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1. Introduction 
 

Ultrafine-grained (UFG) metallic material has re-
ceived considerable research interest because it exhibits 
high strength along with good ductility and toughness. 
Recently, as one of the prominent methods to produce 
UFG bulk1-5 and powder6-8 metallic material, equal chan-
nel angular pressing (ECAP) has been studied extensively. 
The ECAP process (Fig. 1a) is a method that involves 
large shear plastic deformation in a workpiece by moving 
through a die containing two intersecting channels of iden-
tical cross-sections that meet at a predetermined angle (Ф). 
The process can be repeated extruding the sample through 
the same matrix. Several papers  evaluated the distribution 
the effective strain distribution through the cross section of 
the sample after the ECAP process based on finite element 
method (FEM) modeling9,10. The heterogeneity of non 
deformation can be reduced by the axial rotation of the 
sample between passes. Thus the slip planes are activated. 
ECAP process runs by a discontinuous process, causing 
a limiting of a maximum lenght of processed sample, 
which is about 100 mm.  

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

ing (C2S2)"11 or equal channel angular rolling (ECAR)12,13 
was developed. This process can be applied to strip or 
profile form of materials.  The sample is extruded through 
a matrix with upper guide roll and lower feeding roll, as 
shown in Fig. 1b. In this process friction plays a major 
role, which must provide a frictional force to prevent spin 
on the material in the feeding roll.  

Several authors published the effective strain distribu-
tion through the cross section of the strip14 and sheet15 
after the ECAR process based on FEM modeling. ECAR 
process is compared to ECAP much more difficult to oper-
ate the forming process, therefore  this technology is to be 
reviewed. 

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

For the experiment  two materials with different strain 
hardening were used. Oxygen-free high conductivity 
(OFHC) copper and alluminium 99.5 %. Flow stress is 
characterized by the Hollomans´s equation σ = K . εn, 
where: σ - flow stress, ε - strain and n - strain hardening 
exponent. Flow stress for copper is σ = 460.ε0.38 and for 
alluminium is σ = 108.ε0.22. The initial microhardness for 
the Cu = 117 HV1 and Al= 36 HV1. Both materials were 
processed by one pass using ECAP and ECAR technology.  

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

The ECAR was carried out on 210 DUO rolling mill 
at room temperature. The groove of feeding roll has a di-
mension of 6 x 6 mm. Output channel has dimensions 
6  6.5 mm. Angle between feeding roll and output chan-
nel is Ф = 90°. Angular velocity of rolls were 0.052 rad/s, 
corresponding to extrusion speed 5 mm s–1.   

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

Local heterogeneity of plastic deformation in the 
cross section of smaple after ECAP and ECAR processing 
was detection by measuring the microhardness as a func-
tion of strain hardening. The microhardness measurements 

LOCAL ANALYSIS OF PLASTIC DEFORMATION  IN ECAP AND ECAR  
PROCESSES 

Fig. 1. Scheme of: a) ECAP and b) ECAR method 
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were performed on central planes in steady-state defor-
mation region. The average hardness values and  their 
variation along the length were determined. The Vickers 
hardness measurements were done with a  load of 
Al = 0.98 N and Cu = 9.8 N for a dwell  time of 5 s using 
a Struers Duramin-5 microhardness tester. 

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

 

3. Results and discussion 
 
 Fig. 2a shows the effective strain in the deformed 
Cu sample in the middle of the ECAP process. There 
shows that the deformation heterogeneity exists in area 
"head" along X axis (HDZ). After head area the defor-
mation tends to be homogeneous along X axis, indicating 
that the sample is deformed under steady-state condition. 
This region is named as the steady-state deformation re-
gion herein and most analyses below will be conducted in 
this region. In the steady-state deformation region but it is 
possible to observe heterogeneity of effective strain of the 
sample cross-section (Y axis) between upper and lower 
surface.  
 Grid on the Cu sample deformed by one pass 
ECAP is presented in Fig. 2b. After one pass ECAP of the 
sample exhibits grid pattern inclined by shear deformation. 
Is seen that after deformation the elements have been dis-
torted and oriented at shearing angle θ = 62.7° with respect 
to the X axis. Except the lower part of the sample showing 
curved grid, which is frequently generated by a geomet-
rical effect of dies or billets12. In this area, shearing angle 
is reduced to θ = 20°, as seen in detail in A. The undistort-
ed region encompasses  about 25 % of the billet thickness. 
In lower surface, as it shows the detail area B, the in-
creased distortion of the network can be observed, which 
is probably due to the influence of contact friction. Such 
distortion in the upper surface was not observed.  
 Fig. 3 shows comparison of effective strain distri-
bution from FEM and microhardness measurement in 
cross-section of Cu sample after one pass ECAP. Distribu-
tion of effective strain can be divided into four areas: I. 
uniform minimum  deformation extending up to 10 % of 
the thickness of the sample; II. a significant  increase in 
effective strain about 55 %; III. uniform maximum defor-
mation (30 % of the thickness of the sample); IV. slight 
decrease in effective strain (30 % of the thickness of the 
sample). The development of microhardness has a similar 
tendency . The increase in microhardness between the I. 
and III. area is approximately 55 %. 

The increase in hardness can also be attributed to the 
UFG microstructure and high dislocation density from the 
ECAP process. Effect of friction on the lower surface is 
also confirmed by microhardness measurements. FEM 
simulation of effects of friction didn´t reflect the fiction 
effect around the upper surface, because the coefficient of 

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

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

Fig. 5 shows the effective strain distribution in Cu the 
deformed strip in the ECAR process, where the die chan-
nel angle Φ is equal to 90°. The processed strip can be 
divided into four main zones along the track of ECAR 

Fig. 2. Distribution of effective strain and grid in the de-
formed sample after one ECAP pass: (a) effectiv strain; (b) 
deformed grid  

Fig. 3. Distribution of FEM effective strain and microhard-
ness in cross-section of Cu sample, after one ECAP pass 
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process: the head of deformation zone (HDZ), the steady-
state deformation zone (S-SDZ); the main deformed zone 
(MDZ) and the groove deformation zone (GDZ). As in the 
ECAP process, there is heterogeneous strain observed 
between the lower and upper surface of the sample, which 
is dependent on the geometry of matrix and contact fric-
tion. The HDZ zone has a non-uniform effective strain 
distribution. The effective strain distribution of the S-SDZ 
is uniform along the strip metal’s (X axis). The MDZ is a 
shear deformation area which is located at the intersection 
of the two channels. Input plastic deformation of ECAR 
process is driven by feeding rolls. It reports the value of 
φef  ≈ 0.4 (Fig. 7), which is dependent on groove filling and 
friction. Therefore, the strains in outlet channel of the S-
SDZ in the ECAR are much lower than those in the ECAP. 

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

the bottom to the top of the sample. Microhardness meas-
ured in steady-state of deformation has only two areas: I. a 
significant increase in the microhardness about 15 HV1; II. 
Uniform hardness. Distribution of φef is in II. area in a 
slight increase. The same course was also measured on 
samples of Al, which is shown in Fig. 6. On Al samples 
was measured microhardness in the groove about 10 mm 
before entering the MDZ. In the groove, there was the 
increase in the hardness of about 8 HV from the initial 
state, the hardening is also dependent on supercharging of 
channel. In ECAR process levels φef  are higher  and are 
evenly spaced in cross-section than in the ECAP process.  

Fig. 5, 6 from FEM simulations show a net contribu-
tion of φef of ECAR MDZ, where deformation in groove of 
feedng roll is not considered. The development of effective 
strain in the cross section is the same as the deformation in 
GDZ, their values are lower by Δφef = 0.3 [-]. Similar re-
sults were published in the article13, which were based on 
2D modeling of ECAR process, in which the deformation 
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Fig. 4. Distribution of FEM effective strain and microhard-
ness  in cross-section of Al 99.5 % sample, after one ECAP 
pass 

Fig. 5. Distribution of effestive strain in the deformed sample 
during one ECAR pass 

Fig. 7. Distribution of effective strain and microhardness in 
cross-section of Al sample, after one ECAR pass 
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Fig. 6. Distribution of effective strain and microhardness in 
cross-section of Cu sample, after one ECAR pass 

115

120

125

130

135

140

0 1 2 3 4 5 6 7 8

Distance [mm]

M
ic

ri
h

a
rd

n
e

s
s

 H
V

1
 [

-]

0,6

0,8

1

1,2

1,4

1,6

1,8

2

E
ff

e
c

ti
v

e
 s

tr
a

in
 [

-]

HV-S-SDZ
FEM-S-SDZ
FEM_MDZ without deformation inguide roll

I. II. III. IV. 

I. II. 

I. 
II. 



Chem. Listy 106, s464s467 (2012)                                   LMP 2011                                                                          Regular Papers 

s467 

was not considered in the groove of feeding roll. ECAR 
process according to the scheme in Fig. 1 uses a high fric-
tional forces in the roll groove, which are able to overcome 
the deformations in the MDZ. These frictional forces are 
provide by pressing the material to groove of feeling roll, 
and therefore deformation must be considered in the FEM 
simulations in the roll groove. 
 

4. Conclusion 
 
Based on experimental results, it can be concluded 

that: 
 along the sample (X axis) is in the ECAP and ECAR 

process highest heterogeneity of φef at the beginning 
of the sample, followed by a steady state to the end of 
the sample. 

 greater heterogeneity through the cross-section of 
samples at steady-state was observed in the ECAP 
process. 

 in the ECAP process was based on the deformed grid 
and microhardness observed the effect of friction on 
the bottom of the sample. 

 in the ECAR process levels of φef are higher, and are 
evenly distributed in the cross-section compared with 
the ECAP process. 

 
This work was realized within the frame of the pro-

ject VEGA 1/0359/11. 
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The article deals with comparison of two SPD meth-

ods: ECAP and ECAR. An angle between the horizontal 
and vertical channels during ECAP and ECAR pressing 
was used Ф = 90°. The experiment was focused on the 
comparison of deformation processes between OFHC cop-
per and Al 99.5 %. Detailed stress-strain analysis of both 
methods was performed by a finite element method 
(FEM). The deformation distribution achieved from FEM 
was made by Vickers microhardness measurement and 
deformation mesh.  
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Microscopy (SPM) at low contact force and wear depth is 
measured from 3D topography image afterwards. Standard 
nanoindentation tips can be employed in the measurement.    

There are different mechanisms of material removal 
distinguished during a sliding wear3 (Fig. 1). Material 
properties such as elastic modulus, hardness, fracture 
toughness or coefficient of friction together with an attack 
angle (an angle between the surface and cutting face of de-
bris) influence a wear mechanism.  Complementary na-
noScratch tests and analysis of the in-situ SPM scans can 
provide a close look at the mechanism of removal of den-
tal composite removal for a specific phase. Scratch tests 
also give values of coefficient of friction, which can ex-
plain a wear behavior in more details. This study is fo-
cused on wear mechanism of three types of dental compo-
sites with respect to their fillings. 
 
2. Materials and methods 
 
2.1. Sample preparation 

   
Cylindrical specimens were made from dental filling 

composites (Filtek™ Supreme XT, Filtek™ Silorane and 
Charisma®) with different chemical composition. A single 
material was pushed into a teflon mould, covered by a 
transparent plastic film and pressed by a glass slide. 
Polymerization of the material was activated with a light 
curing unit (Translux Power BlueTM, Hereaus Kulzer 
GmbH, Germany) for time period according to the instruc-
tions for use. These specimens were removed from teflon 
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1. Introduction 
 

Dental composites and their mechanical behavior 
have been studied intensively in the last decade. Findings 
are being used for the dental fillings lifetime improvement 
in order to prevent fracture of filling, loss of filling and 
creating of secondary caries on the tooth-filling interface. 
Next to the aesthetic requirements, there are important me-
chanical parameters, which are closely watched in a field 
of restorative dentistry. Dental composites experience in-
ternal stresses after polymerization due to the volumetric 
shrinkage of an epoxy matrix. Polymerization is initiated 
by the light curing from the outer surface of cavity fillings. 
Light absorption decreases with depth of cavity and there-
fore, mechanical properties of dental composite also vary 
in depth1. Finite element analysis of a stress distribution 
caused by shrinkage with respect to a depth gradient of 
mechanical properties has been published recently2. Finite 
element models were advantageously based on values of 
elastic moduli measured by means of nanoindentation.  

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

Worn area is visualized by in-situ Scanning Probe  

Fig. 1. Physical interaction between abrasive particle and 
surface of materials3 (adopted from Karl-Heinz, 1987) 
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mould and all of them were embedded into EpoFix and 
polished afterwards. A resulting roughness was approxi-
mately RMS = 5 nm at scan size 15  15 m. 
 
2.2. Testing condition 

 
A nanomechanical testing instrument Hysitron TI 950 

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

 
3. Results 
 
3.1. Statistical analysis 

   
Statistical analyses for 12 datasets at each normal 

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

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

The values of wear depth [nm] were used for demon-
stration of different wear resistivity to the normal force 
(Fig. 2). Supreme sample showed the least ability for re-
sistance to wear process at all contact forces. Charisma ex-
perienced significant wear depth increase already from the 
lowest contact force of 40 N to 50 N. There was no sig-
nificant step in wear values between 50 N and 60 N 

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

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

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

Fig. 2. Graph shows the wear depth dependence on a contact 
(normal) force between a tip and sample surface. In this case, 
stars indicate the statistically NOT significant differences 
between data sets of measured wear depth at certain contact 
forces. ‘Si’ stands for Siloran, ‘Ch’ for Charisma and ‘Su’ for 
Supreme. Error bars indicates the confidential intervals for 
mean values of wear depths at certain normal force 

Charisma Supreme Siloran 
0.22 ± 0.015 0.2 ± 0.01 0.2 ± 0.023 

Table I 
Mean coefficeint of friction f with standard deviation σ 
measured on dental composits by nanoScratch tests using 
a dimond Berkovich tip 
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4. Discussion 
 
Results showed a different wear resistivity of samples of 
three dental composites. However, the mean values of fric-
tion  coefficient from the same samples did not show any 
significant differences. Average coefficients of friction do 
not predict a wear resistivity of particular dental compo-
site. Therefore, scratch studies needs to be performed at 
the level of fillers (Fig. 6.) 

In-situ SPM images clearly showed the different sizes 
and distributions of hard particles within composites. 
Moreover, in-situ SPM images of worn squares revealed 
distinct wear process at composites material phases. Hard 

and larger particles were less worn than surrounding 
polymerized matrix already at the lowest normal force of 
40 N (Fig. 3, Fig. 5). This observation was valid for all 
three samples; however, there were different wear depths 
measured from the beginning of test cycles. Supreme was 
the most worn material and kept this lowest wear resistivi-
ty for all used normal forces. The wear depth increased 
with increasing contact force between the diamond tip and 
the surface.  

In case of Charisma and Siloran sample a critical 
force, which indicates a sudden decrease of wear resistivi-
ty, was observed.  In-situ SPM images revealed that this 
critical force is associated with a removal of hard particles 

Fig. 4. In-situ SPM of a worn location on Charisma at the 
contact force 70 N 

Fig. 6. In-situ SPM of a worn location on Siloran at the con-
tact force 70 N 

Fig. 3. In-situ SPM of a worn location on Charisma at the 
contact force 60 N 

Fig. 5.  In-situ SPM of a worn location on Siloran at the con-
tact force 50 N 



Chem. Listy 106, s468s471 (2012)                                   LMP 2011                                                                          Regular Papers 

s471 

on Charisma sample. Large black holes in the Fig. 4 are 
more likely associated with a particle separation. In case of 
Siloran sample, there were remaining particles in the worn 
square even at the highest normal force of 70 N (Fig. 6). 
Materials used as filler vary among the composites. There-
fore, the wear mechanism of particles also differs. Quanti-
tatively, Siloran particles showed the increased wear and 
separation resistivity to abrasive loading. A wear 
mechanism can be observed from scratch tests performed 
with the same diamond probe as was used for Scan-
ningWear™. Moreover, material removal can be studied at 
a single particle of filler. Fig. 6 shows two scratch tracks 
coming over a particle within Supreme sample. It seems 
that the removal mechanism of material is related to mi-
croploughing according to Fig. 1. If we consider no 
presence of removed material at the end of the scratch 
tracks (top of the image), the worn material volume present 
on wear images (Fig. 3–5) can be explained by microfatigue 
processes during the 10 cycles of ScanningWear™.  
 
5. Conclusions 
  

Nanomechanical system Hysitron TI 950 Tri-
boIndenter™ has successfully quantified a wear resistivity 
of three dental composites – Filtek™ Siloran, Filtek™ Su-
preme and Charisma®. Siloran sample showed the highest 
wear resistivity among the samples. According to pro-
ducer, Siloran contains quartz and radiopaque yttrium 
fluoride particles. Quartz surface is modified with a silane 
layer in order to provide the proper interface of filler to the 
resin. This could lead to enhanced resistivity of particle 
separation from the matrix at higher abrasion forces. The 
critical forces were found at about 60 N for Siloran and 

Charisma. These forces indicate a separation or a failure of 
a particle.  

Supreme showed the lowest wear resistivity. Ac-
cording to producer information, Zirconia/Silica nanoclus-
ters shear at a rate similar to the wear of the surrounding 
resin matrix, therefore, no critical force was observed. 
 

The research has been supported by Transdiscipli-
nary research in Biomedical Engineering II. No. MSM 
6840770012. 
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gue, Prague, Czech Republic): Nanoscratch and 
Nanowear of Dental Filling Composites 

 
Three dental composites Filtek™ Siloran, Filtek™ 

Supreme and Charisma® were submitted to Scan-
ingWear™ tests. Wear resistivity was measured by means 
of wear depth determined from in-situ SPM images.  
NanoScratch tests with the same diamond Berkovich tip 
were employed in order to describe the wear mechanisms. 
Moreover, friction coefficients were determined from 
scratch data.  

Fig. 7. In-situ SPM of scratch tracks on Supreme at the con-
tact force 800 N 

Fig. 8. Graph shows recorded values of friction coefficients: 
black and red data correspond to the two left hand scratch 
tracks in the Fig. 6. Portion of data representing a particle 
(f=0.16±0.007) and matrix (f=0.2±0.01) are indicated by 
dashed lines 
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1. Introduction 
 

Generally speaking, polymer particulate composites 
are frequently used in many engineering applications. 
Composites are of great practical importance due to the 
possibility of modifying the mechanical properties of the 
resulting composite1,2. In this paper polymer particulate 
composites were modelled as a three-phase continuum 
(polypropylene matrix, mineral fillers and interphases).  

The presence of mineral fillers usually causes a reac-
tion on particle-matrix interfaces and finally results in the 
formation an interphase. The interphase plays a significant 
role in the evaluation of micro-crack behaviour3. The parti-
cles used as filler are usually chemically treated. This 
treatment positively influences the creation of interphase 
and contributes to better particle dispersion in the polymer 
matrix. 

It is very difficult to obtain any information about the 
thickness or material properties of the interphase directly. 
The interphase thickness can be determined indirectly 
from the macroscopic composite properties. According to 
the used method of determination it can result in a huge 
spectrum of thickness values2. In the contribution4 the in-
terphase thickness was estimated as 0.1 m. The studied 
interphase thickness was dependent only on the chemical 
composition of the particles and the matrix. In addition, 
the thickness of interphase seems to be independent of par-
ticle size. 

The numerical model was created with respect to the 
following general conditions9: (i) particles should be of 
small size (less than 5 m), (ii) the aspect ratio must be 
close to 1 to avoid high stress concentration, (iii) the parti-
cles must debond prior the polymer matrix reaches the 
yield strain in order to change the stress state of the matrix 
material and (iv) particles must be dispersed homogene-
ously in the polymer matrix. 

The use of rigid particles5 leads to an increase of com-
posite Young´s modulus Ecomp. In the following text the in-
teraction of micro-crack propagation in the matrix filled by 
rigid particles is analyzed. The influence of further micro-
crack propagation  on change of interphase properties is 
estimated. 

2. Experiments 
 

The experiments (tensile tests) focused on determina-
tion of macroscopic properties of polymer particulate com-
posite were performed6. 

The measured data of the pure matrix for different 
temperature values illustrates an increasing of Young’s 
modulus Em with decreasing temperature (see Fig. 1).  

 

 
 
Fig. 1. σ-ε curves of pure matrix under different temperatures 

 
The estimation of particle size used for production of 

the particulate composite was done. From experiments the 
average size of the particles was determined as 1 m. The 
influence of particle size on composite behaviour was for-
merly studied7,8. 
 
3. Numerical model 
 

The composite was modelled as a three-phase con-
tinuum with homogenously distributed particles by a finite 
element system ANSYS. Only the particles placed close to 
the micro-crack tip significantly influence micro-crack 
behaviour. Geometry of the used model is shown on 
Fig. 2. 

MICRO-CRACK BEHAVIOUR IN POLYMER MATRIX OF PARTICULATE  
COMPOSITE: INFLUENCE OF NON-LINEAR MATRIX  

Fig. 2. Geometry of the model used for micro-crack behaviour 
estimation in the polymer composite 
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The material properties characterizing the composite 
correspond  to rigid particle  (H2MgO2 or Mg(OH)2)  and  
soft polypropylene matrix. The Young’s modulus of the 
particles Ep was 72 GPa and the value of Poisson’s ratio 
ν = 0.29. Spherical10 shape of the particles was considered 
in calculations. The corresponding parameters of neat 
polymer matrix (at temperature –10 °C) were estimated as 
3.3 GPa (see Fig. 1). The thickness of the interphase t was 
considered here as 0.1 m (ref.4) and a constant value of 
Young’s modulus Ei through the thickness was contem-
plated. The value of interphase Young’s modulus Ei varied 
from 0.05 GPa to 3.3 GPa (presented configuration 
without interphase). In this paper the micro-crack placed 
very close to particle was analyzed (ratio c/e = 0.95). 

 
4. Results and discussion 
 

The fracture toughness of the polymeric particulate 
composite can be influenced by several effects, i.e. mate-
rial properties of the matrix and interphase.  

The micro-crack propagation direction dependence 
on the micro-crack length was described (see Fig. 3) for 
matrix material properties measured at –10 °C. For 
Young’s modulus of interphase Ei from 1.0 to 3.3 GPa, the 
micro-crack propagation direction  was positive for all 
calculated configurations, meaning that the micro-crack 
avoids rigid particles and grows only in the matrix.  On the 
other hand, for Ei from 0.05 to 0.1 GPa the micro-crack 
was attracted by the particle. 

In case of very soft interphase the micro-crack is 
attracted by the particle which is completely shielded (see 
Fig. 4). Consequently, the micro-crack tip touches the in-
terphase and the particle can be fully debonded11. During 
experiments it was founded that free particles were ob-
served on the fracture surface. Generally, the micro-crack 
is blunted and singular stress concentration is reduced. For 
the next micro-crack propagation an additional energy is 
necessary. This can lead to increase of composite fracture 
toughness. 

 
 
 

5. Conclusions 
 

The effect of interphase between matrix and rigid par-
ticles on the toughening of composite was studied and one 
possibility of the basic mechanisms to their increase was 
described. The presence of the very soft interphase 
changes the stress field around rigid particles and has sig-
nificant influence on micro-crack behaviour. 
 

This research was supported by the grants No. 
P107/10/P503 and 106/08/1409 of the Czech Science 
Foundation. 
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Z. Majera, L. Náhlíkb (a Brno University of Tech-
nology, b CEITEC IPM, Institute of Physics of materials AS 
CR): Micro-Crack Behaviour in Polymer Matrix of 
Particulate Composite: Influence of Non-Linear Matrix 

 
A numerical study of fracture behaviour of polymer 

particulate composite with rigid particles is discussed in 
the paper. The particulate composite was modelled as a 
three-phase continuum (particles, matrix and interphase). 
The micro-crack propagation direction using the finite ele-
ment method was estimated for a variety of matrix and in-
terphase material properties. The non-linear matrix materi-
al properties were experimentally determined and used in 
the numerical calculations. 

Fig. 3. Dependence of crack propagation direction on micro-
crack length (matrix properties at -10 °C are considered) 

Fig. 4. Micro-crack approaching particle covered by inter-
phase and the fully debonded particle when micro-crack is 
blunted 
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1. Introduction 
 

Ni-Al based intermetallic compounds can substitute 
nickel super-alloys used as high-temperature structural 
materials. The chemistry of aluminides is much simpler 
than that of superalloys. Apart from their oxidation and 
carburization resistances, aluminides possess lower densi-
ties, high-melting points, and exhibit interesting mechani-
cal properties due to their ordered crystal structures1,2. 
Main interest is today focused on Ni3Al based inter-
metallic compounds with hypo-stoichiometric composi-
tion, for which it was established that share of two-phase 
areas γ/γ’ is very significant indicator. These alloys ap-
proach by their composition the Ni-based superalloys, 
where mechanical properties of these materials depend on 
the volume fraction, distribution, size and morphology of 
the γ’-precipitates. Their microstructure consists of a high 
volume fraction of γ’-strengthening precipitates (70 %) co-
herently merged into a γ matrix3. 
 
2. Preparations of samples and measurements 
 

Observations were made in orientated state of non-
alloyed intermetallic Ni3Al based compound (22–25 at.% 
of Al). The samples were solidified by Bridgman’s tech-
nique. Used rate of directional solidification was 10 and 20 
mm/h. The longitudinal sections of samples were used for 
determination of micro-hardness and for evaluation of 
structure. It was established that Ni22Al samples containe 
formations of Ni3Al (γ΄) and solid solution of nickel (γ), 
Ni25Al samples containe Ni3Al only. Fig. 1 shows direc-
tional microstructure of the sample Ni25Al (only 
γ΄ phase), Fig. 2 shows directional microstructure of the 
sample Ni22Al (γ΄ and γ phase) with indentation. Average 
microhardness, microhardness for individual occurring 
phases, and also on grain boundaries, was determined for 
all types of alloys. Samples of Ni3Al based alloys with 
stoichiometric and hypo-stoichiometric composition were 
used for determination of mechanical characteristics. Com-

position of samples and obtained results are summarised in 
Tab. I. 
 
3. Results and discussion 
 

The differences of microhardness were found in the 
samples 3 and 4 with composition Ni23Al. This is due to 

MICROSTRUCTURE CHARACTERISTICS OF Ni3Al BASED INTERMETALLIC 
COMPOUNDS 

Fig. 2. Sample Ni22Al, network of Ni3Al and (Ni) 

Fig. 1. Sample Ni25Al, grain of Ni3Al  

Fig. 3. Sample Ni22Al, 20 mm/h, network of Ni3Al and (Ni), 
grain boundary, grain 
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the fact that the compounds contain grains of Ni3Al, net-
work structure and grain boundaries. This is evident also 
in the sample 6 of Ni22Al composition, with higher rates 
of solidification (Fig. 3), where structure was not perfectly 
created, as it was in the sample 5. The sample 5 contains 
only network structure.  

The network structure enhances significantly me-
chanical properties of hypo-stoichiometric alloys based on 
Ni3Al. This effect is used also in nickel super-alloys4,5.  

In case of suitable volume of γ’ it is possible to influ-
ence effectively the creep behaviour and stress rupture 
properties of Ni and Ni3Al based alloys5,6. High share of 
network structure in the sample 5 in directed state has in-
fluenced significantly the values of strength and ductility 
determined at tensile tests7. Big differences of ductility and 
strength were found in the samples. For example the sam-
ple Ni25Al has strength Rm 490 MPa and ductility A5* 
13 %, the sample Ni22Al has Rm 735 MPa and A5* 52 % 
(Tab. I). By contrast to that the sample 1 without network 
structure shows considerably worse mechanical proper-
ties7.  It is also very interesting that these differences were 
not manifested at value of avarage microhardness, which is 
for all the samples approximately within the interval from 
240 to 260 HV 0.05 (Tab. I). Microhardness of grain is 
206–232 HV 0.05. Only value for sample 6 is greater (262 
HV 0.05). Microhardness of grain boundary is 206–265 
HV 0.05. Microhardness of network in the sample 6 is 
greater – 271 HV 0.05. No significant deviations, which 
would explain the manner of structure strengthening, were 
found either at determination of microhardness on the 
grain boundaries and in the areas with network structure.  
 
4. Conclusions 

 
The differences of ductility and strength were found 

in the samples. It is also very interesting that these differ-
ences were not manifested at measurement of micro-
hardness, which is for all the samples approximately 
within the interval from 240 to 260 HV 0.05. It would be 

very appropriate to complete the existing measurement al-
so by nanoindentation, which might bring interesting 
findings. 
 

The presented results were obtained within the frame 
of solution of the research project MSM 6198910013 
„Processes of preparation and properties of high-purity 
and structurally defined special materials “. 
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Observations were made in orientated state of non-

alloyed intermetallic Ni3Al based compound (22–25 at.% 
of Al). The samples were solidified by Bridgman’s tech-
nique. It was established that Ni22Al samples contained 
formations of Ni3Al (γ΄) and solid solution of nickel (γ), 
Ni25Al samples contained Ni3Al only. The differences of 
mechanical properties were not manifested at measure-
ment of micro-hardness, which is for all the samples ap-
proximately within the interval from 240 to 260 HV 0.05. 

Table I 
Microhardness of the samples  

Sample 
No. 

Al content Solidification 
rate 

Rm A5* Microhardness HV 0.05 

[at. %] [mm h–1] [MPa] [%] avarage grain grain bound. network 

1 25 10 365 18 256 ± 8 223 ± 12 240 ± 30 - 

2 25 20 490 13 263 ± 7 232 ± 15 265 ± 20 - 

3 23 10 - - 238 ± 22 206 ± 36 206 ± 13 218 ± 12 

4 23 20 790 43 247 ± 15 223 ± 16 223 ± 24 227 ± 14 

5 22 10 925 64 247 ± 7 - - 236 ± 29 

6 22 20 735 52 257 ± 14 262 ± 20 255 ± 18 271 ± 17 
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1. Introduction 

 
Ceramic foams are a special group of cellular materi-

als with a very advantageous combination of properties, 
such as low density, huge surface, high thermal insulation 
abilities, high permeability etc. These material properties 
predetermine ceramic foams for very broad use in engi-
neering practice. 

The tensile test of brittle, highly porous materials is 
really problematic1. In fact, in so complicated structures it 
is practically impossible to estimate local mechanical 
properties by experiments. In addition, the fixed specimens 
are usually damaged and frequently a premature fracture 
takes place. Because of these difficulties it could be useful 
to create computational models respecting a porous struc-
ture. Data from micro-CT are necessary for creation of 
computational models.  

The aim of the work is to study a response of highly 
porous ceramic foam material (Vukopor® A – 85 % Al2O3 
– 14 % SiO2 – 1 % MgO) to mechanical loading using 
a computational quantification on micro-level as well as 
determination of individual struts behaviour and the influ-
ence of this behaviour on ceramic foam mechanical perfor-
mance.  
 
2. Micro-CT 
 

 A micro-CT device (ScyScan, Belgium) provides the 
same information as a conventional CT. It has a much 
higher resolution of images (from 5 to 20 m). This has 
a significant influence for research of highly porous mate-
rials2,3. Dimensions of struts are approximately 100  600 m 
(diameter x length). 
 
3. FEM Model 
 

The STL model Creator4 procedure has been de-
veloped in Matlab 2009b for faster image processing and 

analyzing the micro-CT data (see Fig. 1a). The program 
loads images in various formats and can create a 3D model 
in STL format after tresholding5 (see Fig. 1b). Micro-CT 
slices were obtained in resolution 700  800 pixels (a total 
of 1000 slices with pixel size 15  15 m2). On the micro-
level the computational model adequately respects the 
shape of such complicated structure (see Fig. 1c). 

The computational model was created by a finite ele-
ment method using the system ANSYS 12. SOLID187 ele-
ment was used for meshing; it is a10-node element with 
quadratic displacement behavior. It is necessary to have 
a very fine and accurate mesh for the analysis of local 
stresses in such complex microstructure. To create a mesh, 
the automatic mesh function was used. Consequently, the 
obtained mesh was checked to avoid error elements. 
Because of faster calculations the whole reconstructed 
structure was divided into three parts (length 5 mm), see 
Fig. 1c. Each of these parts contained approximately 7 
million elements; it represented an element size of 7 m, 
see Fig. 2.  

The computational model was considered as homoge-
neous isotropic and linear elastic with Young’s modulus E 
= 70 000 MPa and Poisson’s ratio ν = 0.3. On the micro-
level this ceramic foam can be considered as homogene-
ous6. Von Mises stress was evaluated and compared with 
the value of yield stress 375 MPa.  

ESTIMATION OF LOCAL MECHANICAL PROPERTIES OF HIGHLY POROUS  
CERAMIC MATERIALS 

Fig. 2. Example of finite element meshing 

Fig. 1. Micro-CT slices (a), image created by automatic seg-
mentation (b) and model of reconstructed structure (divided 
to three parts) (c) 
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All three computational models were fixed on one 
side and was loaded on the opposite side by means of pre-
defined strain (0.1 %).  
 
4. Results and discussion 
 

Forty-five struts were chosen for an analysis. The lo-
cal stress field (von Mises stress) was determined for each 
particular strut (see Fig. 3). Maximum local stress values 
are observed in most cases between the middle and the tri-
ple point of strut. This is probably caused by the influence 
of change in struts geometry and strut stiffness is changed 
due to the increase in thickness.  

Further, the influence of strut rotation on von Mises 
stress was studied. The orientation related to the loading 
axis was measured as an angle between the load plane 
(XY) and the axis of strut. The results are shown in Fig. 4. 
The graph can be divided into two main parts. 

The presented results correspond to the elongation of 
the computational model 0.1 %. The first set of values was 
for struts oriented in the range from 0° to 40°; struts in this 
part were parallel to the load plane. The median of stress 
values was determined 85.7 MPa. The second set of values 
was for struts oriented from 40° up. For these struts, the 
median of stress values was 218.0 MPa, i.e. 2.5 times 
higher comparing to the first set. 
 
5. Conclusions 
 

Computations using finite element method are suita-
ble for the analysis of local mechanical properties of high-
ly porous ceramic foam.  Models of the struts structure can 
be created using a micro-CT and subsequent image pro-
cessing.  

The results show that the rotation of individual struts 
is really significant in whole structure. Up to 40°, the struts 
are not so loaded and the median of local von Mises stress 
is only about 86 MPa. For the rest of struts, the values of 
local von Mises stress are about 220 MPa, which is almost 

2.5 times higher comparing to the first set. The maximum 
values of stress are below the value of yield stress 
375 MPa. These conclusions could contribute to the pro-
cess of designing and creating bone implants.   
 

This work was supported by grant specific research 
FSI-S-11-12/1225 and project of Czech Science Founda-
tion Nr. 101/09/1821. 
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P. Marciána, Z. Majera, I. Dlouhýa,b, 

and Z. Floriana (a Brno University of Technology, Brno, 
b Institute of Physics of Materials of the Academy of 
Sciences of the Czech Republic): Estimation of Local 
Mechanical Properties of Highly Porous Ceramic 
Materials 
 

In this contribution the ceramic foams are studied. 
The applications of these materials are extensive due to 
very advantageous combination of properties. This paper 
is focused on local mechanical properties of individual 
struts in a highly porous structure. The computational 
model is created using a micro-CT by a finite element 
method in ANSYS 12.0 software. The local equivalent 
stress (HMH criterion) is analyzed depending on struts ro-
tation. Fig. 3. Von Mises stress [MPa] on struts samples under angel 

4° (a), 9° (b), 62° (c) and 68° (d) relating to loading plane (XY)  

Fig. 4. Dependence of von Mises stress on struts orientation 
related to loading plane (XY)  



Chem. Listy 106, s478s480 (2012)                                   LMP 2011                                                                          Regular Papers 

s478 

DANIELA MARXa, JOSEF ŠEPITKAa,  
JAROSLAV LUKEŠa, and KAREL BALÍKb 
 
a Czech Technical University in Prague, Faculty of Me-
chanical Engineering, Dep. of Mechanics, Biomechanics 
and Mechatronics, Technicka 4, 166 07 Prague , b Institute 
of Rock Structure and Mechanics ASCR, v.v.i., 
V Holesovickach 41, 182 09 Prague 8, Czech Republic. 
hruskova@irsm.cas.cz 
 
 

Keywords: nanoindentation, biocomposite, gelatine 

 
 
1. Introduction 
 

A gelatine is a material consisted of amino acids (as 
well as collagen), which are very important for human 
body. It is a biocompatible, bioactive and biodegradable 
material1. Therefore, gelatine is a suitable material for bio-
medical applications such as bone grafting.  

Nanoscale mechanical properities of bioinspired com-
posites are the most important comparative criteria for 
a fabrication of bone tissue replacements. The aims of this 
work are the preparation of bioinspired composite material 
composed of gelatin nanofibers and hydroxyapatite (HA) 
powder and assess its mechanical properties in nano-scale. 
 
2. Materials and methods 
 
2.1. Samples preparation 
 

Nanofibers (i.e. fibers in scale from 1 nm to 
100 nm) can be manufactured by various methods. The 
most convenient method for tissue engineering applica-
tions is the electro-spinning2,3. Gelatine nanofibrous matri-
ces produced by the electro-spinning process were found 
to be very effective as a base for cell increasing. 

Nanofibers from porcine gelatine loaded by HA have 
been provided by ELMARCO s.r.o (basic material-BM) 
and has been prepared by followed procedure. Porcine 
gelatin was dissolved in diluted acetic acid. Nanoparticles 
of hydroxyapatite (20 wt.% to dry matter) were mixed into 
the solution. In an effort to avoid clumps creation, this 
mixture was 5 minutes in an ultrasonic bath. Basis weights 
for gelatine and nHA mixture was approximately 6 gsm. 
The BM dried up at ambient atmosphere4. 

Special capsule for samples preparation is made from 
aluminum with polished functional surfaces. 

Sixty four layers of BM have been placed into the 
capsule and pressed at 40 °C by 15 MPa for 15 minutes. 

The formed surface was already suitable for nanoindenta-
tion. The surface of dried BM is shown in Fig. 1. 
 
2.2. Testing conditions 

 
A Hysitron TI 950 TriboIndenter™ nanomechanical 

test instrument was used for quasistatic indentation of pre-
pared sample. Load-controlled tests were performed on the 
sample using a diamond Berkovich tip. The standard trape-
zoidal loading function 5  5  5 s, maximal load Pmax = 
750 N was used for all indents. The indents were applied 
in a grid pattern 10  10 with indents separation 15 m at 
two locations on the sample (Area 01 and Area 02).  
 
2.3 Quasistatic nanoindentation 
 

Nanoindentation followed a trapezoidal loading func-
tion with 3 segment times for loading, dwell, and un-
loading, respectively. Recorded force and displacement 
data were analyzed according to Oliver and Pharr method5. 
A polynomial regression 

                               
was applied on data in range 20–95 % of unloading seg-
ment of each indentation curve. Here, α, hf, and m are arbi-
trary fitting parameters. P is an applied force and h is an 
indentation depth. A contact stiffness S can be calculated 
from the derivative of Eq. (1), which relates to the reduced 
elastic modulus Er by  

NANOINDENTATION OF GELATINE/HAP NANOCOMPOSITE 

Fig. 1. SEM image of BM (magnification 5000) 

       (1) m
fhhP )(  

   (2) 
Cr AE

dh
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where AC is a projected contact area of the tip, which is 
known for each contact depth according to a calibrated tip 
area function. 

Indentation hardness is calculated from 

at the maximum applied load of Pmax. 
 

3. Results 
 

Nanomechanical properties of two representative are-
as of the sample were obtained by nanoindentation. Fig. 2 

and 3 show large scattering of local mechanical properties 
of the analyzed material.  
 
4. Conclusion 
 

Complex results of nanomechanical testing of ana-
lyzed material showed big non-homogenity, which refered 
to an porous structure. The attendance of higher local con-
centration of HA-clumps was eliminated by method of BM 
preparation. Local HA concentration (distribution) was  
determined by Raman spectroscopy. Results of those 
analysis denote to structural, not material non-homogenity 
(porosity). This non-homogenous structure is not reflected 
in previous micro(macro)mechanical testing (i.e. tensile 
testing and consequent analysis of fracture surface-SEM). 
On the other hand the porosity is better for cell increasing. 
According to these results, composites based on gelatine 
nanofibers are suitable rather for low load applications. 
 

This work was supported by the Grant Agency of the 
Czech Technical University in Prague, under the project 
No. SGS10/247/OHK2/3T/12 and by grant from Ministry 
of Industry and Trade of Czech Republic MPO CZ, FT-
TA3/131, Ministry of Education of the Czech Republic 
MSM 6840770003 and MSM 6840770012. 
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Sample area Er [GPa] HIT [GPa] 
Area 01 0.578 ± 0.270 0.032 ± 0.021 
Area 02 0.627 ± 0.217 0.036 ± 0.028 

      (3) 

CA

P
H max

Fig. 3. Load displacement curves performed at Area 02 also 
shows scattering of mechanical properties, which confirms 
inhomegenous distribution of HAP particles within gelatin 
nanofibers 

Fig. 2. Load displacement curves performed at Area 01. There 
are curves more likely representing locally concentrated hard 
HAP particles on the very left side of the picture and the op-
posite side represents a gelatine nanofibers   

Table I 
Average values of reduced modulus Er and indentation 
hardness HIT 
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(a Czech Technical University in Prague, Faculty of Me-
chanical Engineering, Dep. of Mechanics, Biomechanics 
and Mechatronics, b Institute of Rock Structure and Me-
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Nanoindentation of Gelatine/HAP Nanocomposite 

 
There are nowadays available numerous synthetic 

composites  (bone graft materials) that combine the ad-
vantages exhibited by each component of the material, 
with a structure and composition similar to that of natural 
bone. Gelatine like an aminoacids based material in com-
bination with bioactive nHA could represent suitable com-
posite especially for bone grafting.  

Nanoscale mechanical properities of bioinspired 
composites are the most important comparative criteria for 
a fabrication of bone tissue replacements. 

The aims of this work are the preparation of bioin-
spired composite material composed of gelatin nanofibers 
and hydroxyapatite (HA) powder and assess its mechanical 
properties in nano-scale. 
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1.  Introduction 
 

Atoms of solids attract mutually if their distance is 
larger than the equilibrium one, and repel if it is smaller. 
The range of action of attractive forces is very short, about 
1 nm. The forces between atoms inside a body are in equi-
librium in all directions, but those in a very thin surface 
layer act also out of the body, onto any other matter close 
to this surface. This can result in adhesive joining. If the 
distance between two surfaces drops below a very small 
value, the bodies sometimes cling spontaneously and re-
main in close contact even without action of external 
force, and separate suddenly only after they are pulled 
apart by certain tensile force (Fig. 1). 

In contact of relatively stiff solids, adhesion is usual-
ly not observed. Due to surface roughness, both bodies 
come into contact only at a limited number of matching 
asperities. The corresponding area of close contacts is mi-
nute, and the resultant attractive force is insufficient to 
compress the hills. If, however, both surfaces are very 
smooth (roughness of the order of nm!) or if one or both 
bodies are very compliant, the surfaces adjust one another 
better and the adhesion is stronger. Examples are gels, soft 
elastomers, or biological tissues. The adhesion can also be 
enhanced by the presence of a thin layer of a liquid be-
tween both surfaces.  

These phenomena can influence nanoindentation 
measurements as well, especially for compliant materials 
and very low loads, from N to mN. Here, surface forces 
change the character of load-displacement curves and must 
be considered in the preparation and evaluation of the 

LOW-LOAD NANOINDENTATION:  INFLUENCE OF SURFACE FORCES  
AND ADHESION 

tests. In this paper, based on literary survey, basic formu-
lae for adhesion are given first. Then, the influence of liq-
uids and humidity is explained, and also that of surface 
roughness and viscoelasticity of contacting bodies. Finally, 
a procedure is described for the determination of elastic 
modulus of compliant materials. 
 
 
2.  Theory of adhesion contact of solids 
 

Two basic theories were developed: by Derjaguin, 
Muller and Toporov1, and by Johnson, Kendall and Rob-
erts2, in both cases for the contact of spherical surfaces. 
According to the DMT theory, suitable for stiff materials, 
the force of adhesion equals  

FDMT =  2reWad =  4reW12           (1) 

re is the equivalent radius of the surfaces in contact (1/re = 
1/r1 + 1/r2). For contact of a sphere (radius R) with a plane, 
re = R. Wad is the specific work of adhesion, necessary for 
separating two bodies. Since in this separation two new 
surfaces were created, the work of adhesion Wad (per unit 
of contact area) is twice of the specific surface energy W 
(per unit area of surface). This energy depends on the con-
sidered material and on the adjacent medium (another sol-
id, liquid, vapour or vacuum), as specified by two sub-
scripts, e.g. W12.      

For compliant materials, the Johnson-Kendall-
Roberts model2 is more suitable, which assumes elastic 
deformations of contacting bodies. It is based on Hertz´ 
theory, but considers also the adhesive forces. Due to 
them, the contact deformations differ from those by Hertz 
(Fig. 2). The actual contact radius a for a sphere (radius R) 
under load F is larger than Hertzian (given by the first line 
in Eq. (2)), and is obtained2,3 from 

a3 = [3R/(4Er)]  {F + 
+ 3RW12 + [6RW12F + (3RW12)

2]1/2}          (2) 

Er is the reduced modulus, related to the elastic moduli of 
both bodies as  

1/Er = (1 – 1
2)/E1 + (1 – 2

2)/E2          (3) 

1, 2 is the Poisson´s ratio of material 1 or 2. The expres-
sion in curly brackets in (2) is the apparent force, consist-
ing of the external load F and the contribution of surface 
forces (given in the bottom line). 

For zero load (F = 0), the contact radius is finite,   

a0 =  [9R2W12/(2Er)]
1/3          (4) 

          The solids keep together up to a small negative 
(tensile) force, and suddenly separate at 

FJKR = (3/2)RW12  = Fad            (5) 

with the corresponding contact radius aad = a0/4
1/3. For 

Fig. 1.  Adhesion (a schematic). A – clinging at approaching, B – 
penetration, C – separation at unloading  
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example, force of adhesion of a spherical ball of R = 100 m 
on rubber (W = 62 mJ m–2) is 29 N.  
NOTE: Equation (5) also enables the determination of 
surface energy W from the measured adhesion force Fad. 
 
3.  Influence of surface roughness 
 

Due to surface roughness, real (and not very compli-
ant) bodies come into contact only at a limited number of 
matching asperities, Fig. 3. An idea about the influence of 
main factors follows from analyses done by Johnson4 and 
Tabor5  for adhesion of  rough deformable surface in con-
tact with a smooth rigid flat body. The asperities were 
assumed to have a spherical shape of radius R and random-
ly distributed heights. Each asperity adheres until its dis-
tance from the flat exceeds c,  whereupon the adhesion 
breaks. The ratio of the standard deviation  of asperity 
heights and the distance c at separation can be called elas-
tic adhesion index4, 

 = /c               (6) 

This index is related with the ratio of the force F(), re-
quired to compress an asperity by , and the force of adhe-
sion for that asperity, Fad. Expressing F() via the Hertz´ 
formula and Fad via the JKR model (5) gives: 

F()/Fad = (4/9)(E3/2)/( WR1/2)                (7) 

E and W are the elastic modulus and surface energy. The 
right-hand part of Eq. (7), multiplied by 9/4, is called 
adhesion parameter5. Johnson4 has shown how the appar-
ent adhesion force decreases with increasing roughness. 
For  = 0, this force is maximum and corres-ponds to the 
JKR model. For a = 1 it drops to 50 %, and for   = 2 it 
drops to 10 % and becomes negligible for  larger than 3, 
see Fig. 4. 

If both contacting surfaces are very smooth 
(roughness of the order of nm), or if one or both bodies are 
very compliant so that the surfaces can easily adjust one 
another, the total attractive force (and adhesion) will be 

higher. Examples are gels, some elastomers, or biological 
tissues. Their response, however, is visco-elastic, which 
also influences adhesion processes.  
 
4.  Influence of viscoelasticity 
 

Viscoelastic deformations depend on the load and its 
duration6,7. As a consequence, the force at which two bod-
ies get adhered during mutual approaching, is lower than 
the force needed for their separation on unloading8,9 
(Fig. 5). A role is played by varying contact area too. After 
snapping, the continuing action of the load causes gradual 
growth of the contact area, also due to gradual decrease of 
the apparent modulus E(t) with time, so that the force for 
separation corresponds to a larger area. Moreover, this 
force also depends on the rate of separation – it is higher 
for faster separation.    
   The adhesion of viscoelastic solids was analysed by 
Greenwood, Johnson and other scientists, who came to the 
conclusion that during their mutual catching or separation, 
the surface energy in the JKR model should be modified 
by the ratio of instantaneous and asymptotic modulus, E0/E; 
for details, see ref.10. 
 

Fig. 2. Penetration of a stiff sphere into a sample (a schematic). 
Bold curves – contact with adhesion, thin curves – Hertzian con-
tact  

Fig. 3. Contact of real surfaces (a schematic) 

 

0

0,5

1

0 0,5 1 1,5 2 2,5 3

F /F ad

  =  / c

Fig. 4. Relative decrease of adhesive force (F/Fad) with increas-
ing surface roughness (). A schematic (after ref.4) 

Fig. 5. Indentation influenced by adhesion and viscoelasticity 
(a schematic). Fad – adhesion force at removal,  A – adhesion at 
approach 
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5.  Influence of a liquid or humidity at contact  
 

If a very thin layer of liquid is present between con-
tacting bodies, it contributes to the mutual attraction by its 
surface tension. The attractive forces between atoms or 
molecules inside the liquid are in equilibrium in all direc-
tions, but the atoms in the thin surface layer (i.e. without 
counter-atoms) are attracted more inwards. The liquid 
strives for the minimum surface – as if it were inside 
a vessel made of a prestretched elastic skin. The tangential 
force acting per unit length in this „skin“ is surface tension 
, whose value corresponds to the surface energy density 
W. If the surface is curved, surface tension causes capillary 
pressure in the liquid,  

p = (r1
–1 + r2

–1) = / rm             (8) 

r1 and r2 are radii of surface curvature in two mutually 
perpendicular directions; rm is the equivalent (mean) radius 
of curvature. If both centres of curvature lie in the liquid, 
the mean curvature is positive and surface tension causes 
pressure in the liquid. If the mean curvature is negative, 
the surface tension causes underpressure in the liquid.   

The shape of the liquid between two contacting bod-
ies (Fig. 6) depends on their form and on the surface ten-
sion for individual interfaces: L1 for „liquid and body 1“, L2 
for „liquid and body 2“, and LV for „liquid and the adja-
cent environment“ (vacuum, vapour, air or another liquid). 
In principle, also the surface tension 12 between both bod-
ies could play a role, but this case will not be considered 
here.  If the liquid is in contact with solid „s” (e.g. the 
specimen or indenter), both surfaces contain contact angle 
, related to the surface tensions of individual phases by 
the formulae3:  

cos  =  (sV – sL)/LV                                              (9) 

The liquid can contribute to the adhesion force between 
both bodies in two ways:  
1) Tensile surface stress LV acts along the circumference 
of the liquid ring (with the radius of the contact circle ap-
proximately equal a) and attracts the indenter to the speci-
men by the force F = 2aLV. 
2) Due to torroidal shape of the free surface at the outer 
circumference of the contact, surface tension causes under-
pressure in the liquid, given by Eq. (8). Since r1 << a, Eq. 
(8) simplifies to p = LV/r1. This underpressure attracts the 
indenter to the specimen by the force  

Fup =  – a2p  =  a2LV/r1                        (10) 

This force, much bigger than F, can also be expressed by 
the contact angle between the liquid and indenter, Li and 
the liquid and the specimen, LS. If both contact angles 
were the same, equal , the attractive force could be ex-
pressed (with the simplifications a2 ≈ 2Rd for r1 << a and 
d ≈ 2r1cos for small angles  or for a << R) as3  

Fup ≈ 4LV R cos           (11) 

For example, water (LV = 73 mN m–1) between the sample 
and indenter with R = 100 m (and = 20°) can increase 
the adhesion force by 86 N.  

An interesting phenomenon must be mentioned. If the 
liquid wetts the surface well (the contact angle  is small), 
its vapours can condense spontaneously in a narrow space 
between two surfaces, and the corresponding attractive 
force can appear even without obvious presence of a liq-
uid, just under sufficient concentration of its vapours. This 
also can happen between a spherical indenter and a speci-
men. At equilibrium „liquid – vapour“, the mean surface 
radius is given by Kelvin equation3  

rm = rK = LVV / [RT ln(p/psat)]                     (12) 

rK is the Kelvin radius, LV is surface tension „liquid-
vapour“, V is the molar volume, R is the universal gas 
constant, T is the absolute temperature, and p/psat is the 
relative vapour pressure; p is the actual pressure and psat is 
the saturation pressure. For water, p/psat corresponds to 
relative humidity, V/RT = 0.54 nm at 20 °C, and the rK 
values are3: 10 nm for relative humidity RH = 90 %, 
1.6 nm for RH = 50 %, and 0.5 nm for RH =  10 %. 

 
6.  Determination of E-modulus  

by nanoindentation 
 

In the absence of adhesion, E can be calculated from 
the unloading part of the “indenter load – displacement” 
curve via the Oliver & Pharr formula11:  

Er, OP  =  1/2S / (2A1/2)           (13) 

S = dF/dh is the contact stiffness at nominal load, A(hc) is 
the contact area determined from the contact depth hc, and 
 is the correction factor for indenter shape. For spherical 
indenter and elastic deformations, E can be calculated us-
ing Hertz formula, Er,H = (3/4)FR–1/2h–3/2, but also from its 
modified version12: 

Er, H  =  [S 3/(6RF)]1/2           (14)  

The advantage of Eq. (14) is that it is not necessary to 
know the contact area A nor the instant of first contact, 
needed for the determination of indenter penetration h. 
Moreover, if surface forces are not negligible, the relation-
ship between load and displacement is not proportional to 
h3/2, but nearly linear for very low loads (Fig. 7). If the 
JKR model is used, formula (14) must be modified as12: 

Er, JKR =  Er, H   ,  where        (15) 
 = [(2/3)(1+)–1/2 + 1]3/2/{1 + 2 –1[1 + (1+)1/2]}1/2   

Fig. 6.  Liquid at the contact of two bodies (a schematic) 
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 is the ratio of indenter load and adhesion force, F/Fad, 
with Fad defined by the JKR model. 

Equation (15) is based on the expression for contact 
stiffness, respecting the actual contact radius as a function 
of the load and work of adhesion, expressed by means of 
adhesive force Fad, Eq. (5). The derivation of the correc-
tion factor  in Eq. (15) proceeded gradually. The first 
attempt was done in 2005 by Carrillo et al.13, but in 2006 it 
was corrected14 with respect to the earlier work by Pie-
tremont and Troyon15. Experimental verification was 
demonstrated by Gupta et al.12. 

The differences between approaches (14) and (15) are 
negligible if the indenter load is many times higher than 
the force of adhesion, and become significant for loads 
comparable with Fad or lower. This influence can amount 
up to several tens of percent.  

The procedure for obtaining elastic modulus with the 
consideration of surface forces consists of the following 
steps. First, a load-unload test is performed, serving for the 
determination of adhesion force Fad and contact stiffness S 
at the nominal load. These values are then – together with 
the load F and indenter tip radius R – inserted into Eq. (14) 
and (15).  Elastic modulus of the tested material can be 
obtained from Er via Eq. (3); if it is much lower than that 
of the indenter, it can be calculated as E = Er(1 – 2). 

The correction in Eq. (15) depends on the ratio of the 
nominal load and adhesion force. As no analogous proce-
dure for viscoelastic materials exists yet, it is reasonable to 
assess the elastic modulus using Eq. (15) with  calculat-
ed for the force of adhesion, measured for the instant of: a) 
clinging and b) separation (Fig. 5). These two values give 
the probable range of the instantaneous modulus E0. The 
higher the nominal load, compared to the adhesive force, 
the smaller the influence of adhesion and also the differ-
ence between both variants of calculation. 
 

This paper was prepared as a part of the project 
GAČR No. P104/10/1021. The author thanks to the pub-
lishing house Elsevier and to S. Gupta and co-authors for 
the permission to use Fig. 1 from their paper in Materials 
Letters12.    
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J. Menčík (University of Pardubice, Czech Repub-

lic):  Low-load Nanoindentation: Influence of Surface 
Forces and Adhesion 

 
Nanoindentation of very soft materials uses low 

loads, which are comparable with atomic forces, acting in 
any surface layer. These forces can also influence the tests. 
The paper explains the nature of surface forces and adhe-
sion. It presents formulae for these forces according to 
various models, and corrected formulae for the determina-
tion of elastic modulus from a nanoindentation test with a 
spherical indenter. The paper also discusses the influence 
of surface tension and capillary forces if a thin layer of a 
liquid is present at the contact, and the influence of surface 
roughness and the viscosity of contacting bodies. 

 

 

Fig. 7. Load-displacement curves for various poly-dimethyl-
siloxane specimens. Spherical indenter, R = 100 m. S. Gupta et 
al.12 



Chem. Listy 106, s485s488 (2012)                                   LMP 2011                                                                          Regular Papers 

s485 

MILOS MILOSEVICa, NENAD MITROVICb, 
RADOMIR JOVICICa, ALEKSANDAR  
SEDMAKb, TASKO MANESKIb,  
ALEKSANDAR PETROVICb, and TAREK 
ABURUGAb 
 
a University of Belgrade, Innovation Center of Faculty of 
Mechanical Engineering, b University of Belgrade, Faculty 
of Mechanical Engineering, 11120 Belgrade 35, Serbia  
mmilosevic@mas.bg.ac.rs  
 

Keywords: welded joint, tensile test, local mechanical 
properties, digital image correlation, heat affected zone  

 
 
1. Introduction 

 
One of the important tasks of structure integrity as-

sessment is to determine local mechanical properties of the 
specimens or structure. In some applications like welding, 
heterogeneous structure of the tested sample has a dif-
ferent small strain zones. Currently existing mechanical 
characterization methods often do not allow full charac-
terization of the different local strain areas. In order to 
solve these kind of problems, there are modern techniques 
that are able to measure very small areas such as Elec-
tronic Speckle Pattern Interferometry (ESPI)1, Laser 
Speckle Photography System (LSP) and Digital Image 
Correlation (DIC). The 3D optical system using DIC tech-
nique will be applied in this work to determine local ten-
sile properties of the heat affected zones (HAZ) in the 
welded specimen. DIC method may be considered as one 
of the efficient tools to verify the numerical models2,3. The 
main goal of this work is to track the local mechanical 
properties using DIC method in the both cases – specimens 
with and without crack in heat affected zone. 
 
2. Materials and methods 

 
Plates (400  200  10 mm) made of S235JRG2 

were butt welded using MAG welding process for speci-
men preparation. The chemical composition and mechani-
cal properties for the base metal are shown in Tab. I and 
Tab. II. 

In this study, the overmatching welding will be ap-
plied to the specimen. Specimen dimensions are shown in 
Fig. 1. 

Type of VAC 60 weld metal was used in order to get 
overmatching welding. Chemical composition and me-
chanical properties for the weld metal are shown in Tab. I 
and Tab. II. 

Equipment used in this research for the precise strain/
displacement measurement is manufactured by GOM – 
Optical Measuring Techniques, Braunschweig, Germany. 
DIC method is computer based process to obtain 3D full 
strain/displacement field. The preparation of the measuring 
object starts with the placement of referral points – 
markers. The referral points, in case of the Aramis system, 
are placed with black and white spray, in order to create 
the best possible contrast, and enable the software to track 
the changes occurring in the object as it undergoes the 
loading. Mode of calibration is described in several pa-
pers4,5. 

Main components of the system using DIC method are: 
 stereo cameras and lenses that provide a synchronized 

stereo view of the specimen or object, 
 stand that provide the stability of the sensors, 
 trigger box, 
 halogen light, 
 PC system. 

MEASUREMENT OF LOCAL TENSILE PROPERTIES OF WELDED JOINT USING 
DIGITAL IMAGE CORRELATION METHOD 

Base  C  Si  Mn  P  S 

metal >0.17 <0.4 <1.4 < 0.05 < 0.05 

Weld  C  Si  Mn  P  S 

metal 0.08 0.90 1.50 < 0.025 < 0.025 

Base Rp0.2 [MPa] Rm [MPa] A5 [%] 

metal > 235 340-470 > 25 

Weld Rp0.2 [MPa] Rm [MPa] A5 [%] 

metal > 420 500-640 > 20 

Table I 
Chemical composition (%)  

Table II 
Mechanical properties 

Fig. 1. Specimens dimensions  
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System recognizes the surface structure of the 
measuring object in digital camera images and allocates 
coordinates to the image pixels4. Computer algorithms 
compare the images and calculate displacements of charac-
teristic features on the examined surfaces. Aramis is a non-
contact and material independent measuring system 
providing, for static loaded test objects, local 3D surface 
coordinates displacements and velocities, strain values and 
strain rates5,6. 

Displacement accuracy of the DIC equipment, and 
software Aramis 2M used in thus work is 1/100 of a pixel 
and strain accuracy is 0.01% (ref.6).  
 

3. Results and discussion 
 
Results are shown for specimen without cracks No. 1 

and the specimen with crack in the heat affected zone 
No. 2, formed due to overmatching welding. Seven sec-
tions on the lateral plane of the specimen surface are fol-
lowed during the experiment. Sections are located in the 
fusion line in both sides, vertically located in the weld 
metal, parallel to the fusion line in the HAZ and horizon-
tally – 2 mm away from the upper and lower surfaces, re-
spectively, as shown in Fig. 2. In this paper the strains 
were analyzed for stages of maximum load and immedi-
ately before fracture. These stages will be studied in order 
to demonstrate possibility of using DIC technique to track 
the local mechanical properties of HAZ in the welded 
structures. Fig. 3 shows the Mises strain field at the maxi-
mum load stage of specimen No. 1. The left side curves 
show the variation of Mises strain values with respect to 
positions and sections length. The same analysis for the 
stage before fracture of specimen No. 1 is shown in Fig. 4. 

Fig. 5 and Fig. 6 show the equivalent Mises strain 
field in the both stages for the specimen with crack – No. 
2, respectively. In the overmatching welding, the fracture 
will be in the base metal unless there is a crack in the weld 
metal or HAZ. Crack that led to fracture was initiated 
during the welding process and is located approximately in 
the middle of section 2. Crack was propagated on the fu-
sion line.  By comparing these two specimens, the speci-
men No. 1 has fractured in base metal because of absence 
of cracks, while in specimen No. 2, the fracture was in the 
HAZ because of  the crack.  

 

Fig. 2. Position of the measured sections 

Fig. 3. Mises strain field at the maximum load stage (F=71 kN) for specimen No. 1 
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To clarify the material heterogeneity effect on the be-
havior of the welded specimen, the five points are taken as 
a reference in the different local zones as shown in Fig. 7. 
The values of the Mises strain are shown in the Tab. III 
and Tab. IV for specimen No. 1 and specimen No. 2. re-
spectively. There are sudden changes in the border of each 
zone i.e. from 4 % to 23 % in case of maximum load for 
specimen No. 1, and from 2.5 % to 105 % in last stage for 
the same specimen. The highest strain values indicate the 
position of the failure. 
 

 
At specific stages, different zones of welded joint can 

be distinguished. Fig. 8 shows one of these stages where it 
is possible to characterize the base metal, heat affected 
zone and weld metal. This can be done either by the con-
tour field where the significant changes in the strain values 
are located. According to these results, it is clear that for 
the specimen No. 1 local strain field shows lower values of 
weld material and HAZ. The higher local strain values are 
located in base metal. In the case of specimen No. 2, the 
crack propagation changes the previous local strain fields 
according to fracture mechanics parameters where the 
failure will be due to crack propagation.  
 
4. Conclusions 
 

According to the examinations performed the fol-
lowing conclusions can be drawn: 
 Optical strain measurements based on DIC method 

  Pt 1 Pt 2 Pt 3 Pt 4 Pt 5 

  BML HAZL WM HAZR BMR 

F=71kN 12 4.5 3.0 4.0 23 

F=54kN 14 10 3.0 4.5 105 

  Pt 1 Pt 2 Pt 3 Pt 4 Pt 5 

  BML HAZL WM HAZR BMR 

F=68kN 11 16 5 5 14 

F=3.46kN 11 85 30 5 15 

Fig. 4. Mises strain field at the last stage before failure (F = 54 
kN) of specimen No. 1 

Fig. 5. Mises strain field at the maximum load stage (F = 68 
kN) of specimen No. 2 

Fig. 6. Mises strain field at the last stage before failure 
(F = 3.46 kN) of specimen No. 2 

Fig. 7. Referent points of the local strain fields 

Table III 
Max Mises strains % at different areas in specimen No. 1 

Table IV 
Mises strains % at different areas in specimen No. 2 
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can be very helpful for local strain measurements 
during the static tensile test of welded joint. 

 Strain values of different local zones of a welded 
joint can be characterized using DIC technique. 

 Analysis is specially shown for measuring local me-
chanical properties of overmatching welded speci-
mens. It should be emphasized that the method can be 
used for local mechanical characterization of welded 
structures in general. 
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(a Innovation Center of Faculty of Mechanical Engi-
neering, b Faculty of Mechanical Engineering, University 
of Belgrade): Measurement of Local Tensile Properties 
of Welded Joint Using Digital Image Correlation 
Method 

 
Welded joints are heterogeneous structures consisted 

of several zones with different mechanical properties. 
During the loading, these zones are showing non-uniform 
mechanical behavior. In the heat affected zones is particu-
larly complicated to monitor mechanical properties due to 
small dimensions, therefore HAZ mechanical properties 
were most often estimated through hardness testing, mi-
crostructure etc. The aim of the experiment is to assess the 
possibility of using Digital Image Correlation method in 
determining local tensile properties of HAZ. Testing was 
performed using 3D optical measuring system. Plates 
made of S235 were butt welded using MAG welding pro-
cess for specimen preparation. Tensile testing of specimen 
characterized heterogeneous strain field and variable strain 
values in the monitored HAZ, indicating that DIC method 
is promising tool for precise local strain analysis of small 
dimension fields.  
 
 
 
 
 
 
 
 

Fig. 8. Clarity of the different zones 
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1. Introduction 
 

Several recent articles1,2 have been devoted to the 
identification of mechanisms of low-temperature plastic 
deformation in the nanocrystalline (NC) face-centered cu-
bic (fcc) metals and alloys with average grain sizes less 
than 100 nm. It was found2 that the transition from a poly-
crystalline coarse-grained (CG) state to an NC state (grain 
size ~ 22 nm) for the Ni-20%Fe alloy leads to changes in 
many properties. The calculation of the activation volume 
for the process of plastic deformation from the strain-rate 
sensitivity of the applied stress3 is one of the efficient 
methods for obtaining information about the mechanisms 
of thermally activated plastic deformation. 

The phenomenon of the local plastic deformation and 
failure at low temperatures of nanocrystalline Ni-20% Fe 
alloy were investigated. 

 
2. Experimental 

 
The NC alloys Ni-20%Fe (with average grain size ~ 

22 nm) were prepared by the electrodeposition method. 
The sulfur impurity level in deposits was 74 ppm. The 
samples were deformed in the compression at the tempera-
tures of 300, 170, 77 and 4.2 K. From the measured strain-
rate sensitivity the values of the activation volume (V) of 
the process of the local plastic deformation of the NC were 
calculated using Zeeger model with the assumption that 
the plastic deformation is controlled by thermally activated 
motion of dislocations. Strain-rate sensitivity was 
measured during uniaxial compression of 
1.5  1.5  3 mm3 samples at temperatures of 300, 170 and 

77 K. The strain rate was alternated from 3·10–5 to 2.4·10–4 s–1 
or from 3·10–4 to 2·10–3 s–1 in several points of the defor-
mation curves. From these dependencies, the values of the 
activation volume of a thermally activated plastic deformation 
were calculated, according to the method described in3–5. 

A part of the samples was deformed up to the fracture 
at temperatures of 300, 170, 77 and 4.2 K with the aim to 
study the failure surfaces of the samples. The fractography 
was carried out by JSM 7000F scanning electron micro-
scope. 

 
3. Results and discussion 

 
The values of the activation volume V of the process 

of plastic deformation along the deformation curves ob-
tained in the temperature range from 300 to 77 K in com-
pression are in Fig. 1. It was established that the decrease 
in temperature leads to a decrease of V values from 20 to 
8 b3 (b is Burgers vector). Values of V do not depend on 
the strain because the dislocation nucleation at grain 
boundaries does not depend on the achieved strain values. 
The small activation volume suggests that the nucleation 
of dislocations from the grain boundaries is associated 
with a cooperative motion of a small group of atoms 
within the boundary4,5. 

Increased strength of NC materials is followed by 
higher localization of the plastic deformation. The fracto-
graphic observations revealed the deformation mecha-
nisms of highly localized plastic deformation at last stages 
of the failure6,7. The observed traces of melting are indi-
cated by arrows in Fig. 2. This indicates the intense 
heating in the catastrophic shear band of the alloy6. Two 
types of the morphology on the fracture surfaces were pre-
sent: the ductile fracture morphology with elongated dim-
ples as commonly observed in the plastic materials, and 
the second type of the fracture morphology – the flat clus-

LOCAL PLASTICITY AND FAILURE OF NANOCRYSTALLINE Ni-Fe ALLOY 
AT LOW TEMPERATURES 

Fig. 1. The activation volume versus plastic strain for the 
temperatures of 300, 170 and 77 K 
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tered shear morphology with respect to the separate grains 
or grain clusters as Fig. 2 demonstrates. When the grain 
size is sufficiently small and dislocation most likely in-
teract with grain boundaries, the deformation is believed to 
occur via dislocation activities at grain boundary 
sliding2,4,8. 

Fig. 3 demonstrates the presence of morphology 
types at different test conditions (temperature and strain 
rate). The filled part of a circle symbol represents the por-
tion of dimpled shear morphology, whereas the open one 
represents the presence of the flat clustered shear mor-
phology. 

 
4. Conclusions 

 
It was found that the ductile shear failure occurs at all 

studied temperatures in uniaxial compression deformation. 
A temperature dependence of typical patterns at the failure 
surface was found. A dimpled morphology, observed at 
300 K, is gradually replaced with a decrease of the tem-
perature by flat surfaces. At these surfaces, the cavities of 
various sizes were observed and the separate grains and 
their conglomerates with size of 200 to 600 nm, which 
were extracted from their initial places. At the tempera-
tures below 300 K, the traces of melting were revealed, 
which indicates the intense local heating of the alloy at the 
moment of the failure. Decreasing of activation volume at 

lower temperatures tends to more flat fracture surface mor-
phology creation. 
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The local plastic deformation and failure at low tem-

peratures of nanocrystalline Ni-20%Fe were investigated. 
The samples were deformed in the compression at tem-
peratures from 4.2 to 300 K at different strain rates. The 
activation volume (V) of the plastic deformation was cal-
culated. It did not depend on the strain and the decreasing 
in the temperature lead to the decreasing of V from 20 to 8 
b3. Two types of the morphology on the fracture surfaces 
were present. At higher temperatures and higher V the 
elongated dimples were observed, whereas the flat clus-
tered shear morphology for lower temperatures and 
smaller activation volume is typical. 

Fig. 2. Flat clustered shear morphology. Elongated ridges and 
drops are indicated by arrows (left). The ductile dimpled shear 
fracture morphology (right) 

Fig. 3. The morphology types on the fracture surfaces 
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1. Introduction  
 

Globe valves are one of the most widely used indus-
trial valves. During the working life, valves are subjected 
to various types of loads – static, dynamic, thermal etc, 
which can cause valve housing failures. Based on previous 
experiences and research, valve housing failure is expected 
in the areas of high stress concentration, such as high geo-
metrical discontinuity. 

High geometrical discontinuities and complex geome-
try place a huge challenge to researchers experimentally 
investigating stress and strain field. Most commonly used 
equipment for strain/displacement measurement is strain 
gauge, LVDT, extensometer etc. Problem with this equip-
ment is that it doesn’t provide full strain/displacement 
field, only a result on selected point of the object or speci-
men. For better understanding of the behavior of complex 
objects under loading, optical methods are being used in 
the experiments (videoextensometry, digital image correla-
tion etc.)1–5.  

Digital image correlation (DIC) method is an optical 
non-contact method that can provide us full 3D strain/
displacement field. DIC method is independent from the 
material tested, as well as from the shape of the object, 
which enables application of this method in various fields 
– biomedicine, biomaterials, polymers etc6–10.   

This paper is focused to investigate the possibility to 
analyze local strain fields of geometrically complex globe 
valve housing subjected to internal pressure using DIC 
method. 

 
2. Experiment and experimental object 
 

In this experiment, valve was tested in the installation 
for pressure testing of industrial valves and subjected to in-

ternal pressure using water temperature of 20 °C. One 
valve flange was clamped to secure that there is no valve 
translation, and the other flange was free, as shown in 
Fig. 1. 

Experiment was conducted using 3D system Aramis 
2M (GOM, Braunschweig, Germany). The system has fol-
lowing characteristics: system type is 2M, camera resolu-
tion 16001200 pixels and maximum frame rate 12 Hz. 

Before the experiment, valve was sprayed with white 
paint as basic color for spraying stochastic pattern of black 
dots. As a part of pre-experimental preparations, calibra-
tion was also performed. Detailed mode of operation, cali-
bration, preparation of measuring object and measuring 
procedure is described in several papers6,11. Table I shows 
parameters for basic system setup used for the experiment. 

Globe valve used in the experiment is DN 32 and 
PN 6. Adopted value for experimental pressure is 30 bar, 
as the pump and installation pressure limit is 30 bar and fi-
nite element method (FEM) showed that valve housing is 

EXPERIMENTAL AND NUMERICAL ANALYSIS OF LOCAL MECHANICAL  
PROPERTIES OF GLOBE VALVE HOUSING 

ARAMIS 2M parameters 

Measuring volume  [mm] 100  75 

Depth of field at aperture 8 [mm] >100 

Base distance [mm] 370 

Min. length of camera support [mm] 500 

Measuring distance [mm] 800 

Camera angle [°] 26 

Calibration object (coded) CP20 9072 

Fig. 1. Experimental setup 

Table I 
Parameters for basic system setup 
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in the safety zone. Valve was gradually loaded to the 
highest value of 30 bar, as specified in EN 13445. 

Globe valve housing has several local areas with 
complex geometry. The local area analyzed in this paper is 
shown on Fig. 2. 

Local mechanical properties were determined in the 
transition area that can be approximated as the sphere to 
cylinder junction.  

 
3. Numerical model 
 

In this paper, FEM is used for the strain and stress 
analysis of the globe valve. FEM is respectful method for 
direct calculation and prediction of behavior of such com-
plex type of structures. This presents even a greater chal-
lenge having in mind different geometric transitions within 
the object. Cross section of the valve parts varies from cir-
cle to ellipse and can be compared to cylinder and sphere 
junction.  

FEM software package used in this paper is Abaqus. 
FE model is based on 6921 tetrahedral element and 1851 
node. Mesh has more density where geometric discontinui-
ties occur. FE model of valve is, as well as a real model, 
subjected to internal pressure, as shown in Fig. 3. Since the 
object is symmetrical, only one half is analyzed. All the 

nodes located on the symmetry plane have displacement 
constrained in transverse direction12 and rotation con-
strained in other two directions. 

 
4. Results and discussion 

 
For understanding strain and stress conditions of nu-

merous objects in exploitation, numerical and experi-
mental analyses are often used. In this paper, experiment 
using 3D DIC method was conducted to verify numerical 
model. 

Von Mises strain results obtained from numerical 
analysis of globe valve subjected to 30 bar are presented in 
Fig. 4. Results showed strains from nearly 1.46·10–5 up to 
1.74·10–4 (0.0015 % to 0.0174 %). Von Mises stresses for 
this area are in the range of 15 to 25 MPa. 

Visualization of the deformation with an image of 
Strain overlay is shown in Fig. 5. A photograph of a real 
object is displayed along with the picture processed by the 
software. The pictures are overlapped, so local zones can 
be easily spotted. Two sections are defined in Fig. 5. Sec-
tion 0 is placed transversal to valve housing (blue vertical 

Fig. 2. 3D model of globe valve (rectangle is marking analyzed 
area) 

Fig. 3. 3D FE model (constraints and loading) 

Fig. 4. Von Mises strain results obtained from Abaqus 
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line) and Section 1 is placed longitudinally to valve 
housing (black horizontal line). 

Section diagram (Fig. 6) shows one or more sections 
of the current load stage. This diagram shows the Mises 
strain with respect to the length of the section per stage. 
Two sections (0 and 1) are displayed in different colors, 
showing values for the entire section which can be further 
examined. 

Experimental results presented in Fig. 5 and 6 are 
confirming that highest strain values are registered in the 
transition area – sphere to cylinder junction. Mises strain 
values in this local area are in range from around 0.012 % 
to 0.025 %. Highest recorded values of 0.025 % are lo-
calized at the sphere/cylinder intersection. In comparison 
to FE model with highest values of 0.0174 % in the inter-
section area, the result difference is 30.4 %. Recorded ex-
perimental values for von Mises strain at spherical and cy-
lindrical part are in range of 0.012 % to 0.015 %. In the 
same region, FEA showed von Mises strain results in 

range of 0.009 % to 0.012 %, which is an average result 
difference of 14.8 % between two methods. 

Analyzing experimental and numerical data, there are 
differences in obtained results, but the trend of strain dis-
tribution throughout the analyzed area is highly similar – 
highest values are recorded in the transition area of sphere/
cylinder junction. 
 
5. Conclusions 
 

Local mechanical properties and behavior of valve 
housing under loading are important basis for further valve 
analysis and design improvements. DIC method and 3D 
optical system Aramis are powerful tools enabling map-
ping of full strain fields in industrial pipeline fittings. Ex-
perimental analysis and numerical simulation indicate that 
local deformation field on globe valve surface has the 
same nature at cylinder/sphere junction. Analysis shows 
that the differences between two methods in the area of the 
highest strain values, in the cylinder sphere intersection, 
vary 30 % and in the spherical and cylindrical parts result 
variation is 14.8 %. Obtained results indicate that it is pos-
sible to analyze local strain fields of geometrically com-
plex globe valve housing using DIC method. 
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Fig. 5. Local 3D von Mises strain field obtained using Aramis 
 

Fig. 6. Section diagram of local 3D von Mises strain field 
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One of the most widely used industrial valves is globe 

valve. Due to wide industrial application, the valve is sub-
jected to various types of loads – static, dynamic, thermal 
etc. which causes valve housing failures. Based on previ-
ous experiences and research, valve housing failure is ex-
pected in the areas of high stress concentration, such as 
high geometrical discontinuity. This paper is focused to in-
vestigate the possibility to analyze local strain fields of 
geometrically complex globe valve housing subjected to 
internal pressure using non-contact 3D optical deformation 
analysis in order to verify numerical model. Experimental 
system consists of cameras for 3D displacement and strain 
analysis and software Aramis. Using the Finite Element 
Method (FEM), numerical model subjected to different 
loads was analyzed. It is found that the predictions from 
the model agree well with experimental results as the re-
sult differences between two methods in the area of the 
highest strain values vary 30 % and in the spherical and 
cylindrical parts result variation is 14.8 %. Experimental 
and numerical results demonstrate that the experimental 
method is adequate for solving geometrically complex 
problems and determining local mechanical properties. 
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