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1. Introduction 
 

Tribological properties of surfaces of parts, namely 
their wear resistance and friction properties, are in many 
cases the determining factors for their proper function. In 
order to improve the surface properties, it is possible to 
create hard, wear resistant coatings by thermal spray tech-
nologies. With these versatile coatings, the lifetime, reli-
ability and safety of parts can be improved. In the case of 
evaluation of thermally sprayed coatings, it is necessary to 
take into consideration their unique lamellar microstruc-
ture. Together with materials characteristics, such as hard-
ness, Young’s modulus of elasticity or fracture toughness, 
the coatings’ porosity, cohesive strength, the content of 
oxides and other microstructure defects also play their 
role1,2. 

In the wide range of available thermally sprayed coat-
ings, the high velocity oxy fuel HVOF hardmetal coatings 
show, thanks to their specific properties, the best results in 
application on surfaces demanding high resistance to abra-
sive and erosive wear, as well as corrosion resistance. The 
HVOF spraying technology is generally considered as the 
best spraying process for deposition of hardmetal coatings. 
Due to the high velocities of particles, the coatings are 
well bonded to the substrate and have high cohesion 
strength and low porosity. Moreover, the peening effect of 
molten droplets enables to produce coatings with low ten-
sile stress and even with compressive stress3. 

While the mechanisms of formation of such coatings 
have been rather well investigated, detailed information on 
mechanical properties still remains difficult to obtain be-
cause of the heterogeneity of the coatings. Macro-scale 
methods such as four point bending or microhardness at 
relatively high loads do not capture the effect of strongly 
heterogeneous structure composed from hard particles and 
a soft binding matrix. The indentation methods, particu-
larly the instrumented indentation, allow to determine 

properties such as hardness, viscoelastic properties and 
elastic modulus in very small material volumes and have 
a potential to determine not only intrinsic material charac-
teristic in the range of one splat, but also the properties of 
a single hard particle and binder material. The knowledge 
of basic mechanical properties, hardness and Young’s 
modulus of each structure component, as well as their E/H 
ratio, which characterize the elastic-plastic behavior of 
measured materials, is important not only for wear resis-
tance prediction, but also necessary for determination of 
other mechanical characteristics, such as indentation frac-
ture toughness. This information can be crucial for estima-
tion of wear behavior of hardmetals, particularly under 
abrasive conditions, where sharp edged abrasive media 
attack the coating surface in a manner very similar to in-
dentation. 

While for other materials, e.g. bulk materials, thin 
coatings, etc. the indentation methods are commonly used, 
in the area of thermally sprayed coatings it has not been 
widespread so far. Up to now, the mechanical properties of 
hardmetal coatings have been evaluated mostly in terms of 
the composite scale range. Traditionally, the indentation 
tests are used for determination of surface hardness of 
thermally sprayed coatings (HR15N) and their microhard-
ness (HV 0.3 or HV 0.1) measured on the coating cross-
section. The instrumented indentation was used several 
times for evaluation of structure component properties4 
and for evaluation of properties in the range of one splat511. 
Only in a few works, the method of continuous stiffness 
measurement (CSM) was used to characterize the hardness 
and Young’s modulus across a wide range of microstruc-
ture scale5,11,12. 

In present work, the WC-17%Co, Cr3C2-25%NiCr 
and (Ti,Mo)(C,N)-18.5%Ni18.5%Co coatings were meas-
ured by Nanoindenter XP MTS with a CSM module. The 
results show that with sufficient number of measurements 
there is a possibility to distinguish between the indents 
made into the hard particles and indents made into the 
binder material. The shape of CSM hardness and Young’s 
modulus dependence curves on the load used (or on inden-
tation depth) enables to follow the transition from the area 
of properties of a single structure component to properties 
of the composite material and to determine the properties 
of both. 

 
 

2. Experimental 
 

The coatings examined in this study were sprayed 
onto flat grit blasted surfaces of samples using the Prax-
air JP 5000 HVOF spraying system in ŠKODA VÝZKUM 
s.r.o. All coatings were created using previously optimized 
parameter sets which could be found elsewhere13. The 
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coating materials are commercially available as FST K-
674.23 (WC-17%Co) and TAFA 1375 VM (Cr3C2-25%
NiCr). The (Ti,Mo)(C,N)-37%NiCo powder with core-rim 
structured hard phases was an experimental powder, first 
tested by Berger14. Thickness of coatings varies from 300 
to 500 m. The hardmetal coatings microstructures contain 
hard particles embedded in tough matrix. The size range of 
hard phases differs for each coating. The size of WC car-
bides varies between 15 m and the size of Cr3C2 car-
bides between 510 m. In the case of carbides and ni-
trides in the (Ti,Mo)(C,N)-NiCo coatings, the size is rather  
difficult to estimate due to special core-rim structure of 
hard phases, but it could be evaluated as smaller than 3 m. 
Moreover, the hard phases do not have exact boundaries: 
their composition changes from the rim to the centre17. The 
microstructure characterization of measured coatings could 
be found elsewhere15,17. 

The indentation measurement was realized in the New 
Technologies Research Centre of the University of West 
Bohemia in Plzeň using the MTS NanoIndenter XP with 
a CSM module (Continuous Stiffness Mode). CSM testing 
is based on oscillating load with an amplitude several or-
ders of magnitude smaller than the nominal load. This 
oscillating load is superposed onto the primary nominal 
load. Indentation is performed automatically and the posi-
tion for indentation is chosen with high precision, with the 
possibility to program a set of experiments. The output of 
experiments is generally the indentation curve 
(displacement into surface as a function of the load on the 
sample). The CSM module allows to continuously measur-
ing hardness and indetation modulus as a function of in-
denter depth penetrating into the tested material. 

For each coating, more than 50 measurements were 
done on the coatings polished cross-sections, embedded in 
resin. Nanoindentation measurements were performed 
with the Vickers indenter. The indentation procedure con-
sists of a loading period with the maximum load 10 N, 
followed by dwell time (30 s) and unloading. 

Additionally, single measurements were performed 
using 10 N, 5 N, 2 N, 1 N, 200 mN, 100 mN, 20 mN and 
2 mN loads to evaluate the size of indent with respect to 
the coating’s microstructure. The Oliver-Pharr16 method 
was used to calculate the values of instrumented hardness 
(H) and Young’s elastic modulus (E). 

 
 

3. Results and Discussion 
 

For each coating, the dependence of H and E on dis-
placement into surface was evaluated. In Fig. 1 and 2 there 
are the dependencies for Cr2C3-NiCr coating. The H and E 
values of single measurements, corresponding to a defined 
load, are also illustrated in the graphs. 

Sufficient number of CSM measurements enables to 
get enough information to identify measurements corre-
sponding to the hard phases, matrix or mixture of both. 
The analysis of the CSM dependencies indicates that for 

the Cr3C2-NiCr coating, the maximum of H and E modulus 
could be measured in the depth of 0.15 m. Beyond the 
0.15 m depth, the hardness and elastic modulus values of 
single phase (matrix or hard phase) are influenced by their 
surrounding. 

The second transition depth, that indicates the onset 
of influence of other microstructure features, such as 
pores, boundaries of splats, oxides and others, can be  in 
the case of the Cr3C2-NiCr coating  identified at the 2 m 
depth of indentation. Beyond the 2 m depth of indenta-
tion, the coating properties are measured. Further increas-
ing of indentation depth (load) leads to a slight continuous 
decrease of H and E values. 

To confirm the transition depth, measurements at 
defined loads were made and the sizes of the indents were 
analyzed using SEM. The indents and corresponding load-
displacement curves for individual indentations made at 
10 N, 1 N, 200 mN and 100 mN loads can be seen in 
Figs. 36. For lower loads, the indents were too small to 
be recognized in the SEM. 

The comparison of indents with the microstructural 
phases in Figs. 36 shows, that while the 10, 5, and 1 N 
indents cover several splats (the thickness of the spread 
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splat on the cross-section is around 12 m), the load in 
range of 100500 mN produces indents that cover several 
grains of hard phases and also the matrix between them. 

The indents made at load lower than 100 mN were 
too small to be found, but it could be supposed that they 

were located in one grain of hard phase or in the matrix. 
Observations from SEM micrographs of indents are in 
a good correlation with the conclusion made from CSM 
curves analyses. 

The same analyses were made on two other coatings 
materials with similar conclusions. For the WC-15% Co 
coating, the maximum values of H and E were recorded at 
0.17 m and 0.28 m resp. The transition between the 
composite microstructure’s and the coating’s properties 
can be determined at around 1.5 m. In the (Ti,Mo)(C,N)-
39%NiCo coating, the maximum values of H and E were 
recorded at 0.23 m and 0.18 m resp. The transition be-
tween the composite microstructure’s and the coating’s 
properties can be determined also at about 1.5 m. 

The measured H and E values for all coatings are 
summarized in the Tab. I.  

The measured data are in agreement with those re-
ferred in the literature18,19. For sintered materials, the E of 
Cr3C2-25% NiCr is about 320 GPa (ref.18), for WC-15%Co 
560 GPa (ref.18). It is stated20,21, that the elastic modulus of 
thermally sprayed coatings reaches 2030 % of E in sin-
tered materials in dependence on the amount of pores, 
microcracks and splat boundaries. The microstructure of 
HVOF sprayed coatings includes a very low amount of 
inhomogeneities such as pores or microcracks, so the ratio 

Fig. 3. Indentation using 10 N load in the Cr2C3-NiCr coating 

Fig. 4. Indentation using 1 N load in the Cr2C3-NiCr coating 

Fig. 5. Indentation using 200 mN load in the Cr2C3-NiCr coat-
ing 

Table I 
H and E values of coatings [GPa] 

  Hard phase         Coating a   

H E H E 
Cr3C2-NiCr 30±1.0 398±14 8.0±0.8 143±15 
WC-Co 28±1.5 526±50 15±1.2 260±27 
(Ti,Mo)(C,N)-
NiCo 

20±3.0 354±56 9.5±0.6 183±14 

a The H and E values in the coatings were calculated as an aver-
age from all measurements in the range of displacement into 
surface of 2000 nm  final depth 

Fig. 6. Indentation using 100 mN load in the Cr2C3-NiCr coat-
ing 
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of the E values in sintered and HVOF sprayed material is 
lower. 

The referred values of hard phases are also compara-
ble with the measured values. W. Lengauer19 presents 
E = 380 GPa and H = 27 GPa for Cr3C2, E = 707 GPa and 
H = 23 GPa for WC and E = 450 GPa and H = 28 GPa for 
TiC. 

Even if there is some discrepancy (especially in case 
of WC), the degree of agreement is sufficient with respect 
to different measuring techniques used and possible influ-
ence of the matrix. 

 
 

4. Conclusions 
 
The instrumented nanoindentation was found to be a 

useful technique to measure the elasto-plastic behavior of 
thermally sprayed hardmetals. The measured H and E val-
ues, thanks to high number of measurements, could be 
considered representative of the complicated microstruc-
ture of thermally sprayed hardmetal coatings and can be 
further used in evaluation of more complex properties, 
such as wear resistance or indentation fracture toughness. 

The differences in measured values in different load 
ranges, expressed by the depth of indentation, show the 
necessity of careful choice of a measurement method for 
purposes such as prediction of the coating’s wear resis-
tance. The load range of indentation should always be 
selected with respect to the mechanism and load range of 
the studied wear process.  

 
The paper was prepared thanks to the financial sup-

port from the project No: MSM 4771868401 and MSM 
4977751303.    
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In the present study, the H and E values of three types 

of Cr3C2-25%NiCr, WC-17%Co and (Ti,Mo)(C,N)-39%
NiCo HVOF coatings were evaluated by CSM method. It 
was shown that the measurement technique used is a vi-
able method for evaluation of the coating’s properties de-
spite of the complicated microstructure. With a sufficient 
number of measurements the measured values can be con-
sidered reliable. The scale dependence of H and E values 
on the depth of indentation with respect to the coatings’ 
microstructure was shown. 
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1. Introduction 
 

The steel X12CrNi 18 8 (1.4300) is widely used in 
food-processing industry and in medicine for surgical in-
struments due to its excellent corrosion resistance. How-
ever, it also has low hardness and poor wear performance, 
which offers impose strong limitations in many cases. 

A combination of plasma nitriding and PVD coating 
with ZrN as a surface treatment has been shown to im-
prove hardness and wear resistance of the material.  

Plasma nitriding is known as a very versatile surface 
treatment process. When applied to austenitic stainless 
steels (e.g. X12CrNi 18 8)1,2, it produces a modified layer 
with a high nitrogen concentration, known as supersatu-
rated or expanded austenite, which has a high hardness and 
good corrosion resistance.  

Thin hard coatings were developed and extensively 
utilised to protect different substrates against wear and 
corrosion in extreme conditions. Refractory metal coatings 
such as ZrN, TiN and DLC show a very high hardness and 
can be deposited by plasma assisted PVD. ZrN coating is 
one of the most widely used materials due to its excellent 
mechanical and tribological properties, added to its chemi-
cal stability and its very high corrosion resistance in strong 
acids. 

Due to very low thickness of this type of coatings, the 
applied load is mainly supported by the substrate. If the 
material has not sufficient strength, as is usually the case 
with austenitic stainless steels, plastic deformation leading 
to a premature coating failure occurs. To overcome this 
limitation, thermochemical treatment prior to the hard-
coating deposition were undertaken. This duplex surface 
treatment led to significant improvements in surface and 
sub-surface properties, which were unobtainable through 
any other techniques3,1.  

The aim of the present investigation was to study 
local mechanical properties of X12CrNi 18 8 stainless 

steel treated with duplex surface treatment consisting of 
a plasma nitriding process and a subsequent ZrN PVD 
coating. Systematic instrumental hardness tests of treated 
samples were performed under different normal loads in 
the range of 2 N – 1000 N. Optical and electron micros-
copy were applied to investigate the tested samples. 
 
 
2.  Experimental Material and Surface  

Treatment 
 

Samples of X12CrNi 18 8 stainless steel in an un-
treated state were sized 50  30 mm and had the thickness 
of 2 mm. The substrate had a microhardness of about 
170 HV. Before the ion nitriding process, the specimens 
were wet ground using silicon carbide paper from 120 
down to 500 grit.  

Plasma nitriding was carried out in PN 60/60 equip-
ment according to the following parameters: temperature 
550 °C, time 8 h, flow of H2  8 l min1, flow of N2 32 l min1, 
flow of CH4 1.5 l h1. Pre-nitrided samples were afterwards 
coated with ZrN by PVD using arc industrial equipment, 
HTC 625 Multilab ABSTM, in order to obtain the desired 
duplex surface treatment. The conditions of coating depo-
sition were: temperature of 450 °C, pressure of Ar2+N2 
0.5 Pa, voltage 70 V.  

 
 

3. Experimental Methods 
 

Chemical composition of the substrate material 
was measured by GDOES/Bulk method. The nominal 
compositions can be found in Table I. Glow Discharge 
Optical Spectroscopy (GDOES) measurement was per-
formed in a LECO SA-2000 atomic emission spectroscopy 
analyzer, with an argon Glow Discharge Plasma excitation 
source. 

Scanning electron microscope (SEM) Vega TS 5135 
with the microanalyzer Noran Six/300, was used for the 
EDXS analysis of Fe and Zr.  

Confocal laser microscope LEXT OLS 3000 allows 
for observation of surfaces and obtaining both 2D and 3D 
images. It also enhances the quality of acquired images 
and enables to measure lengths, shapes and surface rough-
ness. It allows for 3D observation as well as high precision 

MECHANICAL PROPERTIES OF DUPLEX SYSTEM: ZrN COATING ON PLASMA 
NITRIDED  STAINLESS  STEEL 

Table I  
Chemical composition of X12CrNi 18 8 stainless steel 

Element C Mn Cr Ni Si P S 
%wt 0.045 21.78 18.6 8.6 0.45 0.027 0.002 
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3D measurement in real time. Thanks to its outstanding 
resolution of 0.12 m and a magnification range from 
120 to 14 400, the confocal microscope LEXT can 
operate within the limits of common optical microscopes 
and scanning electron microscopes. 

Instrumental hardness measurements were made on 
a Zwick Universal testing machine with a hardness meas-
urement head (Zwick Z 2.5, Zwick GmbH & Co., Ulm, 
Germany). The initial head speed for approaching the 
specimen was 300 mm min1. After the head touched the 
specimen, the approach speed of the diamond indenter 
until initial contact with the specimen was 50 mm min1. 
Indentations were made on the surface of the specimen. 
The tests were carried out from 2 N up to 1000 N indenter 
load. The working test force has been maintained for 3 s. 

The Martens (universal) hardness was calculated 
automatically by the software (TestXpert®, Zwick GmbH 
& Co, Ulm, Germany) and was expressed as volume hard-
ness. Martens hardness was measured on the surface upon 
duplex surface treatment and plasma nitriding. Vickers 
indentor was used for the indentation test. The following 
equations can be used in calculating Martens hardness HM 
and the elastic part of indentation work ηIT values of the 
test samples4,5. 

HM = F2 / (fIT · h2
2) 

ηIT = W(elast) / W(total) · 100% 

where HM is Martens hardness in N mm2, F2 is force at 
the point of load application after the dwell time in N, fIT is 
a coefficient of the indentor (26.43 for Vickers), h2 is in-
dentation depth at the maximum force in mm, W(elast) is 
elastic part of indentation work in Nmm, W(total) is total 
indentation work in Nmm. Indents were documented by 
light and electron microscopes. 
 
 
 
 

4. Experimental Results  
 
Fig. 1 shows an micrograph of a cross-section of the 

surface of an X12CrNi 18 8 sample treated by 
a  combination of plasma nitriding and PVD coating. Ni-
trogen that diffused into the material during the plasma 
nitriding process formed a continuous nitrided layer with 
the thickness of 57 μm. The ZrN coating subsequently 
deposited by PVD was approximately 2.5 μm thick. 

Fig. 2 shows quantitative elemental analysis of an 
indent. The elemental analysis was made for elements Fe 
and Zr. Iron is shown in the area where the coating became 
delaminated and Zr is uniformly distributed across the rest 
of the area. No other elements were observed.  

Fig. 3 presents the typical force  displacement 
curves for these materials. It is not surprising that the 
plasma nitrided sample shows higher indentation depth, 
particularly in the area of lower load. Indentation depth for 
the force of 1000 N is similar for both plasma nitrided and 
duplex treated samples. The indents were documented by 
confocal microscope. Figs. 4, 5 show the development of 
average values of universal hardness HM and the elastic 
part of indentation work to load for the duplex treatment 
sample and plasma nitrided sample. 

The obtained values of universal hardness HM and 
elastic part of indentation work ηIT for the duplex treated 
sample are higher than for the plasma nitrided sample at 
force up to 200 N. Beyond this force, the values for both 
samples become equal.  

Fig. 1.  Morphology of the cross-sectional of the duplex coat-
ing - substrate system upon etching (NITAL), confocal micro-
graph 

Fig. 2.  Micrograph (SEM) of Vickers indent (load 30 N) 
in  duplex treated sample and elemental distribution maps of 
Fe and Zr (EDXS) 
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The highest value of universal hardness is more than 
8000 MPa and the elastic part of indentation work is 
around 50 %. The highest influence of ZrN coating on the 
duplex treatment surface can be observed up to 50 N. 
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Fig. 3. The indentation curves of both plasma nitrided and duplex treated samples and micrograph of Vickers indents in duplex 
treated sample for loads 10 N, 30 N and 1000 N (light microscopy) 

Fig. 4. Universal hardness  force graph for the plasma ni-
trided and duplex treated surface 

Fig. 5. Elastic part of indentation work (ratio of elastic resil-
ience)  force graph for plasma nitrided and duplex treated 
surface 

Fig. 6.  Indentation curves. Results for four separate indenta-
tions on the duplex treated specimen are represented by four 
curves  
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Above 100 N, the value of universal hardness becomes 
lower than the universal hardness of plasma nitrided sur-
face. It is caused by delamination of the coating. The elas-
tic part of indentation work is the highest  around 50 %  
for the force up to the value of 30 N where the ZrN coating 
is not disrupted after cracking (as shown in Fig. 3), the 
value of elastic work continuously decreased and around 
200 N became equal as in the plasma nitrided sample.  

Indentation curves in duplex treated sample, which 
were achieved, are shown in Fig. 6. The deepest indent is 
160 µm deep. Steps were observed on loading part of in-
dentation curves between 50 N and 100 N. Delamination 
of coating is the possible reason for it. These results con-
firmed that the measurement of duplex system as a single 
unit is achieved using Zwick ZHU 2.5. 
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Mechanical Properties of Duplex System ZrN Coating 
on Plasma Nitrided Stainless Steel 

 
Austenitic stainless steels are widely used in indus-

trial applications with a combination of plasma nitriding 
and PVD coating. The surface treatment has been used to 
improve material properties without affecting the corro-
sion performance. In the present work, duplex treatment 
was investigated. The duplex treatment consists of plasma 
nitriding and subsequent ZrN coating processes applied on 
X12CrNi 18 8 steel. This is a study of mechanical proper-
ties of a duplex system using indentation methods. The 
measurement was carried out using the universal hardness 
tester Zwick ZHU 2.5. Universal hardness, the elastic part 
of indentation work and adhesive and cohesive behavior of 
the coating were measured. The results were compared 
with results of measuring in confocal and electron micro-
scopes.  
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1. Introduction 
 

Thermally sprayed coatings are one of the possibili-
ties how to protect the surface of the machine parts. They 
belong to the successful protection, which is commonly 
used against undesirable influences of the environment, 
such as different types of wear (abrasion, erosion, adhe-
sion, cavitation,...), oxidation, high temperatures, etc. In 
industrial applications there are used several technologies 
for the preparation of thermally sprayed coatings: HVOF/
HVAF, arc, flame, plasma and other unique technologies. 
Each of these technologies is distinguished by typical 
properties of final coatings. Coatings properties signifi-
cantly differ with the used technology. It means e.g. differ-
ent microstructure (oxide content, phase formation, cohe-
sion between individual splats, cracks, porosity), surface 
hardness, microhardness, surface roughness, wear resis-
tance, coating bond strength, etc. The investigation of the 
coating behaviour on the “coating-substrate” boundary and 
the cohesive strength between individual structure parti-
cles surely belongs to the evaluation of the coatings me-
chanical properties. Coatings are bonded with the base 
material (substrate) mainly by mechanical interlocking. 
Further the van der Waals forces (molecular interaction) 
and diffusion of elemental species across splat boundaries 
participate. Other important factors which influence the 
coating strength are the melting and localized alloying of 
the contact surfaces between particles and between the 
substrate and adjoining particles. All these factors influ-
ence the adhesive-cohesive strength of the coatings very 
much. The coating adhesive-cohesive behaviour depends 
on two spray parameters above all: the flame temperature 
and particles kinetic energy. 

The ideal particles distribution is mainly influenced 
by the substrate roughness1. Wang et al.2 stated that the 
adhesive strength of the HVOF sprayed coatings (WC-Co 
and NiCrBSi specifically) deposited on the substrate with 
the roughness lower than Ra = 1.7 is identical with the 
adhesive strength of the coatings deposited on the un-

roughened, polished substrate. Further the authors found 
that if the substrate roughness is higher than Ra = 5.7 the 
coating adhesive strength is manifold higher. Day et al.3, 
Paredes et al.4 and Staina et al.5 achieved identical results. 
Required surface roughness is attained by substrate grit 
blasting process if the grit blasted medium is of a suffi-
cient surface hardness and if the right impact velocity acts 
simultaneously. Staina5 stated additional associated influ-
ences to surface blasting, which influence the adhesive-
cohesive strength of the coatings, such as the particles size 
of the grit blasting medium, the grit blasting pressure, the 
grit blasting time, the distance of the grit blasting and the 
grit blasting angle. However, the dependencies and conclu-
sions between all mentioned grit blasting factors are very 
inconsistent with respect to other studies59. The tempera-
ture also closely relates with the surface roughness, be-
cause the preheating temperature has significant influence 
on the degree of the surface roughness10. This temperature 
ensures the adhesive and cohesive bond strength of the 
coating in the wide range of the substrate surface rough-
ness. It means that without using the preheating process 
the substrate is necessary to be more roughened for ensur-
ing high coating adhesion and cohesion4,10,11. Other factor 
that influences the coating bond strength is the thickness. 
With the coating thickness increasing the coating adhesive 
and cohesive strengths decrease.  However this relation is 
not linear, but the decrease of the coating adhesive and 
cohesive strength appears after exceeding the certain thick-
ness limit. Godoy et al.12 stated the critical coating thick-
ness that is approximately around 450 m. After exceed-
ing this thickness the adhesive strength decreases very 
intensively. The authors clarify this statement by the resid-
ual stresses. The residual stresses change in the coating 
and in the coating-substrate boundary as the coating thick-
ness increases or decreases. In the HVOF coatings mostly 
occurs the compressive stress, which decreases with the 
increasing coating thickness. This negative effect can be 
suppressed by the coating post-heat treatment, which helps 
to minimize the tensile stresses. Decreasing of the residual 
stresses in the coatings significantly contributes to the 
improvement of the adhesive and cohesive strength in the 
coating and in the coating-substrate boundary12. 

It is obvious that the coating adhesive and cohesive 
strength is influenced by many factors and therefore it is 
necessary to optimize and ensure the adequate coating 
bond strength together with achieving the high coating 
quality. The adhesive-cohesive strength is usually evalu-
ated using the so-called adhesive test or using the coating 
bond strength test. The indentation, shear and tensile test 
rank among the most advanced methods13. The tensile test 
procedures are described in the EN 582 (ref.14) and the 
ASTM C633 (ref.15) Standards. The problematics of the 
adhesive-cohesive behaviour of the coatings is still inten-

ADHESIVE-COHESIVE STRENGTH OF Cr3C2-NiCr HVOF SPRAYED COATINGS 
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sively investigated in many research works. The main aim 
of this work was to evaluate the adhesive-cohesive 
strength of the HVOF thermally sprayed Cr3C2-NiCr coat-
ings using the tensile test in accordance with the both men-
tioned Standards. The coatings were sprayed using differ-
ent spray parameters. Specifically the spray angle (90°, 
75°, 60°, 45°, 30°) was changed and the coatings mechani-
cal properties were studied. For ensuring the optimal coat-
ing properties the stream of spray particles should impact 
the target surface as close to normal (90°) as possible. 
Spraying under the normal angle should be used only as 
a last possibility, bearing in mind that some coating prop-
erty deviation from the optimum can be expected16,17.  

Besides the adhesive-cohesive behaviour the indenta-
tion fracture toughness (IFT) was also investigated. The 
IFT measurements give detailed information about the 
cracks initiation and propagation, and thus it helps to in-
vestigate the bonding strength between individual structure 
particles (splats) and in the coating-substrate boundary. 
The indentation fracture toughness of the thermal sprayed 
coatings strongly differs from the IFT of bulk materials of 
the same composition due to their unique microstructure. 
The coatings lamellar structure causes the anisotropy of 
the coating resistance against the cracks propagation. The 
IFT value of thermally sprayed coatings depends mostly 
on the coatings porosity, the presence of oxides and the 
shape, size and distribution of the structure particles18. For 
the IFT evaluation of the thermal spray coatings the Vick-
ers indentor is generally used.  

The results of this work contribute to the understand-
ing of the adhesive-cohesive strength of thermally sprayed 
cermets coatings, which are based on the principle “hard 
carbide particles embedded in the ductile metal matrix”, 
along with the support of the IFT measurements.  
 
 
2. Experiment 
 
2.1. Samples preparation  

 
The commercially available (1545 m) Cr3C2-NiCr 

powder (75 wt. % CrC, 25 wt. % Co) was coated on low-
carbon steel substrates by the JP-5000 HP/HVOF equip-
ment. The substrates were cleaned by grit-blasting with 
(0,81 mm) brown corundum. The TTN 24 Sand Blaster 
was used, the blasting distance was 12 cm and the blasted 
pressure was 6 atm. The substrate roughness was Ra = 9 m. 
The coatings were prepared by the optimized spray pa-
rameters, only the spray angle was changed (90°, 75°, 60°, 
45° and 30°). The final coatings thickness was approxi-
mately 300 m for all sprayed samples. After spraying, the 
samples were cut for the metallographic preparation in two 
directions, in the cross section and in the longitudinal sec-
tion. Two sections were necessary due to using different 
spray angles, which cause different particles distribution 
on the substrate and the anisotropy in the coatings micro-
structure.  

2.2. Experimental measurements 
 
The adhesive-cohesive strength of coatings was meas-

ured in accordance with EN 582 and ASTM C633. The 
scheme of the test is shown in Fig. 1a. The tested sample 
(25 mm   7.5 mm) covered with coating on one facing 
surface was bonded with the bolstering element and with 
the load element using the suitable glue (HTK Ultra Bond 
100) and loaded with the contact pressure of 70 N cm2. 
The constant contact pressure was ensured using two 
screws in the special tool, see Fig. 1b. The glued-joint was 
hardened at temperature 190 °C for 35 min. Then the sam-
ples were subjected to the tensile strength test and the 
breaking force was recorded.      

     
                
 
  
 
 
 
 
 
The in-

dentation fracture toughness was determined using the 
“Revetest” Scratch Tester in the Academy of Sciences in 
Plzeň Czech Republic. 10 indentations were prepared by 
the Vickers diamonds indentor in the cross sections. The 
load was selected so as cracks, which start from the cor-
ners of the indents, to be possible to obtain, Fig. 2. The 
Cr3C2-NiCr cermet is very hard and rigid and due to these 
properties it was necessary to use high load of 200 N for 
cracks initialization. The cracks length was measured and 
the IFT values were calculated using the one select model 
(LEM): 

LEM theory:  KIC=0,0134(L/c3/2)(E/H)1/2              (ref.19) 

Where a  ½ of the length of the indent´s diagonal [m], c  
the length of the crack  + a [m], E/H  constant [], KIC  
fracture toughness [MPa m1/2]. 
      Besides the IFT testing also the measurements of the 
acoustic emission (AE) were performed for recording the 
first signal of the cracks initiation. The IFT was measured 

Fig. 1. Determination of coatings tensile adhesive-cohesive 
strength, a) schematic draft of the test, b) the special tool for 
ensuring of axially joining of the sample 

     a       b 

Fig. 2. IFT evaluation of the Cr3C2-NiCr coating 
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on the cross sections and longitudinal sections of the sam-
ples. The standard method for the metallography prepara-
tion of hardmetals described in20 was used for preparing 
the sections.  
 
 
3. Results and discussion  
 

The results of the tensile test, of the IFT and AE 
measurements are recorded in Tab. I. and in Tab. II. These 
results are graphically represented in the diagram in Fig. 3. 
From the curves in the Fig. 3 it is evident that the bond 
strength of the coating strongly corresponds with the IFT 
values measured in both coatings sections. The trend of the 
curves is nearly identical. The highest bond strength and 
IFT were found for the coatings sprayed under the angle 
75° and 45° and the lower bond strength for the other coat-
ings. The results of the AE also correspond with these 
results very strongly, see Fig. 4. The maximal force (Fc), 
where the crack started to grow, conforms to IFT results, 
mainly during the measurements on the coatings longitudi-
nal section. In the cross section the results differ for the 
coating sprayed under the angle of 30°. However, in this 
case only the adhesive failure and no cohesive failure be-
tween the structure particles was observed after the tensile 
test. This corresponds with the good cohesion between the 
individual “splats” but with the worst adhesion in the coat-
ing-substrate boundary as the results of the tensile test 
show.  

From the visual observation of the coatings´ damaged 
surfaces after the tensile test the adhesive-cohesive failure 

was found except for the coating sprayed under the angle 
30°. As it was already mentioned, only the adhesive failure 
in the coatings-substrate boundary was visible. In all other 
coatings (90°, 75°, 65°, 45°) the fractures caused by the 
cohesive failure between individual structure particles 
were observed. The fracture appearance was similar for all 
coatings. The SEM micrographs of the fractures are re-
corded in Figs. 5 and 6. In Fig. 5a the fracture of the coat-
ing represents the coatings with a lower adhesive-cohesive 
strength and a lower IFT (90°) is depicted. This figure 
shows the adhesive-cohesive behaviour of the coating, 
where the uncovered substrate and the fracture across the 
coating are evident. In Fig. 5b the plastic deformation of 
the binder phase as the main failure mechanism is visible. 
The same failure mechanism was found also for the coat-
ing representing the coatings with a higher adhesive-
cohesive strength and IFT (45°), see Fig. 6. 

Table I 
Results of IFT measurements and of the tensile test  

Angle of 
spraying 

Bond strength LEM [MPa m1/2] 
[MPa] St. 

dev. 
IFT-

longitudinal 
section 

St. 
dev. 

IFT - 
cross 

section 

St. 
dev. 

90° 55.68 2.59 0.78 0.11 0.78 0.11 
75° 77.33 3.72 1.26 0.35 0.98 0.26 
60° 57.65 2.52 0.68 0.11 0.70 0.12 
45° 66.82 3.63 1.24 0.33 0.80 0.30 
30° 50.73 2.25 0.62 0.05 0.80 0.17 

Table II 
Results of AE measurements 

Angle of 
spraying 

Fc [N] 
Longitudi-
nal section 

St. dev. Cross  
section 

St. dev. 

90° 72 10 72 10 
75° 96 2 78 16 
60° 69 9 58 10 
45° 82 6 68 13 
30° 71 4 83 6 

Fig. 3. The dependence of the IFT values and adhesive-
cohesive strength of the coating on the deposition angle  

Fig. 4. The force (Fc) of the first signal of the AE in depend-
ence on the spray angle 

Fig. 5. The fracture in the coatings sprayed under the angle 
90°, a) surface-coating boundary, coatings (adhesive-cohesive) 
behaviour; b) plastic deformation of the NiCr binder phase 

a           b 
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4. Conclusion 

 
 In this work the adhesive-cohesive strength and 
indentation fracture toughness of the HVOF thermally 
sprayed Cr3C2-NiCr cermet, which was sprayed under five 
different deposition angles, were investigated. The adhe-
sive-cohesive strength was measured using the tensile test 
for the coatings´ bond strength evaluation and the IFT was 
investigated using the impression of the Vickers indentor 
by the action of the specific load. The highest bond 
strength and highest IFT was found for the coatings 
sprayed under the angles 75° and 45°. It is very surprising 
because it is generally known that spraying under the nor-
mal angle (90°) ensures the optimal coating properties and 
the deflection from this spray direction causes certain dete-
rioration of the coating properties. Our results relatively 
contradict this statement. The properties of the coatings 
sprayed under the angle are very specific, especially the 
local mechanical properties such as IFT and cohesive 
strength between the individual particles (splats). The 
bond strength is highly affected by the melting degree of 
the sprayed particles, by the kinetic energy and most of all 
by the impact direction of the melted particles. As the re-
sults of this work feature, the IFT measurements are 
a good possibility for the investigation of the cracks ini-
tialization and their propagation. The results confirmed 
that the IFT measurement is a suitable alternative for the 
coatings´ cohesive or adhesive strength measurement in 
addition to the classical tensile test of the bond strength. 
Along with the IFT measurements the results of the acous-
tic emission were found advantageous for recording the 
maximal force signal when the cracks start to grow. 
 

This work was supported by the project of the Minis-
try of Education, Youth and Sports, No. VZ/MSM 
4771868401. 
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 In the presented study the adhesive-cohesive 
strength of thermally sprayed coatings was investigated. 
The bond strength, IFT and AE measurements were per-
formed and their relationship was taken into account. The 
results showed that the IFT measurement is an advanta-
geous way for the coatings cohesive or adhesive strength 
determination however deeper verification is needed.  

a           b 

Figure 6. The fracture in the coatings sprayed under the angle 
45°, a) surface-coating boundary, coatings (adhesive-cohesive) 
behaviour; b) plastic deformation of the NiCr binder phase  
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1. Introduction 

 
Ultra fine grained (UFG) materials are well-known 

due to their improved mechanical properties1,2. For prepa-
ration of metalic materials with UFG to nanocrystal (NC) 
structure several methods that utilize structure formation 
through severe plastic deformation (SPD) have been sug-
gested. The most utilised method for UFG structure prepa-
ration by SPD in laboratory conditions is Equal Channel 
Angular Pressing (ECAP)3. Principle of ECAP process is 
based on extruding the workpiece through angular die that 
includes two together crossed channels having the same 
cross-section. Angle between vertical and horizontal chan-
nel Ф is in range of 60°–135° (ref.4, Fig. 1), which is cho-
sen in dependence on plastic properties of processed mate-
rial. ECAP process is based on repeated plastic deforma-
tion of processed workpiece. During every pass through 
ECAP die the same intensity of plastic deformation is cu-
mulated into samples. Every ECAP pass makes increase of 
total intensity of plastic deformation in elaborated work-
piece possible. Maximum number of ECAP passes is de-
pendent on demand on final properties, or on plasticity 
fatigue of investigated material. The limit of plasticity of 
metals in ECAP process can be demonstrated in three 
ways: 

1. High strengthening of extruded material, that can 
cause stop of the ECAP process influenced by destruction 
of equipment working parts, or low used load. This condi-
tion can possibly happen if material is extruded at wrong 
temperature (Ti, Mg and others), at hardened state 
(hardened alloys Al, Cu) and all. 

2. When plastic deformation reaches the limit value 
and subsequent destruction of extruded samples occurs. 
This state is characteristic for powder materials extrusion 

(without ECAP back pressure), or if material is extruded at 
wrong temperature (Ti, Mg and others.) 

3. High degree of plastic deformation  pre-
deformation, when degradation of mechanical and physical 
properties of extruded material occurs. This state occurs 
when H-P relationship is already invalid, eventually if 
deformation induced recrystallization of extruded material 
occurs. 

Topic of the article is evaluation of mechanical prop-
erties and microstructure of OFHC (Oxygen Free High 
Conductivity) copper during ECAP processing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2. Experiment 

 
High-purity copper (99.99 % in mass) was used in 

this study. This copper was supplied in state after zonal 
refining. Initial microstructure was with average grain size 
of dg ≈ 8 m. Experimental samples were in rod shape 
with diameter  = 10 mm and length  l = 80 mm. Micro-
structure of Cu samples was formed by ECAP extrusion at 
room temperature. The ECAP die has two channels with 
circular cross-section, that are crossed together in angle 
Ф = 90°. Samples were rotated around their axis at 180° 
between each pass, it is way C. Extrusion rate was 1 mm s1. 
Total number of ECAP passes was 16. Mechanical proper-
ties were observed after each even-numbered ECAP pass. 
Static tensile test was made on small samples according to 
Fig. 2. Vickers microhardness HV 0,01 was measured on 
polished surface of samples cross-section at load 10 gf. 
Nanoindentation measurement on polished surface in CSM 
regime was made into indentation depth of 2 m by 
Berkovich indenter. Substructure was observed on thin 
foils by transmission electron microscopy (TEM), that 
were prepared from samples in longitudinal direction. 
They were further thinned with a twin-jet electro-chemical 

THE MECHANICAL PROPERTIES CHANGES OF OFHC COPPER AFTER ECAP 
PROCESSING 

Di

Fig. 1. The scheme of ECAP matrix 
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polisher Struers TenuPol-5 using a solution of 
33 % HNO3 + 67 % CH3OH by temperature 30 °C and 
electric voltage 20 V. 

 
 

3. Results and discussion 
 
Influence of SPD on mechanical properties  
and microstructure development of OFHC copper 

 
Change of mechanical properties during 16 ECAP 

passes is displayed in Fig. 3 and Fig. 4. 

On this diagrams we can see that highest increase of 
Rp0,2 and Rm is up to the 4th pass. Steady state is observed 
between the 6th and 12th pass. After the 12th pass these 
properties decrease. Reduction of area Z as an effective 
index of plastic properties records the first decrease after 
the 4th pass and second expressive decrease after the 12th 
pass. Microhardness has a similar character as Z, where 
after the 12th pass accordingly we can see expressive de-
crease. 

TEM analysis has been performed after 12, 14 and 16 
ECAP passes. Development of substructure is displayed in 
Fig. 5–7. Substructure after the 12th ECAP pass consists of 
subgrains with medium value dsg = 190 nm, that are 
greatly misoriented as it can be seen on diffraction pattern. 
Medium subgrain size after the 14th pass descend to 
dsg = 160 nm (Fig. 6). In deformed UFG Cu substructure 
an anomaly has been observed after the 14th pass in form 
of recrystallized subgrains in size dsg = 500 nm. Recrystal-
lization of the UFG materials becomes evident also by 

Fig. 2. The shape and dimensions of tension test specimen 

Fig. 4. Change of microhardness of Cu during 16th ECAP 
passes 

Fig. 3. Change of mechanical properties during 16th ECAP 
passes 
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Fig. 5. TEM microstructure of OFHC Cu after the 12th ECAP 
pass 

Fig. 6. TEM microstructure of OFHC Cu after the 14th ECAP 
pass 

Fig. 7. TEM microstructure of OFHC Cu the after 16th ECAP 
pass 
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decrease of the microhardness and reduction of area as 
could be seen after the 14th ECAP pass. From numerical 
simulations4 of ECAP process, we can conclude that cu-
mulated effective deformation in samples after the 1st pass 
is φef ≈ 1.1, whereby effective deformation after the 14th 
pass is reaching the value φef = 15.4. Attaining the value 
φef = 15.4 recrystallized grains were observed in deformed 
microstructure. 

In Fig. 7 is displayed the substructure after the 16th 
pass, where recrystallized grains with size up to 1 m were 
observed. White arrays indicate recrystallized grains that 
are generally characterised by twins. Copper is metal char-
acterized by low stacking fault energy, therefore the recov-
ery of deformation structure should occur by dynamic 
recrystallization mechanism (DRX). Dynamic recrystalli-
zation usually develops on grain boundaries and is usually 
called deformation induced boundary motion (strain in-
duced boundary migration – SIBM)5. Actual research in 
dynamic recrystallization nucleation emphasizes the role 
of twins and also deformation induced lattice rotation 
within high angle grain boundaries6,7. Based on experiment 
results and literature analysis we suppose, that after 
achieving some degree of deformation by ECAP process at 
OFHC copper local dynamic recrystallization, or let us say 
meta-dynamic recrystallization influenced by plastic defor-
mation occurs. 

 
Influence of SPD on local mechanical properties  
of OFHC Cu (HIT, EIT) 

 
On observed samples the indentation hardness HIT 

and Young´s modulus EIT were measured after 0, 10 and 
16 ECAP passes, Fig. 8. Indentation hardness HIT after the 
10th ECAP pass  increases from initial 1.42 GPa up to 
1.79 GPa. Measured data hit good correlation with meas-
ured data of HV 0,01, in agreement with relation 
HV 0,01 = 92.5. HIT (ref.8). Between the 10th and 16th 
ECAP pass no expressive change in HIT was observed, 
whereby in 16th ECAP pass expressive decrease of HV 0,01 
was recorded. This disagreemet of results is probably caused 
by the fact that during nanoindentation (unidentified) local 
recrystallization UFG substructure was missed.  

In Fig. 9 is displayed change of EIT by nanoindenta-
tion for samples after 0, 10 and 16 ECAP passes. In de-

pendence on chemical purity of Cu is Young´s modulus in 
interval E = 110–128 GPa (ref.9). On Cu sample without 
deformation was measured EIT = 126 GPa. This value is 
from the interval from literature9. In metals and alloys the 
Young's modulus depends on chemical composition, tem-
perature and texture crystallographic orientations. Young´s 
modulus is changing10 with plastic deformation during cold 
forming, or with heat treatment. 

Benito et al.10 reported that cold plastic deformation 
reduces the Young´s modulus. These changes are well-
known for iron, carbon steels and other metals and alloys. 
Morestin et al.11 reported that E for steels decreases up to 
20 % of its initial value just after a 35 % plastic strain 
applied by a tensile test machine. Ledbetter et al.12 found 
that Young´s modulus in polycrystalline aggregates of 
copper diminishes with cold working and then recovers 
with additional working. These authors suggested that the 
E parameter decreases due to the increase of the non-
pinned dislocations. 

In the process of strengthening by SPD was in the 
10th and 16th ECAP pass observed an increase of Young´s 
modulus of about ∆EIT ≈ 15 GPa toward initial state. This 
result of Young´s modulus was verified by static tensile 
test. On Cu sample without deformation was measured 
E = 124.8 GPa. This measurement confirmed correctness 
of nanoindentation measurement of Young´s modulus in 
the state without plastic deformation. On sample after the 
10th ECAP pass was measured E = 110.6 GPa. Fig. 10 
shows that Young´s modulus decrease with the plastic 
deformation (φef ≈ 11) of about ∆E = 14.2 GPa, represent-
ing ≈ 11 % drop. 

Young´s modulus depends on type of inter-atomic 
bonding and lattice parameter a. We supposed, that in-
crease of Young´s modulus measured by nanoindentation 
is caused by change of lattice parameter a. Lattice parame-
ter a measured by RTG analyses was after the 10th and 16th 
ECAP pass in interval < 0.3611; 0.36145 > nm, whereby 
lattice parameter Cu without SPD was a = 0.3615 nm. 
From these results follows that no volumes change of lat-
tice parameter a occurred due to SPD. 

Important influence on Young´s modulus has also 
substructure crystallographic orientation. The microstruc-
ture after ECAP process is characterized by different crys-
tallographic orientation in longitudinal and cross direction 

Fig. 8. Change of indentation hardness HIT after ECAP 
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Fig. 9. Change of Young´s modulus EIT after ECAP 
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of samples13. Difference between E and EIT after SPD can 
be attributed to the change of substructure crystallographic 
orientation because E of static tensile test was measured in 
longitudinal direction of samples, whereby nanoindenta-
tion measurement of EIT was made in cross- section of 
samples. This supposition has not been verified in this 
article. 

 
4. Conclusions  

 
The article was focused on the impact of SPD on 

mechanical properties and microstructure of OFHC cop-
per. Based on analyzing the experimental results, we can 
formulate the following conclusions:  
1.  Substructure of high purity copper is strongly formed in 
each ECAP pass. The most significant changes occur up to 
the 4th ECAP pass where mechanical properties are signifi-
cantly increasing. 
2. In deformed UFG copper substructure after the 14th 
ECAP pass anomaly in form of recrystallised subgrains 
with mean size dsg ≈ 500 nm was observed. We assume 
that after reaching the level of deformation  
(φef = 14.4) using the ECAP process in OFHC copper, 
local dynamic recrystallisation and/or meta-dynamic re-
crystallisation due to plastic deformation occurs. 
3. Maximum values of mechanical properties of OFHC 
copper, at these conditions of ECAP process can be 
reached after the 12th pass. If the number of passes is 
greater than 12, the degradation of UFG microstructure 
influenced by the dynamic recrystallisation or meta-
dynamic recrystallisation occurs. 
4. After the 10th ECAP pass indentation hardness HIT in-
creased from the original value 1.42 up to 1.79 GPa. 
5. By static tensile test has been demonstrated that 
Young´s modulus decreases with plastic deformation dur-
ing ECAP (φef ≈ 11) by ΔE = 14.2 GPa, which represents 
≈ 11 % decrease. 

The authors acknowledge the support given by the 
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This paper deals with changes of mechanical proper-

ties and microstructure of OFHC (Oxygen-Free High ther-
mal Conductivity) copper after ECAP (Equal Channel 
Angular Pressing). Mechanical properties were measured 
after each even numbered pass. Local mechanical proper-
ties were measured by nanoindetation method, hardness 
HIT and Young´s modulus EIT. Microstructure was investi-
gated in longitudinal section of the samples by TEM 
(Transmission Electron Microscopy). Substructure after 
the 14th pass was created by subgrains with average diame-
ter of dsg ≈ 160 nm. An anomaly was observed in form of 
recrystallized subgrains sized dsg ≈ 500 nm in deformed 
UFG copper substructure.  

Fig. 10. Measurement of E by static tensile test 
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