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1. Introduction 

 
The test of tensile adhesive strength of thermally 

sprayed coatings is commonly used method but it has some 
limits namely the necessity of samples bonding using adhe-
sive or glues with high tensile strength. In the dependency on 
the coating chemical composition and microstructure, the 
values of the bond strength can be artificial improved due to 
adhesive penetration in coating porosity and formation the 
chemical compounds. These negative effects can be eliminat-
ed using the shear tests without adhesives. These tests are 
closer to real situation than tensile bond strength test. Several 
methods and systems arrangement for shear loading were 
designed and described e.g. in ref.13. The shear test according 
to EN 15340 is the most commonly used test for measuring 
the shear strength of coatings. Other methods e.g. in ref.5,6 are 
described (punch test, indentation test, pre-notched four-point 
bending test, non-destructive methods). The main purpose of 
the shear tests is to determine the resistance against shear 
loading on the coating-substrate interface (adhesive strength) 
or the strength of the coating itself (cohesive strength).  

 
 

 

The purpose of this study was to modify the shear coat-
ing strength test in accordance with ČSN EN 15340 Standard, 
where the coating is uniformly loaded in parallel to the coat-
ing/substrate interface. The principle of the test is depicted in 
Fig. 1. With respect to the substrate roughness, the shear dis-
tance must be 50 m  20 m from the substrate. Lyphout et 

al.4 evaluated the influence of the shear distance on the shear 
strength of the coating. They mentioned increasing of shear 
strength by about 45 MPa when the shear distance was 
140 m comparing to the shear distance of 60 m.  

During the shear tests the coating is loaded with smooth 
moving of the shear tool at a constant velocity till fracture 
occurs and the load drops down. The first maximum of the 
load curve defines the resistance to the shear stress.   

 
2. Experiment 
 
2.1. Samples preparation  

 
The commercially available (1545 µm) Triballoy 400 

(CoMoCrSi), Stellite Alloy 6 (CoCrWCSi) and 13 % Cr were 
deposited on low-carbon steel substrates of 405030 mm in 
size. Trib400 and Stellite were prepared using the JP-5000 
HP/HVOF technology and 13 % Cr using the arc spray tech-
nology. 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 µm. The coat-
ings were sprayed using the optimized spray parameters. The 
final coatings thickness was 500  50 µm for all sprayed sam-
ples. After spraying, the samples were cut for the shear test by 
the water jet to the size of 51030 mm. 

 
2.2. Experimental measurements 

 
The shear strength of coatings was measured in accord-

ance with ČSN EN 15340 Standard. The coating located on 
one facing surface of the tested sample was loaded with the 
compression stress by the loading velocity of 50 m s1. The 
sample fixing was ensured using two screws in the special 
tool, which prevents sample movement in all directions. The 
microstructure was investigated using scanning and light mi-
croscope on the coatings cross sections.  

     

3. Results and discussion  
 
Typical shear curves for the tested samples are shown in 

Fig. 2. The shear force of Stellite coating was 1900 MPa and 
that of Triballoy400 was 1945 MPa, while the shear strength 
of arc sprayed 13 % Cr coating was lower, 1500 MPa. Seven 
measurements for each coating were performed. Average 
values of the shear test are mentioned in Tab. I. The shear 
strength of the HVOF coatings compared to the arc technolo-
gy is higher due to homogenous, compact and dense structure 
with low content of oxides and un-melted particles, see Fig. 2. 
The fracture appearance in the coatings after the shear test is 
also documented in Fig. 3. It is evident that both HVOF coat-
ings were fractured adhesively or adhesively-cohesively. It 
means that the coating was either fully detached from the 
substrate the crack propagated inside the coating. In the case 
of 13 % Cr coating, the elastic behaviour was found, see 

Fig. 1. Principle of the shear test 
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Fig. 2, because only the coating deflection for all tested sam-
ples occurred after the coating detaching.  

Different failure modes can be observed during the shear 
test. They are caused by different modes of crack propagation 
in the coating during the shear stress action*. The different 
crack types are influenced by the coating material, adhesion 
properties between substrate and coating and the cohesion 
properties between the coating phases. The curves for the 
HVOF coatings were mostly in mode 2, which means that the 
coating adhesion is higher than its cohesion. In failure of 
mode 3, the coating is separated into small parts by the shear 
plate from the ground material. This behavior is typical for 
coatings with high hardness. However, the failure mode 1 was 
also observed for those coatings (the coatings detach along 
the whole coating-substrate interface). For the 13 % Cr coat-
ing, only the failure in mode 3b was observed, which means 
that the coating separate in large parts by the shear plates.    

 
4. Conclusion 

 
The shear test used for the evaluation of the shear 

strength of thermally sprayed coatings is convenient method 
for fast, easy and objective investigation of one of the coating 
parameters that relates to the coating strength properties and 
lifetime. The HVOF coatings exhibit higher shear strength 
compared to arc coatings due to more compact and denser 
microstructure and higher bond strength to the base material. 
It was achieved by high impact velocity and kinetic energy of 
impinging particles on the substrate. 

This work was supported by the project No. VZ/MSM 
4771868401. 
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M. Kašparová, J. Volák, F. Zahálka, and 

Š. Houdková (ŠKODA VÝZKUM Ltd., Plzeň, Czech Repub-
lic): Shear Strength of Thermally Sprayed Coatings 

 
HVOF-coatings of Stellit Alloy 6 and Trib400 and the 

arc-coating of 13 % Cr were investigated using shear tests in 
accordance with EN 15340 Standard. The shear curves and 
the maximal shear forces were recorded and compared with 
each other. Also the fracture appearance after the tensile tests 
was documented using scanning electron microscopy. The 
results give beneficial information about adhesive-cohesive 
behaviour of thermally sprayed coatings which facilitate to 
predicate mainly the shear, impact resistance and coatings 
lifetime.  

Coating Shear force 
Fmax [N] 

Shear strength 
σmax [MPa] 

Failure 

Stellite 1900±180 38±3.6 a-c 
Trib 400 1945±166 39±3.3 a-c 
13%Cr 1350±140 27±2.8 a-c 

Table I 
Summary of the shear tests 

Fig. 2. Record of the shear curves  
*shear modes definitions are stated in ČSN EN 15340 Standard  

Fig. 3. Documentation of coating fracture after the shear test 
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1. Introduction 
 

In the Ni–Al binary system, the majority of scientific 
attention is focused on the development of NiAl and Ni3Al 
phases. The Ni–Al binary system also contains other three, 
less known phases. The NiAl3, Ni2Al3 and Ni5Al3 phases are 
not considered for use in high-temperature applications main-
ly due to their lower melting points being 854 °C, 1133 °C 
and approx. 700 °C, respectively14. New information about 
their formation and degradation mechanisms, morphology, 
and distribution, physical and mechanical properties can be, 
however, successfully used for strengthening of Al compo-
sites, Ni/Al/Ni interconnections, and layered structures 
design5,6. 

This contribution is focused on local mechanical proper-
ties represented by microhardness of Al substrate and 
strengthening Al-rich intermetallic phases produced from 
deposited Ni sacrificial coatings after the annealing in a wide 
range of temperatures encompassing the solid and/or molten 
state of the aluminium substrate. 
 
2. Experimental 
 

Aluminium sheet of commercial purity (99.5 wt.%) was 
used as a substrate. A commercially available nickel 
(99.7 wt.%) powder was deposited onto the substrate using 
High Velocity OxyFuel technique. The thickness of deposited 
coating was in the range of 250–300 m. Subsequent anneal-
ing in the temperature ranges 600–630 °C (solid state), 640–
660 °C (semi-solid state) and above 660 °C (liquid state of 
aluminium) with appropriate dwells was applied regarding to 
Al-rich aluminides Ni2Al9, NiAl3 and Ni2Al3 formation at the 
coating-substrate interface and/or at the aluminium substrate. 

The resulting microstructures were obtained by scanning 
electron microscopes (JEOL-840A, Philips XL-30). Local 
mechanical properties, represented by microhardness of the 
aluminium substrate and intermetallics formed, after the an-
nealing was measured by the microhardness tester (LECO LM 
247AT). 
 

3. Results 
 

At the temperatures below the Al + NiAl3 eutectic melt-
ing point (639.9 °C), aluminium from the substrate diffuse 
primarily toward the coating and forms the NiAl3 and Ni2Al3 
layers, see Figs. 1a and 1b. In dependence on the temperature 
heigh the different annealing times were used to their for-
mation. Their thicknesses increase markedly faster at higher 
temperatures applied. Nickel diffuse from the rating into the 
substrate and form NiAl3 and/or Ni2Al9 intermetallic particles. 
These take up only 2.5 vol.% at maximum. 
 

In the range of 640–660 °C, the onset of liquid alumini-
um phase can be expected. The nickel coating dissolves in 
aluminium substrate. Total thickness of the original coating 
deposited onto the substrate decreases during annealing. Dis-
continuous Ni2Al3 and NiAl3 layers start to form at these in-
terfaces, see Figs. 2a and 2b. The region denoted as Al + 
NiAl3 band consists of Al + NiAl3 eutectic and primary NiAl3 
particles. Strengthening phases formed in the substrate occupy 
20 vol.%. Below 645 °C, the Al + NiAl3 eutectic was never 
observed, see the system at lower temperatures. 

 
At temperatures exceeding 660 °C, the Al substrate is 

completely in the liquid state. The dimensions of Al substrate 
body do not change dramatically, because of the existence of 
oxide cover which keeps the substrate compact. In the first 
minutes of annealing the coating is almost or completely dis-

INFLUENCE OF TEMPERATURE ON MICROHARDNESS OF ALUMINIUM-BASED 
COMPOSITES PRODUCED BY CONTROLLED HYPEREUTECTIC REACTION  
IN Al-Ni BINARY SYSTEM 

Fig. 1. Coating-substrate interface after annealing (a) 600 °C / 
500 hrs, (b) 630 °C / 50 hrs – SEM-BSE 

Fig. 2. Coating-substrate interface after annealing (a) 650 °C / 
60 min, (b) 660 °C / 60 min – SEM-BSE 
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solved in the substrate, see Figs. 3a and 3b. At the tempera-
tures higher than 800 °C, significantly higher amount of NiAl3 
particles was formed. The growth rate of eutectic band thick-
ness could be also governed by dwell time at annealing tem-
perature. The strengthening phases occupy up to 35 vol.% of 
the substrate on average. 
 

  
Measured and averaged values of microhardness of se-

lected structural parts are presented in Fig. 4. Significant drop 
in hardness of primary NiAl3 particles down to the range of 
600–650 HV is observed at temperatures of 650 and 700 °C. 
The drop of microhardness within this range can result from 
contribution of the substrate iron-based impurities, which 
participates on the primary NiAl3 stoichiometric compound 
formation. At the same temperatures finer morphology of Al 
+ NiAl3 eutectic formation was observed. Above the 650 °C, 
where the Al + NiAl3 eutectic region starts to form, the hard-
ness 75 HV remains stable. The aluminium substrate harndess 
of about 40 HV was measured with increasing temperature of 
the Al-Ni hypereutectic composite formation.  

 

The composite hypereutectic alloy prepared from sacri-
ficial nickel coatings at the temperature of 700 °C seems to be 
the most interested choice because of the formation of finer 
Al + NiAl3 eutectic. 
 
4. Conclusions 
 
• The hardness of primary NiAl3 phase change markedly 

at the temperatures of 650 and 700 °C. 
• The optimal condition for processing of Al–Ni compo-

sites from sacrificial coatings is at the temperature of 
700 °C. 

• To form the layered structures containing Al-rich inter-
metallics, the temperatures below the eutectic melting 
point can be used. 

• The origin of layers and/or composite, are diffusion-
driven and can be governed by the annealing dwell. 

 
This work was financially supported by the Czech Sci-

ence Foundation Project No. 106/09/P513. 
 
REFERENCES 
 

1.  Morsi K.: Mat. Sci. Eng. A 299, 1 (2001). 
2. Tamarin Y.: Protective Coatings for Turbine Blades. 

ASM International, Ohio 2002. 
3. Čelko L., Klakurková L., Man O., Švejcar J.: Mater. 

Manuf. Proc. 24, 1155 (2009). 
4. Garg S. P., Kale G. B., Patil R. V., Kundu T.: Intermetal-

lics 7, 901 (1999). 
5. Gonzalez G., Lara-Rodriguez G. A., Sandoval-Jimenéz 

A., Saikaly W., Charai A.: Mater. Char. 59, 1607 (2008). 
6. Čelko L., Klakurková L., Švejcar J.: Def. Diff. Forum. 

297-301, 771 (2010). 
 

L. Klakurkováa, L. Čelkoa, K. Slámečkab, P. Doležala, 
and J. Švejcara (a Institute of Materials Science and Engi-
neering, b Institute of Physical Engineering, Faculty of Me-
chanical Engineering, Brno University of Technology, Brno, 
Czech Republic): Influence of Temperature on Microhard-
ness of Aluminium-Based Composites Produced by Con-
trolled Hypereutectic Reaction in Al-Ni Binary System 

 
Aluminium matrix composites were prepared by High 

Velocity OxyFuel spraying of nickel powder onto the alumin-
ium sheet’s surface followed by annealing in a range of tem-
peratures 600–630 °C (solid state), 640–660 °C (semi-solid 
state) and above 660 °C (liquid state of aluminium). The 
Ni2Al3 and Ni Al3 intermetallic layers were formed at the 
interface between original Ni coating and Al matrix. Moreo-
ver, Ni diffused into the aluminium matrix and caused 
strengthening of NiAl3 and Ni2Al9 particles. Local mechanical 
properties represented by microhardness of aluminium matrix 
and intermetallic phases formed were measured. 

Fig. 3. Coating-substrate interface after annealing (a) 700 °C / 
10 min, (b) 800 °C / 10 min – SEM-BSE 

Fig. 4. Hardness of selected structural parts 
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1.  Introduction 

 
The non-uniform deformation is always being formed 

throughout deformation band volume during rolling pro-
cess1,2. The non-uniform deformation reduces the strain of 
core parts contributing to structural non-homogeneity through 
the thickness of sheet such as non-uniform grain size, anisot-
ropy, etc. These aspects also contribute to the structural non-
homogeneity through sheet thickness such as non-uniform 
grain diameter, and the anisotropy. On the other hand, non-
uniform deformation through the thickness of thin sheet repre-
sents the different energy areas resulting in the development 
of the recovery processes in the further processing. It is possi-
ble to achieve precisely defined deformation non-
homogeneity through the thin sheet  thickness by means of the 
controlled rolling. 

Geometric ratio ld/hs  (ld  length of contact arc, hs  
medium thickness of the sample) has the greatest impact on 
the distribution of deformation through thickness of semi-
product. When ld/hs ratio is low, influence of rigid ends (the 
rolling of thick plates) has preferential effect and the friction 
importance is relatively small. However, when ld/hs ratio is 
high frictional forces have significant impact. J. J. Tarnovskij 
divided rolling conditions based on ld/hs folow3: 
I. ld/hs < 0.2 the compressive deformation is concentrated 

below the surface, 
II. 0.15–0.2  < ld/hs < 0.6–0.7 the compressive deformation 

penetrates to the core gradually, 
III. 0.6–0.7  < ld/hs < 23 the compressive deformation 

penetrates to the core gradually, following increase of 
spread in core parts leads to the formation of convex 
shape of the side walls, 

IV. ld/hs > 23 the friction cones overlap together in the 
center part and thereby flow stress increases as well as 
convex shape of side walls. 
The penetration of plastic deformation during thin 

sheets rolling can be also analysed using numerical simula-
tions based on finite element method (FEM). Although the 
basic theoretical relationships between geometric ratio and 
penetration of plastic deformation are well known only few 

works have verified them or extended the theory on the im-
pact of friction. FEM was used for: determining the distribu-
tion of rolling pressure along the strip width4, the mathemati-
cal simulation of elastic entry and existence of regions in 
a roll bite zone5, the study of a hot rolling process, the ap-
proach is based on thermo-mechanical analysis6, the study of 
cold rolling of thin sheet with different friction conditions7, 
determining the on-line accurate mean value of both friction 
coefficient and flow stress for anisotropic materials during 
cold rolling8. 
The aim of this study is to find out local penetration of plastic 
deformation during thin sheet rolling using FEM. The degree 
of plastic deformation and contact friction are variable para-
meters. 
 
2.  Experimental procedure 

 
Rolling process of thin sheet was simulated using the 

software product Deform. The treshold conditions were de-
fined by laboratory experiment9. The working rolls with diam-
eter D = 210 mm were defined as a perfectly rigid body. The 
rotational speed of rolls was 8 rad, what is the rolling speed 
0.83 m s1. The finite element mesh had 11850 node number 
for sample with input thickness h = 1.5 mm and length l = 
50 mm. Number of elements through sample thickness was 
25. The sample was defined as a plastic material. The experi-
mental material is characterized as the C-Mn-Si steel. Flow 

stress is defined by equation , where  is 
flow stress,  is effective plastic strain,  is effective strain 
rate, T is temperature. The average yield stress is 202 MPa. 
The elastic properties of samples are defined by Poisson’s 
ratio 0.3 and Young’s modulus 2.1 × 105 MPa.  

The calculations of thin sheet rolling process were car-
ried out by using different degrees of deformation 2 %, 4 %, 
6 %, 8 % and 10 %. Three values of the contact friction coef-
ficient f = 0.1; 0.6 and 0.9 were applied for all degrees of 
deformation.  
3.  Results and discussion 

 
The amount of non-uniform deformation during process of 

thin sheet rolling is mostly influenced by geometric ratio ld/hs as 
well as friction coefficient. The change of geometric ratio for 
rolls diameter D = 210 mm was guaranteed by amount of the 
reduction (h). When degree of deformation is 2, 4, 6, 8, 10 %, 
ld/hs ratio is in the range 1.2–2.8 mm that falls into two areas 
based on Tarnovskij model. Fig. 1 shows the effective strain 
in dependence on degree of plastic deformation and change of 
contact friction. Distribution of effective strain was analysed 
through sample thickness. The highest effective strain intensi-
ty was below the surface (about 20 % of the total thickness of 
the plate) and decreases towards the core of the sheet gradual-
ly. The deformation degree had negligible influence on the 
effective strain heterogeneity between samples surface and 
core (Δφ). Distribution of effective deformation through ma-
terial thickness calculated by mathematical simulations was 

),,( T  
 

INFLUENCE OF DEFORMATION DEGREE ON LOCAL DEFORMATION  
HETEROGENEITY DURING THIN SHEET ROLLING  
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confirmed by experimental microhardness measurements 
presented by authors9. 

The contact friction coefficient for different geometric 
ratios ld/hs had influence on the Δφ more significantly, as seen 
in Fig. 2. The dependence in terms of friction is possible to 
divide into two areas: 
I. ld/hs < 2.1  in this area the friction has negligible influence 
on Δφ, band adhesion is concentrated only in narrow range 
around the neutral plane along ld,, substantial part of ld is 
formed by band slip. Moreover, backward slip zone and for-
ward slip zone are also observed. 
II. ld/hs > 2.1  in this area friction has significant influence 
on Δφ, adhesion band makes main part of ld, slip band is be-
ing minimized while backward slip zone and forward slip 
zone are preserved. 
 

4.  Conclusion 
 
When friction is low (f = 0.1), ld/hs ratio has negligible 

influence on the plastic deformation heterogeneity during thin 
sheet rolling. Significant influence of contact friction appears 
when f > 0.6 at ld/hs > 2.1. These threshold values cause ex-
tension of adhesion zone along ld and resulting in the en-
hancement of non-uniform effective strain between the center 
and edge of the sheet.  
 

This work was realized within the frame of the project 
„Technological preparation of electrotechnical steels with 
high permeability for electrodrives with higher efficiency“, 
which is supported by the Operational Program “Research 
and Development” ITMS 26220220037, financed through 
European Regional Development Fund. 
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The cold rolling process of thin sheet was simulated by 
a two-dimensional rigid-plastic finite element method (FEM) 
to find out local penetration of plastic deformation during thin 
sheet rolling. It was found of that the deformation degree had 
negligible influence on the effective strain heterogeneity be-
tween surface and core samples (Δφ) in dependence on the 
degree of plastic deformation and contact friction. The contact 
friction coefficient for different geometric ratios ld/hs influ-
enced Δφ more significantly. 
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1. Introduction 
 

Carbon nanotubes (CNTs)  offer new  possibilities to 
improve the functional and mechanical properties of advanced 
ceramics  thanks to their small diameter, large aspect ratio, 
low mass and excellent mechanical, electrical and thermal 
properties1. During the last decade new ceramic/carbon nano-
tube composites have been developed and a number of au-
thors have reported improved mechanical and functional 
properties in the case of ceramic/CNT composites compared 
to the monolithic material2. Three main problems have been 
recognized during these investigations: dispersion of the 
CNTs in the matrix, densification of the composites and deg-
radation of the CNTs.   

However, only few researchers have been concerned 
with thermal properties of carbon nanotube composites in 
ceramic systems. In convectional testing thermal shock re-
sistance (TSR) is quantified by measuring of residual strength 
of polished specimens after quenching. This standardized 
method requires a large number of prepared samples, it cannot 
allow multiple shock measurements. For these reasons an 
alternative indentation-quench method has been developed3. 
In this technique, the TSR is measured by studying the propa-
gation of median/radial cracks around a Vickers indentation 
after single or repeated quenching. The critical temperature 
difference DTc, of the material can be defined with reference 
to the number of propagating cracks and the amount of crack 
extension.  

The main aim of this study is an estimation of indenta-
tion TSR of Si3N4/CNT composites. 

 
2. Experimental procedure and materials 
 

Si3N4, Al2O3 and Y2O3 were used as starting powders. 
Different amount of CNTs  were added in addition to batches 
(1 and 3 wt.%). The powder mixtures together with the added 
CNTs were milled in ethanol for 3 h. The batches were dried 
and sieved. Green samples were obtained by dry pressing at 
220 MPa. The samples without CNT were fabricated in the 

same manner. HIP was performed at 1700 °C in high purity 
nitrogen at gas pressure 20 MPa.  

For the investigation of TSR the indentation-quench 
method was used. The length of the cracks was measured 
using optical microscopy. After the indentation the samples 
were heated in a vertical tube furnace in air to the required 
temperature and held there for 25 min. Then the specimens 
were rapidly immersed into a ~20 °C water bath. Final radial 
crack lengths were then measured with optical microscope. 
The procedure was repeated at increasing quenching tempera-
tures T, up to the critical value of Tc at which radial crack 
became unstable and the specimen failed.  

 
3. Results 

 
The microstructure of sintered CNT composites (Fig. 1) 

consisted mainly of -Si3N4 grains (several micro meters in 
length) and nanotubes. The CNTs are located mainly in the 
inter-granular positions and they have a good contact to the 
surface of silicon nitride grains. The dispersion of nanotubes 
is still far from optimum, in most of the cases they are in in-
terconnected groups.  

The initial cracks size for silicon nitrides samples were ≈ 
120 m at indentation load 98.1 N. The dependence of radial 
crack growth on temperature for tested materials is plotted in 
Fig. 2. There are visible three different areas which character-
ize the crack evolution after quenching: a) an initial radial 
cracks growing slightly with increasing T (area to T ~ 
200 °C); b) a radial crack growing stable extension (area T 
200700 °C); c) a radial crack growing unstable extension 
and the specimens failed. A critical temperature Tc when the 
Si3N4 failed is ~ 780 °C. In the case of Si3N4/CNT reinforced 
composites the initial crack length was above 125130 m. 
Again are visible different areas which characterize the crack 
evolution after quenching: a) an initial radial cracks growing 
slightly with increasing T (area to T ~ 250 °C for SN-
CNT1, to T ~ 200 °C for SN-CNT2); b) a radial crack grow-
ing stable extension (area T 250700 °C for SN-CNT1, T 
200600 °C for SN-CNT2; c) a radial crack growing unstable 
extension and the specimens failed (Tc~ 870 °C for SN-
CNT1 and Tc~ 620 °C for SN-CNT2).  

INDENTATION THERMAL SHOCK RESISTANCE OF Si3N4/CNT COMPOSITES  

a b 

Fig. 1. Fracture surfaces of HIP samples (a) Si3N4 reference sam-
ple, (b) CNT/Si3N4 composties with 3 % CNT  
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With increasing the CNT content a decrease of TSR has 
been observed. TSR can be improved by the increased flexur-
al strength and fracture toughness and by decreased Young’s 
modulus and coefficient of thermal expansion. Because frac-
ture toughness for Si3N4/CNT (6.0 MPa m1/2) does not differ 
significantly from the values of Si3N4 (6.3 MPa m1/2), the 
reason for lower TSR could be degraded strength values by 
CNT dispersions due to insufficient densification4. The other 
possible reason is a difference in thermal properties of the 
materials- thermal expansion coefficients of Si3N4 (3.106 K1) 
and CNTs (1.62.6.105 K1). Microfractographic observation 
of thermally shocked specimens with Vickers indentation 
showed well defined radial crack pattern. The propagation of 
Vickers indentation crack of SN-CNT1 before and after ther-
mal shock at T = 870 °C is shown in Fig. 3. These cracks 
increased in size with increasing temperature, but always 
reached instability first in the longitudinal direction.This indi-
cates a slightly higher tension in the transverse direction, con-
sistent with some edge effect in the thermal transfer process 
(via r0 in the Biot coefficient)5. 

4. Conclusion 
 

With increasing the carbon nanotube content a decrease 
of thermal shock resistance has been observed. The reason for 
lower TSR could be degraded strength values by CNT disper-
sions due to insufficient densification and different thermal 
expansion coefficients of Si3N4 and CNTs. 

 
This work was financed by the Slovak Government 

through the project LPP 0203-07 and by MNT-ERA.NET 
HANCOC. 
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The influence of carbon nanotubes on the thermal shock 

resistance of the multiwall carbon nanotube reinforced silicon 
nitride composites has been investigated. Silicon nitride based 
composites with different amount (1 or 3 wt.%) of carbon 
nanotubes have been prepared by hot isostatic pressing. The 
adition of 1 wt.% CNTs enhanced the thermal shock re-
sistance of the composite, however, CNT content increase up 
to 3 wt.% reduced its thermal shock resistance. 

Fig. 2. Crack propagation at thermal shock tests  

b a 

Fig. 3. Vickers indentation crack of SN-CNT1, (a) before thermal 
shock, (b) after thermal shock (T =  870 °C) 
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1. Introduction 
 

Copper is an important alloying element in ferrous pow-
der metallurgy (PM) due to its hardening effect (solid solu-
tion, precipitation) and for allowing the liquid phase sinter-
ing1. 

In order to distribute the alloying element uniformly, 
iron powder particles are often coated with a copper layer. 
The coating, in addition, removes the segregation of elements 
during transport and processing of the powders, it reduces 
harmful dustiness in the PM industry. The coatings also pre-
vent powders from further oxidation, improve compressibility 
and enhance dimensional stability upon sintering. 

To estimate the effective macroscopic properties of mi-
croheterogeneous materials, it is important to know the distri-
bution, volume fractions and properties of individual phases 
constituting the material. However, the distinction of individ-
ual phases and determination of their mechanical properties is 
not straightforward and some indirect method has to be in-
volved2.  

Nanoindentation has emerged as an important method 
for evaluation of the mechanical response of small material 
volumes to applied loading. 

In the current investigation, nanoindentation tests are 
used extensively to determine the distribution of mechanical 
properties within the (sub)surface regions of the both “green” 
compacted and sintered cylinders prepared from 
Fe + 12 wt.% Cu coated powders.  

 
2. Materials and experimental methods 
 

Water-atomized iron powder, Höganäs ASC 100.29 
grade, fraction 63180 μm, was used as a starting raw materi-
al. 

Iron particles were immersed into an aqueous electrolyte 
which contained coppersulfate and sulphuric acid. After stir-
ring for several minutes, copper layer was deposited on sur-
faces of iron particles by cementation process. The required 
copper amount (12 wt.%) was controlled by the copper sulfate 
content in the electrolyte. More details on the fabrication and 
characteristics of the powders were presented elsewhere1. 

The powders obtained were cold-pressed into cylindrical 
compacts 10 mm in diameter and with heights of about 
10 mm. The compaction pressure was 600 MPa. The lubricant 
was not added to the powder, zinc stearate was used as a die 
wall lubricant. Compacts were sintered in Marsch laboratory 
furnace at sintering temperature of 1120 °C for 60 minutes, in 
the atmosphere of 90 % N2  10 % H2. 

To prepare for examinations, the samples were cut, 
mounted, ground, polished and nital-etched. The microstruc-
ture of the samples was analysed by a light optical microscope 
(OLYMPUS GX71, Japan). 

The hardness and indentation elastic modulus were de-
termined from the load-displacement curves, measured by the 
TTX-NHT apparatus with diamond Berkovich tip and ana-
lysed by the method developed by Oliver and Pharr3. The 
maximum load of 100 mN was chosen. The indentations were 
repeated twenty times for each sample. The irregular curves 
were excluded from analysis. Despite this, each thereinafter 
mentioned value represents an arithmetic average from at 
least 15 repeated measurements. 

 
3. Results 

 
At the temperature of 1120 °C, only about 8 wt.% of Cu 

may be dissolved in a solid iron. So, when the 
Fe + 12 wt.% Cu compact undergoes sintering at 1120 °C, the 
copper-rich liquid phase is permanently present. The melt 
penetrates into contacts between iron particles as well as 
along the grain boundaries into the interior of particles. This 
can cause particles to disintegrate. The disintegration leads to 
increased mobility of single grains and enables renewed 
(secondary) rearrangement.  

As a result, the pore size, shape and distribution start to 
change. Pores are closing, spheroidizing and coalescing. Sin-
tered compacts have thus got higher density (7.23 g cm3) 
than “green” ones (7.12 g cm3).  

Simultaneously, the solid-state diffusion and solution-
precipitation take place. The diffusion of copper into iron 
causes particles to become strengthened. This results in final 
sintered compacts consisting of hardened Fe particles bonded 
by a soft copper-based matrix.  

Metallographic examination of the microstructure of 
compacted samples demonstrated that in “green” compacts 
the particle surfaces were almost completely covered with 
a copper (Fig. 1a). After sintering at the temperature of 
1120 °C, the samples revealed a microgradient structure 
(Fig. 1b). After etching by nital, the Fe cores of original pow-
der particles are less affected  and the regions around, consis-
ting of the Fe-Cu solid solution, are more attacked by the 
etching reagent (dark). 

The changes in the mechanical properties are in close 
relation to these microstructures. Fig. 2 presents the average 
values of indentation hardness and indentation modulus. Pro-
nounced differences in the indentation hardness and indenta-
tion modulus are observed for the “green” and sintered sam-
ples. 

UNIVERSAL HARDNESS TEST APPLIED TO PM MATERIALS PREPARED FROM 
COATED POWDERS  
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The hardness and modulus are improved for sintered 
samples. They are strengthened by copper precipitation and 
by the formation of solid solution with iron. 
 

4. Conclusion 
 

In principle, the DSI method seems to be suitable for 
determining the “local” properties of PM samples. 

Elastic properties are determined from the data obtained 
during unloading of the indentation. The indentation elastic 
modulus, EIT, can be calculated from the slope of the upper 
portion of the unloading curve. 
 If the total measured compliance (the reciprocal of the 
slope of unloading curve) consists only of the compliance of 
contact between indenter and surface grain, the calculated 
elastic modulus corresponds to the Young’s modulus Em of 
the grain’s material, 

EIT  Em                                                                         (1) 

    To allow for the “granular”character of the sample 
surface, we considered the total measured compliance 
as  composed of two contributions  the compliance of the 
contact between indenter and the surface grain and the com-

pliance of contact between the surface grain and the adjacent 
subsurface grain. Then we found that 

 
Ei and νi are the Young’s modulus and Poisson’s ratio for the 
material of indenter; Em and νm are those for the grain’s mate-
rial. R is the radius of grain; r represents the radius of curva-
ture of the indenter’s tip. 

The expression (2) shows that the indentation elastic 
modulus (i) does not exceed the modulus of grain’s material, 
and (ii) should change with the size of grains. This change 
represents the goal of further investigations. 
 

This work was supported by VEGA grant 2/0129/09 of 
the Slovak Grant Agency.  
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 Iron powder particles were coated with copper by ce-
mentation. The resultant powder contained 12 wt.% of cop-
per. The coated powder was then compressed into cylindrical 
samples and sintered. Sintered samples possessed microgradi-
ent structure with a copper concentration decreasing from the 
surface towards the interior of iron grains. The hardness and 
elastic modulus of individual grains in both “green” and sin-
tered samples were determined by the depth sensitive indenta-
tion method. The properties of sintered samples were found 
better than those of the “green” ones. To estimate the effect of 
“granular” structure of samples on measured properties, the 
relation for an indentation modulus based on a simple model 
was proposed. 

Fig. 1. Structure of samples compacted at 600 MPa from iron 
powders coated with 12 wt.% of Cu. Sample in a “green” state (a) 
and (b) sintered at temperature 1120 °C and nital etched, LOM 
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1. Introduction 
 

The cross-linking of rubbers and thermoplastic polymers 
is a well-proven process of the improvement of the thermal 
properties. The chemical cross-linking or rubber vulcanization 
is normally induced by the effect of heating after processing 
with the presence of a curing agent. The cross-linking process 
for thermosets is very similar. In thermosets the polymer mol-
ecules are also chemically linked due to heat after processing. 

Cross-linked rubbers have a wide-meshed molecular 
network that keeps them soft and their properties change only 
slightly on a wide temperature scale. On the other hand, ther-
mosets are characterized by a very narrow-meshed network. 
Due to this fact they hardly change their high level of stiffness 
on a wide temperature scale. 

The irradiation cross-linking of thermoplastic materials 
via electron beam or cobalt 60 (gamma rays) is proceeding 
separately after the processing. The cross-linking level can be 
adjusted by the irradiation dosage and often by means of 
a cross-linking booster (Fig. 1).  

 

 
 

Fig. 1. Design of Gamma rays (a) and Electron rays (b); a) 3 – 
secondary electrons, 4 – irradiated material, 5 – encapsulated Co – 60 
radiation source, 6 – Gamma rays, b) 1 – penetration depth of electron, 2 
– primary electron, 3 – secondary electron, 4 – irradiated material 
 

The main deference between beta and gamma rays lies in 
their different abilities of penetrating the irradiated material. 
Gamma rays have a high penetration capacity. The penetra-
tion capacity of electron rays depends on the energy of the 
accelerated electrons (Fig. 2). 

Due to electron accelerators, the required dose can be 
applied within seconds, whereas several hours are required in 
the gamma radiation plant1.  

Cobalt 60 serves as the source of radiation in the gamma 
radiation plant. Many of these radiation sources are arranged 
in a frame in such a way that the radiation field is as uniform 
as possible. The products on pallets are conveyed trough the 
radiation field. The radiation dose is applied gradually, that is 
to say, in several stages, whereby the palleted products are 
conveyed around the Co – 60 radiation sources several times. 
This process also permits the application of different radiation 
doses from one product type to another. It can be used for 
irradiation of polyolefines, polyesters, halogen polymer and 
polyamides from thermoplastics group, elastomers and ther-
moplastic elastomers2. Some of them need the addition of 
crosslinking agent. The dimensional stability, strength, chemi-
cal resistance and wear of polymers can be improved by irra-
diation. Irradiation cross-linking normally creates higher 
strength as well as reduced creep under load if the application 
temperature is above the glass transition temperature (Tg) and 
below the former melting point3. Irradiation cross-linking 
leads to a huge improvement in resistance to most of the 
chemicals and it often leads to the improvement of the wear 
behaviour. 

 
2. Experimental 

 
Properties of unirradiated (natural) and irradiated TPE – 

E with the doses up to 199  kGy have been compared. Injec-
tion molding machine Arburg 420 C Allrounder Advance has 
been used for sample preparation4,5. Tested polymer: Thermo-
plastic elastomer TPE-E. 

Tensile test has been carried out on the Zwick 1456 ten-
sile testing machine according CSN EN ISO 527 - 1, 527 - 2 
standard. Test Xpert standard software was used for test eval-
uation.Testing samples have been irradiated by the dose of  0, 
66, 99, 132, 165 and 199 kGy.  
 
3. Results and discussion 

 
For easier and faster comparison of the measured 

values, so called dimensionless values ([-]) expressed as 
the ratio of separate measurements to the maximum value 
reached during the given measurements were used 
(Fig. 2  and Fig. 3). 
 
3.1. Tensile strength, elongation 

 
The dose of irradiation influence mechanical properties 

of monitored properties. The tensile strength is the highest 
with the dose of 66 kGy and with the higher dose falls of with 
the dose higher than 132 kGy oscillate tensile strength around 
the same value as in the case of not irradiated polymer. 

The elongation is markedly influenced by irradiation. 
Higher dose of irradiation leads to important reduction of 
elongation. By the dose of 199 kGy is the reduction of elonga-

IMPROVEMENT OF MECHANICAL PROPERTIES OF TPE BY IRRADIATION 
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tion is four time in comparison with the unirradiated TPE-E 
(Fig. 2). 
 

 
3.2. Modulus 
 

Modulus of elasticity of irradiated thermoplastic elasto-
mer TPE-E rises with the dose of irradiation. The highest 
difference between irradiated and  unirradiated thermoplastic 
elastomer reached to 50 % with the dose of 199 kGy (Fig. 3). 
 

 

4. Conclusion 
 
The differences of mechanical properties of irradiated 

and natural thermoplastic elastomers TPE-E have been found 
out. Advantage of irradiation process laies in possibility to 
carry out the process on the final products, e.g. injection 
molded parts, extruded or thermoformed products. In other 
hand it is necessary to have in mind, that irradiation is and 
additional process which need additional cost. It is necessary 
to take in account all benefits/cost resulting from the irradia-
tion process already during the design stage of the polymer 
part. 

The energy of accelerated electrons effect the penetra-
tion ability of radiation.Thus only defined zone of the poly-
mer product can be affected. The properties of polymer prod-
uct would be controlled in this way.  
 

This article is financially supported by the Czech Minis-
try of Education, Youth and Sports in the R&D project under 
the title ‘Modelling and Control of Processing Procedures of 
Natural and Synthetic Polymers’, No. MSM 7088352102 and 
‘CEBIA Tech’, No. CZ.1.05/2.1.00/03.0089. 
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and V. Pata (Tomas Bata University in Zlin, Zlin, Czech 
Republic): Improvement of Mechanical Properties of TPE 
by Irradiation 
 

The article describes the effect of irradiation on proper-
ties of thermoplastic elastomer. The irradiation leads to huge 
improvement of their mechanical properties. The changes of 
properties depend on the dose of irradiation.The modulus of 
elasticity goes up to 50 % wheras the elongation drops to four 
times with the dose of irradiation of 196 kGy. 

Fig. 2. Comparison of tensile strength and elongation 

Fig. 3. Comparison of modulus of elasticity 


