realizer II device was ap-
plied. Suitable gear and the modification of the parameters of 
the laser energy delivering allowed to use the device for work 
in the Partial Melting technology. Such configuration enables 
the research on obtainment of the nanocomposite material. As 
matrix the stainless steel 1.4404 (AISI 316L) was used and as 
the filler (nanoparticles) was nc-TiC0.85. Samples were sub-
jected to hardness tests for quick estimation of the mechanical 
parameters. Chosen samples with highest hardness were sub-
mitted to observations on the scanning microscope. Several 
variables are used in the nanocomposite manufacturing re-
searches. This allows to get coherent, functional material and 
in the further researches it will let to optimize the materials 
properties. Controlled process variables can be divided on two 
groups – material parameters (percent share of the filler and 
the matrix) and process parameters (the power of the laser, the 
exposure time, melted layer thickness). The powder was pre-
pared in two ways: manual mixing and ball-milling method. 

In the SLM process following parameters was used: TiC/steel 
ratio: 0.50.8 wt.%, the power of the laser: 25005000 mA; 
the exposure time: 200400 µs, sintered layer thickness: 
5075 µm. The solid products were investigated by XRD 
method. Nanoparticles size, chemical and phase composition 
were determined with the following techniques: XRD 
(PANalytical PW3040/60 X’Pert Pro), TEM (JEOL JEM 
1200EX), SEM (JEOL JSM 6100), EDX (Oxford Instru-
ments, ISIS 300). Hardness and modulus measurements were 
performed on MTS Nano Indenter XP using Brekovich tip. 

  
2.1. FEM model 
 

In the aim of the improvement of the nanocomposite 
parameters, FEM model has been worked out. FEM model 
was developed by the state-of-the-art linear and nonlinear 
multi-scale material modelling software, which is applied to 
generating multiphase structures together with boundary. For 
the regard of the „super hardness” phenomena, which is ob-
served in nanocrystallite composites, the cohesive zone mech-
anism was used. It is enable additional effects, which appears 
on the boundary of separate phases of the composite. This 
effect was modelled as additional interphase with special 
mechanical properties, which was react on matrix and filler 
nanoparticles (Fig. 1a). The global structure of the nanocom-
posite was treated as isotropic and because of that it wasn’t 
necessary to create the model of whole sample, it was limited 
to „Representative Volume Element” (RVE). RVE is the seg-
ment of the structure, which is big enough to avoid the size 
influence during the analysis and small enough to reach satis-
fy calculation time. The size of RVE is chosen individually. 

Two models has been developed, both with the same 
parameters except application of cohesive zone in one of 
them. The TiC particles was modelled as linear elastic (Young 
modulus E = 250 GPa, Poisson’s ratio    0.3) while the 
matrix was modelled as elastoplastic (E = 193 GPa,  = 0.3, 
Yield stress = 205 MPa and experimentally determined stress-
strain curve). Uniaxial Dirichlet type of boundary condition 
was applied to the models (2 % tension). The result ‘stress –

PREPARATION OF STAINLESS STEEL/TiC COMPOSITE BY SELECTIVE LASER 
MELTING 

   a     b 

Fig. 1. a) Additional interphase – cohesive zone, b) Stress – strain 
curves comparison 
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 strain’ chart with curves from both models is shown in 
Fig. 1b. 
 
4. Result and conclusion 
 

The average nc-TiC crystallites size was 40 nm (Fig. 2). 
The manual mixing of the powder before its introduction to 
Realizer II device enabled obtainment of non-porous compo-
site with homogeneous dispersion of nc-TiC particles in steel 
matrix applying the following sintering parameters: TiC/steel 
ratio up to 60 wt.%, power of the laser = 5000 mA, exposure 
time: 200400 µs. 

Composite materials obtained by SLM technique, con-
taining purified nc-TiC0.85 in steel matrix, were characterized 
by good dispersion of TiC nanoparticles in matrix and three 
times higher hardness than stainless steel. The SEM image of 
the composite is presented in Fig. 3. In order to increase the 
ratio of nanoparticles in steel matrix, maintaining at the same 
time their homogeneous distribution, the ball-milling of nc-
TiC and steel powders was used. After the sintering process 

nc-TiC, austenite, small amounts of ferrite and trace amounts 
of carbides of M7C3 type, derived from conversions proceed-
ing in material of steel powder in SLM process, were identi-
fied in the brittle and porous composite . 

Presented FEM model is fitted to one specify sample 
made by SLM technique. It will be extended to other samples 
with different parameters and used to optimisation of the 
structure. 

 
Financial support of the work by the Ministry of Science 

and Higher Education within the project No. N N507 444334, 
2008-2011, is gratefully acknowledged. 
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A. Biedunkiewicz, W. Biedunkiewicz, P. Figiel, 
and D. Grzesiak (West Pomeranian University of Technolo-
gy, Szczecin, Poland): Preparation of Stainless Steel TiC 
Composite by Selective Laser Melting 
 

SLM method was used to prepare stainless steel/ TiC 
composite. The samples were fabricated from 1.4404 stainless 
steel powder and nanocrystalline TiC powder synthesized by 
sol-gel method. In the aim of the improvement of the nano-
composite parameters, FEM model has been worked out. 
Nanoindentation was used to determine composition and 
hardness of this material. Chemical, structural and mechanical 
properties were investigated using scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and X
-ray diffraction (XRD). Good dispersion of titanium carbide 
in steel matrix and significant increase hardness were ob-
tained using purified, high stoichiometry nc-TiC for compo-
site manufacturing by SLS/M method. The results were used 
to obtain finite element model of the nanocomposite structure. 

   a     b 

Fig. 2. a) TEM micrograph, and b) electron diffraction image of 
purified nc-TiC powder 

Fig. 3. a) SEM cross-section image of steel/TiC composite sample; 
b) SEM microstructure of  sintered nanocrystalline TiC sample; 
c) mapping of Ti; d) Fe distribution 
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Introduction 

 
In steel making, inner parts of oxygen converter hood are 

subject to extreme wear. Converter hood material is exposed 
to set of unique factors related to temperature and gas rate 
variation, dust particles load etc. For inner hood side protec-
tion there are various types of protective coatings used with 
aim to enlarge hood lifespan16. 

This report deals with research results focused on analy-
sis of renovative layers applied by thermal spraying. 

 
Materials and methods 

 
Experimental protective layers were applied on the base 

material of P235 GH (1.0405) ISO 2605 – heat-resistant car-
bon steel with specific properties, used for making pipes for 
energy and chemical equipment. 

There were two types of cladding layers applied by ther-
mal spraying technology on this base material: S – NiCr 80/20 
and DURMAT – AS – 761. Before coatings application, test 
samples were pre-treated by pneumatic abrasive blast clean-
ing: blasting medium – brown corundum, grain size 0.71 mm, 
blasting angle 75°, air pressure 0.6 MPa, distance testing sam-
ple  blasting notule 250 mm. The surface roughness of blast-
ed samples was evaluated by contact roughness tester accord-
ing to STN EN ISO 4287. Vickers microhardness test of clad-
ding and also base material was evaluated on metallographic 
cross-sections according to STN EN ISO 6507, testing equip-
ment DUH 202 SHIMADZU. Tested coating was exposed to 
erosive wear simulated by abrasive grit blasting with aim to 
simulate operating conditions at two blasting angles: 45° and 
75°. Used blasting medium – brown corundum with grain size 
0.9 mm. One erosive cycle equals to 5 cycles of blasting me-
dium in blasting equipment. 

 
Results and discussion 

 
Surface of the base material after grit blasting with angu-

lar blasting medium is characterized by typical morphology – 
undirected, isotropy surface. This morphology is suitable for 
functional coating application, because it provides higher 

adhesion to substrate. Blasted surface roughness was: Ra 
11.42 m and Rz 72.89 m. Fig. 1 shows appearance of the 
surface blasted by brown corundum. 

Microscopic analysis proved characteristic sandwich 
structure of both evaluated coatings, Fig. 2, 3. 

Microhardness measurement pattern is shown in Fig. 4. 
Experimentally determined microhardness of base material 
was 281 HV 0.01. Microhardness of coating made of DUR-
MAT-AS-761 was higher (810 HV 0.5, Fig. 5) in comparison 
with Ni-Cr 80/20 coating (775 HV 0.5, Fig. 6), resulting from 
material properties, chemical composition and structure of 
particular materials. It is possible to assume that higher micro-
hardness values provide higher wear resistance of coatings.  

Fig. 7 shows mass loss Wh (g) of particular coatings at 
blasting angle 75° and 45°. Lower wear of both coating was 
achieved at 75° blasting angle. Lower blasting angle leads to 
more intensive material wear. 

EVALUATION OF THERMAL SPRAYED COATINGS PROPERTIES IN TERMS 
OF EROSIVE WEAR 

Fig. 1. 3D view and SEM of grit blasted surface 

Fig. 4. Microhardness measurement pattern 

Fig. 2. Cross-section of coating 
S – NiCro 80/20 

Fig. 3. Cross-section of coating 
DURMAT- AS – 761 
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Notched abrasive grain can cause crack generation and 
failure of coatings, resulting in stress concentration and coat-
ing separation. Erosive wear test was carried out up to 5 cy-
cles, when coating was completely removed. DURMAT-AS-
761 coating showed high wear resistance resulting from its 
material properties, chemical composition and material struc-
ture along with its microhardness. 

 
Conclusion 

 
Microscopic analysis proved typical sandwich structure 

on both of the evaluated coatings.  
Experimentally determined microhardness of the base 

material was 281 HV 0.01. Microhardness of new tested coat-
ing, DURMAT-AS-761, was higher (810 HV 0.5), in compar-
ison with Ni-Cr 80/20 coatings (775 HV 0.5); it results from 
their material characteristics, chemical composition and struc-
ture. It can be assumed that higher microhardness values pro-
vide higher wear resistance of coatings. 

Erosive wear test proved lower mass loss at 75° blasting 
angle for both of evaluated coatings. Lower blasting angle 
causes more intensive material reduction.  
At places of abrasive impact, some cracks and coating failures 
can appear resulting in stress concentration and coating sepa-
ration.  

Achieved results showed, that new coating marked 
DURMAT-AS-761 has better properties in comparison with 
previously used coating from perspective of chemical compo-
sition, microhardness and also erosive wear evaluation. 
 

This work was done within the scientific project VEGA 
No. 1/0510/10. 
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J. Brezinová, A. Guzanová, M. Egri, and J. Malejčík 

(Technical university in Košice, Faculty of Mechanical Engi-
neering, Department of Technology and Materials, Slovakia):  
Evaluation of Properties of Thermal Sprayed Coatings in 
Terms of Erosive Wear 

 
The paper presents results of research aimed at analyzing 

the characteristics of the renovation layers applied by thermal 
spraying technology. There were experimentally determined 
properties of the currently used coating based on Ni-Cr 80/20 
and a new coating DURMAT-AS-761 applied in form of 
filled wire. Quality of renovation layers was evaluated by 
metallographic analysis, EDX method, microhardness meas-
urements and gravimetric method in terms of erosive wear. 
Contribution was based on the practice problems in order to 
increase the lifetime of the BOF (Basic Oxygen Furnace) 
hood. 
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1. Introduction 
 

Since 2006, when regulations enforcing lead-free solders 
were implemented into the EU legislation, there is an ongoing 
drive to find the best lead-free alternatives. It turns out that 
there is no single replacement, which would cover all tech-
nical applications. 

Melting temperature of a solder is of the primary concern 
for both economical and technological reasons. The melting 
point of bulk silver (as an example of low-toxic material) is 
962 °C, which is far too high even in a category of high-
temperature solders (defined by Tm  230 °C and limited by 
350 °C due to polymer materials used in electronic industry). 
However, the effect of lowering melting point of powders 
with decreasing particle size13 can be turned to advantage in 
this case. We have synthesized a silver nanopowder. We have 
prepared model joints and studied the nanopowder sintering 
and local mechanical properties. 
 
2. Experimental 
 

Silver nanopowder was prepared by a chemical wet syn-
thesis from chemicals of high purity. Its characterization by 
means of transmission electron microscopy4 revealed the 
prevailing particle diameter around 20 nm. Copper disks 
5.5 mm in diameter were punched from a sheet, etched in acid 
ethanol (0.5 ml 98 wt.% H2SO4 and 100 ml 95 wt.% ethanol) 
at 60 °C and finally washed in 60 °C ethanol to remove sur-
face oxides. A layer of silver nanopowder suspension in tolu-
ene was put on one of the Cu disks and covered by another 
one. The sandwich structures were annealed at temperatures 
200, 250, 300 and 350 °C for 1.5 hour in the furnace 
LAC1200. Metallographic cross-sections were prepared from 
annealed samples and studied using a JEOL JSM 6460 scan-
ning electron microscope (SEM). Microhardness and other 
mechanical properties of sintered Ag layers were measured by 
instrumented indentation technique using a Fischerscope 
H100 depth sensing indentation tester equipped with Berko-

vich indenter. The accuracy of the depth measurement was 
about ± 2 nm. 

 
3. Results and discussion 
 

Instrumented indentation tests were performed on cross 
sections to characterize local mechanical properties of sin-
tered Ag layers. The optimum testing load range from 5 to 
10 mN was chosen so that the extent of the plastic zone size 
around the indenter estimated using the Johnson’s spherical 
cavity model5 approach was several times lower than the sin-
tered nanosilver layer thickness. This estimation was made for 
the single crystalline silver. The indentation tests were made 
in the central part of sintered nanoAg layer in order to avoid 
the influence of the surrounding copper plates (Fig. 1).  

According to SEM observations the silver layer showed 
nanocrystalline character but also some porosity depending on 
the preparation conditions. In the case of ultrafine-grained 
(UFG) materials, the yield stress is higher compared to an 
ordinary polycrystalline bulk material. This is in accordance 
with the well-known Hall-Petch relation6 between the yield 
stress Y and the grain size d. The hardness of the sintered 
nanoAg layers was 4 to 8 times higher than the hardness of 
the single crystalline silver, hence proving the UFG character 
of Ag sintered layers.  

The results of indentation tests showed a large scatter of 
measured values because of the heterogeneous nanoAg grain 
size and sample porosity. In order to assess the quality of the 
nanoAg layers the frequency diagrams of sample mechanical 
parameters were evaluated. In Fig. 2 and 3 the frequency dia-
grams of hardness and Young’s modulus results obtained on 
4 samples annealed in temperature range from 200 to 350 °C 
are shown. 

Despite the sintered silver layer in the sample annealed 
at 350 °C exhibited the largest pores, its average hardness was 
the highest, because the pore distance was not smaller than 
the plastic zone radius. This fact caused the high scatter in 
hardness values and the relatively low Young’s modulus (the 
radius of elastically deformed zone being larger than the pore 
distance) in sample S350. On the other hand, the highest val-
ues of the Young’s modulus (between 60 and 70 GPa) were 
achieved after annealing at 250 °C, indicating that at this an-
nealing temperature probably the lowest porosity of the sin-
tered layer was attained. SEM observations of S250 revealed 
a homogeneous distribution of very fine pores. The pore dis-
tance was lower, than the plastic zone radius. Hence both 
hardness and Young’s modulus were smoothly affected by the 
pore occurrence. This is in a good accordance with the higher 
modulus, lower hardness and lower scatter of measured val-
ues obtained on sample annealed at 250 °C (compared to 
those annealed at 350 °C). 

The comparison of the values shown above with the 
results obtained previously on sandwiches prepared using a 
commercial Ag nanopowders7 [H = 600 ± 200 MPa and 
E = 35 ± 15 GPa] shows better mechanical properties of the 
whole series of recently produced Ag layers.  

CHARACTERIZATION OF SINTERED Ag NANOPOWDER JOINTS USING 
NANOINDENTATION TESTS 
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4. Summary 
 

Model joints, i.e. sandwiches consisting of copper disks 
with Ag nanopowder interlayer annealed at various tempera-
tures from 200 to 350 °C were studied in this work. The high-
est hardness values of sintered nanoAg were obtained in case 
of sandwiches annealed at 350 °C. The highest values of the 
Young’s modulus were achieved after annealing at 250 °C, 
indicating the lowest porosity of the sintered layer. 
 

The financial support was provided by the Czech Sci-
ence Foundation (Project 106/09/0700).  
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Sandwiches consisting of copper disks with Ag na-

nopowder interlayer annealed at various temperatures from 
200 to 350 °C were studied. The main emphasis was placed 
on the characterization of quality of the sintered Ag layers by 
means of nanoindentation experiments. The highest hardness 
values were obtained after annealing at 350 °C. The highest 
values of the Young’s modulus were achieved after annealing 
at 250 °C, indicating the lowest porosity of the sintered layer. 

Fig. 1. Light microscopy image of indentation prints made on 
sample S350 with applied loads 5 and 10 mN 

Fig. 2. Hardness frequency diagrams for samples annealed at 200, 
250, 300 and 350 °C. The testing load was 5 mN 
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1. Introduction 

 
The chemical stability of geopolymer binder such as 

attacked by sulphates, seawater, chlorides, acid media, frost-
thaw cycles, high temperatures, and so on was proved. Anoth-
er important consideration in connection with concrete dura-
bility is carbonation1.  

The aim of the present research is to study the carbona-
tion of fly ash/slag binders and explain the influence of quali-
ty used raw materials on the mechanical properties. 
 
2. Experimental 
 

Low calcium fly ash (LCFA) obtained from Czech pow-
er plant and finely blast furnace slag (BFS) were used as the 
base materials. Alkali activators used in this study were potas-
sium hydroxide in flake form dissolved in water to form 
16M water solution and potassium water glass (K2O=8.2 %, 
SiO2=19.8 % and water=72.0 %). Both of the solutions were 
mixed together and then poured into a solid fly ash/slag mix-
ture. Time of the mixing takes 3 minutes. Material was elabo-
rated into steel molds of 2×2×10 cm. Specimens were cured 
in molds at laboratory temperature for 24 hours.  

The carbonated depths were observed by light optical 
microscope Olympus BX 50 in the polarized reflected light. 
Mechanical properties were carried out by means of compres-
sive strength tester DESTTEST 3310. Morphological obser-
vations and elemental compositions of samples were obtained 
using a Zeiss Ultra Plus 55 Scanning Electron Microscope 
(SEM) equipped with an energy dispersive analyzer (EDX). 

 
3. Results and discussion 

 
It is well known that the main hydration product of alkali 

activated fly ash/slag systems is C–S–H gel with a low C/S~1 
ratio containing alkaline and aluminate ions in the structure. 
The carbonation of C–S–H can be expressed as follows: 

C–S–H + CO3
2− → CaCO3 + xSiO2 · nH2O + 2OH− 

On the other hand fully hydrated Portland cement pastes, 
consist roughly of 70 % C–S–H with a high C/S ratio, 20 % 
Ca(OH)2, 7 % AFt and 3 % AFm. The carbonation of Ca(OH)2 

describe this chemical reaction2: 

Ca(OH)2 + CO3
2− → CaCO3 + 2OH− 

In the atmosphere containing 20 % CO2 at 70 % relative 
humidity, carbonate precipitation is much more intense in 
Portland cement paste contains a higher Ca content suscepti-
ble to interaction with H2CO3. Carbonation takes place in both 
the portlandite and in the C–S–H gel. The CaCO3 precipitated 
in the pores prevents or hinders the passage of CO2 into deep-
er layers of the mortar. Whereas in alkali activated fly ash/
slag pastes, carbonation occurs directly in the C–S–H gel, 
which means a deterioration of mechanical properties3. 
 
3.1. Light optical microscope (LOM) 

 
Light optical microscope was used for observation of fly 

ash/slag geopolymer binders with different kinds of BFS. The 
first sample was prepared from fresh blast furnace slag and 
cured in the lab conditions for 28 days. The fracture area 
showed on the outer edge of the specimen 1 mm deep car-
bonated front. However the second samples with the same 
composition and curing conditions, but using of BFS stored 
1 year in the plastic drums showed fully carbonated fracture 
area. 

 
3.2. Mechanical properties 
 

Compressive strength evolutions of the pastes are shown 
in Fig. 1. Samples prepared from different kinds of slags 
(black plots – fresh BFS, grey plots – 1 year old BFS) exhibit 
very similar strength evolution until 7 days. However after 
28 days, the compressive strength of the samples with the old 
slag is lower and the results of flexural failure test surprising-
ly show the decrease of strength.  
  
3.3. Scanning electron microscopy (SEM) 
 

The process of carbonation of fly ash/slag geopolymer 
binders was examined in SEM. The image in secondary elec-
trons mode, Fig. 2, shows fracture area of sample composed 
of 1 year old BFS. EDX analysis of the binder C–S–H phase 
(place 1) indicate very small C/S ratio. The unreacted parti-

MECHANICAL PROPERTIES OF ALUMINOSILICATE SYSTEMS BASED  
ON ALKALI ACTIVATION OF INDUSTRIAL BY-PRODUCTS 
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Fig. 1. Compressive (left) and flexural (right) strength develop-
ment of alkali activated LCFA/BFS 
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cles of fly ashes (place 3) and slags (place 4) are still well 
incorporated into the geopolymer matrix. 

On the surface were observed whitish particles with 
a very high K content, whose chemical composition corre-
sponded to K2CO3 (place 2). 

According to the theoretical structure of geopolymer 
materials4, the alkaline ions are presented in solvated form 
and for that reason the bond in the structure is weak. This fact 
explains the tendency of alkali activated systems to the for-
mation of efflorescences. Potassium alkaline activator does 
not give rise to visible hydrates in comparison with Na-
activator which created visible Na2CO3 · nH2O. 

 

The binder phases (C–S–H gel) in geopolymers with 
various quality of BFS are different. When fresh BFS is used 
as raw material, there is a greater deal of binder phase with 
higher C/S ratio. The higher Ca content in the CSH gel may 
generate greater amounts of CaCO3 during carbonation, and 
this product might precipitate into and cover the pores of the 
mortar as well as case of hydrated OPC. When the base mate-
rial is the 1 year old BFS, the main binder phase is amorphous 
decalcified CSH gel with very low C/S caused binder soften-
ing and some deterioration of strength was observed. 

 

4. Conclusion 
 

Characterization of microstructure and the differentiation 
of various rising phases in the edge and interior of the geopol-
ymer provide a good basis for local mechanical properties 
measurements. Once we described the microstructure, we can 
continue with micro-hardness and nanoindentation testing. So 
the next step of our research will be characterization of 
strength of  interfaces between structure phases and character-
ization of the carbonation depth relative to the bulk geopoly-
mer paste matrix and also provide one means of estimating 
the width of the carbonation. 

Geopolymer binder properties depend on the nature of 
the blast furnace slag. LCFA/BFS-based geopolymer has an 
excellent potential for its application in building industry, but 
it is necessary to control chemical properties of raw materials. 
 

This work was supported by the project "Centre for Mate-
rials Research at FCH BUT" No. CZ.1.05/2.1.00/01.0012 from 
ERDF. 
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(Centre for Materials Research, Brno University of Technolo-
gy, Faculty of Chemistry, Brno, Czech Republic): Mechanical 
Properties of Aluminosilicate Systems Based on Alkali 
Activation of Industrial By-Products 

 
This paper deals which mechanical properties in relation 

to structure of heterogeneous material (geopolymer). The 
testing material was inorganic aluminosilicate polymer, called 
geopolymer, synthesized from the alkali activation of fly ash/
slag mixtures. Effect of quality used raw materials that influ-
ence the compressive and flexural strength of hardened geo-
polymer was discussed. The study of the microstructure was 
based on LOM and SEM-EDX analyses. 

Fig. 2. Morphology of carbonated fracture area 


