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1. Introduction 
 

The requirements for materials used in the machine 
parts production, especially their functional characteristics 
and service life are currently increasing. The need 
strength, ductility and toughness on the one hand and low 
weight, corrosion and wear resistance on the other hand, 
are often contradictory and with standard materials hardly 
realizable1. One suitable solution of this formidable situa-
tion appears to be a surface treatment, which can create 
a coating with special properties mentioned above. The 
example is a die, which keeps the basic material’s charac-
teristics and, thanks to the coating, the functional proper-
ties of its surface are improved. In this case, there is 
a problem of cracking of the coating when overloaded. 
Very hard and abrasion-resistant coating is applied on the 
softer base material. The substrate is able to deform in an 
elastic or plastic manner under the load, but the brittle 
coating cracks. That leads to an intensive wear of the coat-
ing and subsequently of the die, too.  

The strengthening of substrate surface layers, e.g. by 
plasma nitriding, appears to be a suitable solution of the low 
strength of the substrate. On the nitrided surface a suitable 
PVD coating with required properties is deposited2.  

 
 

2. Experimental 
 

The material used for nitriding is low-alloyed steel 
31CrMoV9 (ČSN 41 5330). The specimens (Fig. 1) pre-
pared from this steel were quenched, tempered, pulse 
plasma nitrided and subsequently lapped. Nitriding was 
carried out at the temperature of 540 °C for a period of 
20 hours in an atmosphere containing N2 : H2 = 3 : 1. 
Heat-treated and plasma nitrided specimens were PVD 
coated in a HAUSER coating equipment (low-voltage arc). 
There were several PVD coatings deposited: TiN (Fig. 2), 
CrN, TiAlN, 3 × (CrN - TiN). Specimen’s roughness were 
Ra = 0.19 µm. 

The coating’s thickness was measured with calotest. 
The diameter of polished steel ball is 15 mm. The meas-
urement was checked by evaluation on light microscope 
Axio Observer D1m.  

The adhesion to the substrate was classified by 
a scratch test. There were evaluated critical loads Lc.  

Both microhardness (load of 200 gf) and nanohard-
ness (indentation hardness3) were measured 
(in cooperation with UWB in Plzeň) on all the samples.  

Nanoindentation measurements were carried out by 
Nanoindenter XP with CSM module. This additional de-
vice allows reading the contact stiffness during whole 
process of indentation. Principle of this measurement is 
oscillation along primary load with frequency of 0.05
200 Hz and amplitude of 60 nN  300 mN. Instrument 
analyses dynamic response of tested material and it is pos-
sible to estimate material parameters like hardness and 
modulus, by this way.   

The contact depth hc was determined:  

CHARACTERISTICS OF DUPLEX COATED STEELS  

Fig. 1. Specimen with wear marks (TiN coating)   

Fig. 2. TiN coating on nitrided surface (chamfer cut) – SEM 
and light microscope   
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where h is the total indenter displacement corresponding to 
the load Pmax, ε is a correction factor for non-circular shape 
of the indenter (ε = 0.75 for Berkovich indenter), and S is 
the contact stiffness.  

The formulas quoted above allowed determining 
a reduced elastic modulus of Er from the dependence: 

where S  contact stiffness, Ap  contact area, with taking 
account of permanent deformation,   correction constant 
for the indenter tip shape (for Berkovich indenter,   
1.034). 

The reduced modulus Er is used to account for the fact 
that elastic displacements occur in both the indenter and 
the sample. The elastic modulus of the test material E is 
calculated from Er using: 

where E, ν  elastic modulus and Poisson’s ratio for the 
investigated material, Ei, νi  elastic modulus and Pois-
son’s ratio for the material of the indenter (for diamond 
E = 1141 GPa, ν = 0.07). 

The hardness was determined as a ratio of the maxi-
mum load Pmax imposed on the indenter and the projection 
contact area A, the latter being a function of the indenter 
shape at the contact depth hc: 

Hardness was measured by CSM method up to maxi-
mum load Pmax = 670 mN according to EN ISO 14577-1 
(ref.3). 

The samples were subsequently tested on a pin - on -
 disc tribometer. The tests were carried out at temperatures 
of 22 °C and 250 °C, under the load of 1, 2 and 5 N.  Oth-
ers parameters of measurement is in Tab. I. 

The samples were tested in dry conditions. The re-
corded friction coefficient values were processed using the 
program OriginLab®. 

3. Results and Discussion 
 

Values reading from Calotest marks was difficult. 
Measured values are only approximate and they are differ 
from values measured by microscope. All of values meas-
ured by calotest are about 0.5 µm lesser (Tab. II.). The 
thickness of nitrided layer are 400 µm. 

 
Results of scratch test are shown in Tab. III. It was 

measured values of critical loads Lc according to specifica-
tion EN 1071-3 (ref.4). The highest adhesion to the basic 
material was detected in the TiN coating and the lowest 
adhesion in the CrN coating, as in Fig. 3. The adhesion of 
all tested PVD coatings was sufficient.  
 

Hardnes was measured on chamfer cut and cross-cut 
(Fig. 2). Measured data on following graph cleary shows 
that the nitrided layers increased the hardness of the sub-
strate subsurface layer. The hardness gradually drops from 
the values near 850 HV to the values common for a heat-
treated steel (cca 575 HV) as in Fig. 4.  

The dependence of the nanohardness on distance 
from surface (Fig. 5) shows that the nitride hardening 
process could be much more favourable with regard to 
coating break than with common treatment without plasma 
nitriding.  

The most favourable nanohardness curve was meas-
ured on TiN coating. The hardness curves of TiAlN and 
multilayer 3 × (TiN - CrN) shows good valuable as well 
(Tab. IV).  

The most suitable wear resistant coating for dies in 
term of service life at the temperature of 22 °C was the 
TiN coating. This coating had the lowest values of friction 
coefficient and the smallest wear.   
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Diameter   
of pin [mm] 

Material 
of pin 

Diameter of 
distance [mm] 

Speed 
[cm s1] 

Distance 
[m] 

7.94 HSS 15.00 10 100 
7.94 HSS 16.00 10 100 
7.94 HSS 17.00 10 100 

Table I 
Parameters of measurement with pin - on - disc tribometer 

Table II 
Values of coating´s thickness   

Coating t [μm] 
(calotest) 

t [μm]                    
(light microscope) 

TiN 1.1 1.6 
CrN 1.6 2.1 
TiAlN 1.9 2.4 
3 × (TiN - CrN) 1.6 2.2 

Table III 
Values of critical loads LC2 and LC3 measured with scratch 
test 

Coating LC2 [N] LC3 [N] 

TiN 78 87 
CrN 34 52 
TiAlN 52 61 
3 × (TiN - CrN) 52 61 
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The most unfavourable results were obtained for 
TiAlN coating at the temperature of 22 °C. The same re-
sults were achieved at the load of 1, 2 and 5 N (Tab. V).  

During tests at the temperature of 250 °C, the coating 
3 × (CrN - TiN) turned out the under lower load. TiN coat-
ing became the optimal one for lower loads. TiAlN 
showed the poorest performance of all tested coatings, as 
showen in Tab. V. Experimental results showed that dur-
ing testing of the duplex treated steel with different PVD 
coatings the friction coefficients increased. 

The mechanism of deterioration of the duplex coated 
steel is a combination of adhesive and abrasive wear. The 
adhesive wear took place on the disk during experiment 
while the ball was worn down in an abrasive manner. The 
evidence of abrasive wear can be seen on the grooves 
formed on the ball during experiment. 

 
4. Conclusion  

 
 The conclusions drawn from the experiment, indita-
ce that duplex treatment is a useful way to increase the die 

Fig. 3. Check measurement of the coating adhesion by 
a scratch test (indicated forces are maximum loads in given 
locations), magnification is 50 × 

Fig. 4. Hardness of nitride layer on measured samples 
(hardness of coatings wasn´t measured) 

Fig. 5. Nanohardnes of the coatings  

  H [GPa] E [GPa] 

TiN 35.8 ± 4.6 504 ± 80 
CrN 26.9 ± 3.4 327 ± 43 
TiAlN 32.9 ± 5.8 497 ± 98 
TiN - CrN 34.2 ± 8.1 566 ± 83 

Table V 
Friction coefficient for all coatings at the load of 1, 2 and 
5 N and temperature of 22 °C and 250 °C after 100 m 
of wearing 

L = 1 N 22 °C 250 °C 
TiN 0.38 0.74 
CrN 0.48 0.79 
TiAlN 0.46 0.76 
TiN - CrN 0.41 0.8 

L = 2 N 22 °C 250 °C 
TiN 0.52 0.8 
CrN 0.64 0.7 
TiAlN 0.62 0.8 
TiN - CrN 0.57 0.72 

L =5 N 22 °C 250 °C 
TiN 0.74 0.81 
CrN 0.74 0.8 
TiAlN 0.76 0.82 
TiN - CrN 0.71 0.81 

Table IV 
Modulus and hardness of coatings 
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service life and that the most suitable coating is the PVD 
coating TiN. This coating in combination with a nitrided 
substrate, had a low friction coefficient and a small wear. 
 As far as the coating hardness is concerned, the 
most favourable is the coating TiN, in terms of nanohard-
ness  depth profile.  
 In respect to results of measurement of the friction 
coefficient and wear, we can see, that hardness course on 
nitride surface is slow enough and it shouldn´t reach 
a coating cracking also when coatings TiN and TiAlN are 
used. On the contrary, these coatings exhibit better service 
life and friction coefficient. 

Current thin abrasion-resistant surface layers and 
coatings bring remarkable extension of service life and 
reliability to machine parts and dies. Most technologies 
have not managed to reach the limits of their possibilities 
so far.  
 

The  research was carried out within  the  frame-
work  of  research  programmes COST 532 with the finan-
cial support of the Czech Ministry of Education, Youth and 
Sport. 
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1. Introduction 
 

Cementitious composites are materials extensively 
utilized in the building industry. Concretes, mortars and 
plaster mixes are the most common examples of such ma-
terials; however, a wide range of other silicate-based com-
posites are also broadly used. Cementitious composites are 
microscopically highly heterogeneous materials, which 
results in their tensile failure being quasi-brittle in nature. 
Quasi-brittle fracture can be generally characterized by 
a fracture process zone (FPZ) evolving around the tip of a 
propagating (macroscopic) crack; in this zone, the material 
behaves non-linearly, which is referred to as tension sof-
tening for this type of material13. ‘Concealed’ behind such 
a macroscopic description of this phenomenon are several 
types of failure mechanisms which take place on several 
‘hidden’ material levels (mezo-, micro-, nano-)2,3. 

This paper refers to an attempt to determine the width 
of the FPZ by means of nano/micro-indentation tests. The 
proposed utilization of nanoindentation aims to evaluate 
a change in material properties measured by indents posi-
tioned on side surfaces of a test specimen close to a crack 
incurred in the specimen during a preceding fracture test. 
The indentation should disclose the spatial (surface) distri-
bution of mechanical properties from which the extent of 
the material damage zone accumulated during the fracture 
process can be estimated.  

Various sophisticated experimental techniques for the 
determination of either the propagating crack tip or rather 
the entire FPZ extent have been reported in the literature 
(summarized e.g. in ref.2,3). For the latter case, holographic 
interferometry technique in combination with digital im-
age analysis was used to determine the FPZ extent from 
specimen surface strain fields2,3. Other reported successful 
techniques utilize such phenomena as acoustic emission25, 
X-ray radiation3,4, or infrared thermography3. All these 
techniques are rather demanding, especially from the point 

of view of the experimental devices and equipment 
needed. Therefore, a rather simple nanoindentation method 
has been tried out. 

The experimental work was conducted in order to 
validate an analytical method for estimation of the FPZ’s 
size and shape proposed in (ref.6,7). The technique is being 
developed to refine methods for determination of the frac-
ture mechanics parameters of quasi-brittle cementitious 
materials. It should provide real material parameters de-
scribing the tensile failure of such materials, in contrast to 
the existing methods (e.g. ref.8) that suffer e.g. from the 
influence of the test specimen size, geometry or boundary 
effect. The method is based on specification of the energy 
dissipated in the FPZ by the volume of this zone. There-
fore, the estimation of the damage zone extent is essential 
for the verification of this analytical method. 

In this work, the estimation of the FPZ width during 
fracture is performed for a single-edge notched beam sub-
jected to a loading test in three-point bending configura-
tion (SEN-TPB geometry, see Fig. 1b). Theoretical predic-
tions are compared to the damage zone width evaluated 
from the data obtained from the pilot experimental study. 
 
2. Theoretical estimation of the FPZ extent 
 

The procedure exploits a general description of the 
stress field in cracked bodies using Williams’ power seri-
es9 in combination with the philosophy and selected fea-
tures of the classical non-linear fracture models for con-
crete (i.e. the effective crack model10 and the fictitious 
crack model11). The basic approaches of linear elastic frac-
ture mechanics (LEFM) and plasticity theory are also em-
ployed. A detailed description of FPZ extent estimation is 
performed in (ref.6,7). Here we only sketch out the funda-
mental ideas behind the procedure, which provides the 
boundary of the zone of damaged material that is later 
compared to the experimental results.  

The method is utilized within the processing of frac-
ture test records; typically, load–displacement diagrams 
(P–d diagrams, see Fig. 1c). For individual stages of the 
fracture process, the length of the equivalent elastic crack 
is estimated by means of the effective crack model11. 
Then, the stress state in the body with the effective crack is 
approximated through the Williams’ power series9, 
whereby the number of terms in the series must be chosen 
with respect to the mutual relation between the assumed 
FPZ size/shape and the size/shape of the body (with re-
spect to the distance of the FPZ from the free boundaries 
of the body). Subsequently, the extent of the zone where 
the until-now elastic material starts to fail is determined by 
comparing the tensile strength ft of the material to a rele-
vant characteristic of the stress state around the crack tip 
(some sort of equivalent stress, eq, for cementitious com-

ESTIMATION OF FRACTURE PROCESS ZONE EXTENT IN CEMENTITIOUS  
COMPOSITES 
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posites e.g. the Rankine12 failure criterion can be em-
ployed). The zone is denoted here as PZ (index PZ stands 
for ‘Plastic’ Zone). Then, in agreement with the cohesive 
crack approach11,1,2, the FPZ (its boundary marked as FPZ) 
is supposed to extend from the PZ around the current 
crack tip up to a PZ corresponding to the prior crack tip 
(i.e. currently a point at the crack faces), where the value 
of crack opening displacement w reaches its critical value 
(i.e. the value of cohesive stress (w) drops to zero here). 
Finally, the envelope of the PZ zones for each stage of 
fracture represents a region in which some sort of damage 
has taken place during the fracture process throughout the 
entire specimen ligament. It is denoted here as WRAP. 

The construction of the boundaries of the zones of cur-
rent and cumulative material damage (FPZ and WRAP, re-
spectively) evolving during fracture in a SEN-TPB quasi-
brittle specimen is illustrated in Fig. 1a. The thick solid lines 
in the graph indicate the initial crack face, and the front and 
back boundaries of the beam. The other lines correspond to 
the boundaries of the zones described above. An example of 
FPZ size and shape together with an indication of the inten-
sity of the cohesive stress within it for three stages of the 
fracture process (corresponding to the three points empha-
sized in the P–d diagram in Fig. 1c) in a particular SEN-TPB 
specimen are displayed in Fig. 1d and 1e, respectively. 

 
3. Experimental validation 

 
For experimental validation of the theoretical proce-

dure an experimental program was carried out consisting 
of fracture and nanoindentation tests.  

Specimen preparation and fracture tests 
 

A set of 6 notched beams of a nominal size of 
40 × 40 × 160 mm was prepared from cement paste with 
a water to cement ratio equal to 0.41 and cement type 
42.5 R. The specimens were demoulded after 24 h of cast-
ing and placed into a temperature-controlled water bath set 
at 22 ± 2 °C. After two months of curing the specimens 
were provided with a notch of up to 1/3 of the width W by 
means of a diamond saw. The following day, the SEN-
TPB tests were performed at the Brno University of Tech-
nology. P–d diagrams that were recorded are drawn in 
Fig. 2. Responses with considerable variation in their ulti-
mate load can be observed. Although the tests were per-
formed under displacement control in a very stiff testing 
machine, only the very initial part of the descending 
branch of the P–d curve was typically recorded. After that 
the test proceeded unstably. 

Fracture parameters of the cement pastes were evalu-
ated from the P–d diagrams, particularly the Young’s 
modulus, the effective fracture toughness and the critical 
effective crack extension, and the estimation of the spe-
cific fracture energy. The compressive strength was deter-
mined from compressive tests on (selected) specimen frag-
ments from the SEN-TPB tests. Visual examination of the 
specimen surfaces was also performed after the bending 
tests by an illuminated magnifier (Fig. 3a). A net of hair 
(shrinkage) cracks was observed at various locations on 
the specimen’s surfaces (Fig. 3b) and caused the zigzag-
ging and bending of the major crack into directions unfa-
voured by the stress state from mechanical loading 
(Fig. 3c), which most likely resulted in the rather uneven 
ascending branch of the recorded P–d curves and finally in 
the unstable fracture.  

Fig. 1. Brief overview of the theoretical estimation of current FPZ extent: a) FPZ size and shape (FPZ, a union of plastic zones PZ 
for the current crack tip position i and the past crack tips within the range of action of the cohesive law – up to position k), the zone of 
damaged material (WRAP, a union of PZ for all crack tip positions during the fracture process along the entire specimen ligament); b) 
SEN-TPB test configuration; c) P–d diagram for a particular SEN-TPB test; d) and e) extent of the FPZ for three stages of the fracture 
process (corresponding to the highlighted points in the P–d diagram), the boundary of the FPZ and the intensity of the cohesive stress 
within it (grey: (w) = ft, black: (w) = 0), respectively  
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Indentation tests 
 
The indentation tests were performed on selected 

specimens at the Czech Technical University in Prague 
using a CSM Nanohardness tester. The Young’s modulus 
of the lateral surface layer (polished) in the vicinity of the 
major crack was evaluated by standard Oliver and Pharr 
procedure13 (assumption of Poisson’s ratio value  = 0.2).  

First, a ‘large’ matrix of 20 × 25 = 500 large indents 
covering a rectangular area of 23.75 × 4.8 mm was imple-
mented in order to assess average material behaviour 
around the crack. The mutual distance between individual 
indents was 1.25 mm in the longitudinal and 0.2 mm in the 
transversal direction with regards to the crack. The indents 
reached an average maximum depth of about 4.7 m and 
thus the volume influenced by the indentation was rela-
tively large, around 14 m3. It implies that homogenized 
(average) material properties from the main material 
phases such as hydrates, unhydrated clinkers and some 
pores were included in the results from such a large vol-
ume. A high maximal load of 400 mN was applied and 
a trapezoidal loading diagram (loading 5 s, pause 15 s, 
unloading 5 s; loading/unloading rate 4800 mN min1) was 
used for all indents in the matrix. The distribution of the 
values of Young’s modulus within the large matrix of in-
dents is plotted in Fig. 4 (left). Only some fluctuation in 
the values around the mean was found with no significant 
trend in the values farther from the crack. 

These results brought us to the conclusion that the 
FPZ extent is located much closer to the crack. Therefore, 
the vicinity of the crack face was covered by ‘small’ matri-
ces of smaller indents at two positions along the crack 
approximately in the first third of the initial ligament 
length. The ‘small’ matrices consisted of 200 indents 
(10 × 20, distance 6 × 6 m, covered area 54 × 114 mm) 
with an average maximal indent depth of around 200 nm 
(influenced volume ca. 600 nm3) induced by a maximal 
load equal to 2.1 mN (trapezoidal loading diagram: load-
ing 10 s, pause 20 s, unloading 10 s, loading/unloading 
rate 12 mN min1). Local properties of cement paste 
(hydrated, unhydrated) were expected to be obtained. 
Fig. 4 (right) shows the measured distributions of Young’s 
modulus values within the two ‘small’ indentation matri-
ces. In the bulk material, the fluctuation of low/high prop-
erties should be more or less randomly distributed. In 
Fig. 4 (right), the concentration of low Young’s modulus 
values in a band of approximately 50–70 m is noticeable, 
regardless of the phase that was indented. 

 
4. Discussion of results and conclusions 
 

The extent of the material damage due to bending 
was identified by changes in mechanical parameters deter-
mined by nanoindentation tests, particularly by the de-
crease in the Young’s modulus. The surface fluctuation of 
this mechanical parameter was evaluated, and from it the 
boundary of the damaged material zone was assessed. 
Meanwhile, parameters of the cohesive crack model serv-
ing as inputs in the theoretical procedure for FPZ extent 
determination were identified by an inverse analysis from 
the results of fracture and compressive tests. Then, the 
FPZ extent for the tested material was computed. A com-
parison of the theoretical prediction of the damaged zone 
width (for two estimates of tensile strength ft) with the 
experimental results is depicted in Fig. 5.  

Fig. 2. Load–deflection curves recorded during SEN-TPB 
tests 

1 mm 1 mm 

Fig. 3. Visual examination of cracks on the specimens’ sur-
faces 

Fig. 4. Distribution of Young’s modulus E (GPa): large matrix 
(left) and small matrices (right)  
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It was proved that the performed nanoindentation 
experiment can answer the question regarding the width of 
the zone of material failure at the end of the fracture proc-
ess based on the measured decrease in local microme-
chanical properties across the crack. Large scale measure-
ments from the ‘large’ indentation matrix did not reveal 
any substantial information on the FPZ extent in the case 
of the tested material. It was found that the damaged zone 
is located in the close vicinity of the crack and must be 
analyzed by means of nanoindentation focused on this 
small area. The half-width of the damaged zone for the 
tested cement paste lies in the range of 50–70 m (in the 
first quarter of the initial specimen ligament, in the case of 
the SEN-TPB test). The theoretically predicted FPZ width 
reached considerably higher values. Revision of the theo-
retical procedure as well as its validation by other experi-
mental methods is being considered for the future. 

This pilot indentation experiment demonstrated the 
feasibility of the method, although a lot of uncertainties 
were introduced to the experiment through the high varia-
tion in the fracture behaviour of the chosen material, par-
ticularly due to its massive shrinkage. Continuing indenta-
tion tests on other types of silicate-based building materi-
als in combination with more complex experiments are 
planned in order to evaluate the size and shape of the frac-
ture process zone during various stages of the fracture 
process. 
 

This outcome has been achieved with the financial 
support of Research Plan MSM 6840770003. The support 
of the Czech Scientific Agency (GAČR 103/07/1276 and 
103/09/1748) and the Czech Academy of Sciences (GAAV 
IAA200710801) is also gratefully acknowledged. 
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Technology, Faculty of Civil Engineering, Brno, b Czech 
Technical University in Prague, Faculty of Civil Engineer-
ing, Praha 6):  Estimation of Fracture Process Zone 
Extent in Cementitious Composites 

 
The paper proposes a method for determination of the 

fracture process zone (FPZ) width in cementitious com-
posites by means of nano/micro-indentation tests. The FPZ 
width was assessed from changes in (micro-) mechanical 
parameters on side surfaces of a test specimen close to 
a crack propagated in the specimen during the fracture test 
(three point bending). The experimental work was con-
ducted in order to validate a suggested analytical method 
for estimation of the FPZ’s size and shape. The pilot in-
dentation experiment demonstrated the feasibility of the 
proposed experimental method. 

Fig. 5. Comparison of the theoretical and experimental data: 
experimentally determined damaged zone width and theoretically 
predicted boundary of damaged material (wrap) for two estimates 
of ft 
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1. Introduction 
 

In many industrial applications, materials are sub-
jected to degradation of mechanical properties as a result 
of real service conditions, temperature, cyclic loading, 
humidity or other corrosive media, irradiation, their com-
bination etc..  

The assessment of the remaining lifetime of compo-
nents and structures is commonly based on correlated pro-
cedures including numerous destructive, non-destructive 
and mathematical techniques that should guarantee rea-
sonably precise assessment of the current damage extent of 
materials in question and the remaining lifetime evaluation 
of the component under consideration. 

The answers to demands of customers to extend the 
lifetime of existing components beyond their original de-
sign life must be based on detailed assessment of the cur-
rent degradation extent, what can be rarely realized by 
means of traditional mechanical (standardized) tests that 
need relatively large volumes of representative material for 
the test specimen manufacturing. This fact accelerated the 
research of miniaturized test specimen that can be sampled 
non-invasively from the component. 

The miniaturized test specimens include e.g. minia-
ture Charpy bars or compression test samples; interesting 
results can be obtained also by means of instrumented 
hardness testing („Ball Indentation Test“). Among these, 
a technique called the Small Punch Test (SPT) test has 
emerged as a promising candidate. It is an efficient and 
cost-effective technique and has the potential to enable 
measurement of the realistic material properties. 

The Code of Practice1 gives guidance on the proce-
dure to be followed when carrying out Small Punch Creep 
tests. The objectives of such tests are to evaluate the creep 
behavior of materials exposed in operating plant compo-
nents in order to provide data needed for plant life and 
integrity assessment. The Code of Practice primarily ad-
dresses metallic materials tested under creep loading but 
can also be used for other materials. Determination of ten-
sile test data can also be realized using this methodology. 

Test pieces are discs of specified dimensions procured 

from components or any other source. A major benefit of 
the small punch (SP) test is that it often enables mechani-
cal characterization of material from in-service compo-
nents in a minimally invasive, virtually nondestructive 
manner; i.e., component material is removed for testing 
without necessarily a requirement for repair. 

The SP test provides a direct means of mechanical 
testing material from a localized region of a component or 
structure, such as the heat-affected zone of a weld, 
a coating, etc. The test potentially provides a more reliable 
means of characterization than indirect methods based on 
laboratory simulations of the localized region or analytical 
predictions based on general models (Ref.1). 

TESTING OF SMALL LOCAL ZONES BY MEANS OF SMALL PUNCH TEST  
AT ROOM AND CREEP TEMPERATURES 

Fig. 2. Schematic and real view of the quasi-static small punch 
test curves at room temperature 
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Fig. 1.  Geometry of small punch test specimen deformation1  
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Pe[N] load characterizing the transition from     linear-
ity to the stage associated with the spread of the 
yield zone through the specimen thickness 
(plastic bending stage) 

Pm [N] maximum load recorded during punch test 
dm [mm] displacement corresponding to Pm 
SP [J] fracture energy  energy obtained from the area 

under the load displacement curve up to the 
fracture load or maximum displacement 

f  effective fracture strain,  f = ln (ho/hf) where ho 
is the initial thickness of the specimen and hf is 
the minimum thickness of the fractured speci-
men  

The small punch tests are used for: 
 assessment of yield point and ultimate strength of 

steels with strength within 500–1700 MPa, 
 estimate of transition temperature, 
 creep characteristics at elevated temperatures, 
 estimate of fracture toughness.  
 
 
2. The tensile test and small punch test correlation 
 

The tensile test were performed for several steels, see 
Table I. The correlation was based on the following ex-
pression: 

 
F  maximum force during the small punch test [N], 
R  diameter of the test fixture [mm], 
r  diameter of the loading ball [mm], 
h0  original test specimen thickness  

[0,500±0,005 mm], 
ksp  proposed coefficient  [1,385], 
σ (Rm) maximum stress at SP test [MPa]  
 
Weld metal (ESAB OK Autrod 13.43 + OK Flux 10.62) of 
a high temperature turbine rotor tensile properties (yield 

point and ultimate strength) in tangential and radial direc-
tion were measured by means of classical tensile to rupture 
tests and small punch tests. The small punch test curves 
are presented in Fig. 3 and 4. 
The mutual relationship between Fmax/σmax and Fp0.2/σp0.2 

was determined as follows: 
 
1. Tangential direction 

 
0

2120
sp333

σ
hrRk

F ... 

Table I 
Steels used for tensile test and small punch test correlation 

Material Fmax [N] 
SP test 

Rm [MPa] 
from tensile 

test 

Rmsp [MPa] 
SP after 

correlation 

CSN 16537 2331 902.8 905.5 
X12Cr13 1919 733.4 745.4 
X14CrMoVNbN10-2 1928 824.0 748.9 
22CrMoNiWV8-8 2085 820.2 809.9 
Steel „7“ 1729 688.2 671.6 
Steel „8“ 1801 700.9 699.6 
Steel „6“ 1804 719.3 700.8 

ROTOR "B" - tangential direction 
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Fig. 3. Small punch test records in tangential direction  

R O T O R  " C "  -  r a d ia l  d i r e c t io n

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

1 8 0 0

2 0 0 0

2 2 0 0

2 4 0 0

2 6 0 0

0 ,0 0 ,5 1 ,0 1 ,5 2 ,0 2 ,5
D e f o r m a t io n  [ m m ]

F
o

rc
e 

[N
]

3

5

6

7

8

1 2

1 3

1 4

1 5

1 6

1 7

1 8

1 9

2 0

2 1

2 3

2 5

Fig. 4. Small punch test records in radial direction  

Table II 
Tensile to rupture properties – weld metal 

Designation S0 
[mm2] 

lo 
[mm] 

A 
[%] 

Rp0.2 
[MPa] 

Rm 
[MPa] 

ROTOR “B” – Z9 28.27 30,00 21,9 636 713 

ROTOR “B” – Z10 28.27 30,00 23,0 628 708 

ROTOR “C” – Z1 28.27 30,00 18,3 622 703 

ROTOR “C” – Z2 28.27 30,00 19,4 629 699 

  for the ultimate strength, and 2,61
σmax

max 
F

][

][

MPa

N
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 2. Radial direction 

     
Fmax   maximum force during the small punch test [N], 
Fp0.2   force at yield limit [N], 
σmax   maximum stress at tensile test [MPa], 
σp0.2   yield point in tension [MPa]. 
 
For the determination of the mutual relationship, only 
metalographically prepared samples were used, because, 
as it is seen from the curves in Fig. 3 and 4 (in Fig. 4 dis-
tinguished by color), the rough samples give lower unreal-
istic values.  
 
 
3. Fracture toughness determination 

 
The J-integral in the elastic-plastic region can be cor-

related with the fracture deformation f by means of the 
following equation: 

JIC = K . f  Jo 

For the case of low-alloyed steel, the constants K and Jo 
were proved to be material independent,  K = 280 N mm1 
a Jo = 50 N mm1. 
The effective fracture deformation f can be measured on 
metallographic sample, or determined from displacement 
at rupture d* by means of the empiric expression  

f = ln (ho/hf) = .(d*/ho)
x 

4. Summary 
 

The small punch test proved to be a useful tool for the 
mechanical properties determination during service in 
cases where the possibility of sufficient amount of repre-
sentative material is limited.  

The both tensile and creep to rupture data can be well 
correlated and also fracture toughness values determined 
by means of the small punch testing. The reliability of the 
small punch test data and the correlation coefficients 
should be based on more experimental data making it pos-
sible to use mathematical statistics. 

We would also recommend a wide round-robin test-
ing among numerous laboratories all over the world. 
 

This work was supported by the project of the Minis-
try of Education, Youth and Sports, No. VZ/MSM 
4771868401. 
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J. Volák and V. Mentl (ŠKODA VÝZKUM Ltd., 
Plzeň, Czech. Rep.): Testing of Small Local Zones by 
means of Small Punch Test at Room and Creep Tem-
peratures 
 

Small Punch Test (SPT) is a relatively new and prom-
ising test method making it possible to determine basic 
mechanical properties of metallic structural materials at 
room as well as low and elevated (e.g. creep) tempera-
tures. The most important advantage of the method is the 
nearly non-destructive withdrawal of the test material and 

small size of test specimen, which is interesting in cases of 
remaining lifetime assessment when a sufficient volume of 
the representative material cannot be withdrawn of the 
component in question.  

On the other hand, the most important disadvantage 
of the method stems from the necessity to correlate SPT 
results with the results of classical test procedures and to 
build up a database of materiál data in service. The data-
base should comprise not only original (virgin) basic mate-
rials and weld metals data, but also material properties 
degraded by service conditions. The correlations between 
the SPT results and the results of tensile tests, fracture 
toughnesss values and time to rupture characteristics at 
creep temperatures etc. are necessary for the remainig life-
time assessment of structure in long-time service. 

The paper describes the results of Small Punch Test 
for basic materials and weld metals in correlation with the 
classic mechanical tests for several steels applied in power 
producing industry. 
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1. Introduction 

 
Nanocomposites are new developing branch of com-

posites materials, where one of the components has one 
dimension in nano scale. Changing dimension from micro 
to nanoscale changes the ratio surface/volume three 
time1,2. This cause that nanostructured materials have 
markedly different properties in comparision to the same 
materials stiffened by nano scaled filler. The physical 
properties, heat conductivity, shape endurance, surface 
roughness are improved by good dispersed nanofiller. The 
MMT positive effects some mechanical properties like 
modulus of elasticity, stiffness. The positive improvements 
of physical properties consequence decrease of thougness of 
composite matrix. This is strongly affected by character of 
interface interaction between the matrix and nanofiller24. 

The influence of nanofiller on mechanical properties 
will be investigated in following article on two types of 
thermoplastics in local, meso and global scale.   
 
 
2. Experimental materials 
 
 Experiments were performed on commertial type 
of nanocomposite SCANCOMP PP CN30, which matrix is 
composed of thermoplastic PP. The organic modified clay 
base on montmorillonite (MMT was used as filler. The 
amount of filler is aprox. 5 wt.%. The second experimental 
material was chosen commercial type SCANCOMP PA 
B40 A6, with PA matrix. The same MMT filler was used 
as for PP. To describe the influence of nanofiller to me-
chanical properties were used not filled materials too.  
 
 

3. Experimental methods and procedures 
 

Two new experimental methods were used for experi-
ments  depth sensing indentation technique (DSI) and 
videoextensometry.  

Depth sensing indentation is a useful technique to 
assess the mechanical behaviour of coatings, small devices 
and local phases, particles and to study the tribological 
behaviour of materials, among others. Today, there are 
well-established straightforward methods to determine the 
elastic5 and plastic6,7 properties of solids by indentation. As 
for time-dependent mechanical properties, and especially 
creep behaviour several efforts have also been made8,9.  

NanoindeterXP epuiped by Berkovich tip was used 
for experiments. The loading procedure consists of pene-
tration to depth of 12 m with 10 dwells, see Fig. 1. The 
dwell time was 200s for each step. The indentation hard-
ness (HIT), Young modulus (EIT), creep -curves and  -rates 
were determined during the dwell. Twenty measurements 
on each sample were performed.    

The tensile tests were performed to describe the me-
chanical properties in global and meso scale in coparison 
to properties in nanoscale determined by DSI. In order to 
determine the deformation in two directions (in the loading 
direction and perpendicular to it) in a contact free way10 an 
optical system (videoextensometer ME 46) was used dur-
ing the tensile test. A regular array of black dots (1512) 
was plotted on the specimen surface and images of the 
loaded specimen were recorded subsequently by a CCD 
camera during deformation (see Fig. 2). The double-edged 
notched tension specimen were used to localize deforma-
tion in scanned area. The dimensions of specimens were 
104 mm and notches were bothsided with depth of 1 mm.  

 
 

MECHANICAL PROPERTIES OF THERMOPLASTIC COMPOSITES 

Fig. 1. The loading procedure 
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4.  Results and discusion 
  

Measured hardness (HIT) values for all investigated 
materials (PA, PP, PP+MMT, PA+MMT) were summa-
rized in the Fig. 3. The influence of MMT addition on 
hardness values was evaluated. The average values of 
hardness decrease with the indentation depth in the case of 
PP. Oposite behaviour was observed in the case of PA.  
There was no evident difference found between the matrix 
and composite material hardness values. Due to addition of 
MMT increased the scatter of  hardnes values.  

The same evaluation was made in the case of Young 
modulus (EIT), Fig. 4. The average values of both compos-
ites are influenced by MMT. The average modulus values 
of PP and PA composite increase of 12 % and 20 % in 
comparison to clear PP matrix, respectively. The scatter of 
modulus values increase too, but it is no high like in the 
case of hardness values. 

During the dwell was indentation depth monitored in 
relation to dwell time. The indentation creep behavior at 
room temperature was evaluated on both invastigated type 
of materials. The influence of MMT on creep curve of PA 
is evident. The addition of MMT causes the decrease of 
the indentation creep depth up to 25 % for the load of 
100 mN, Fig. 5. The influence of  MMT on indentaion 

creep behavior of PP composite at room temperature is 
negligible, Fig. 6. 

The indentation creep rates deps/dt at maximal time  
for four different dwell forces are presnented in the Tab. I. 
The creep rates are higher for the PP than PA, but the dif-

Fig. 2. The principle of videoextensometry 

Fig. 3. Dependence of hardness (HIT) on the indentaion depth  
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Fig. 5. The creep behaviour of PA (full marks) and PA com-
posite (empty marks) for choosen loads 

Table I 
Creep rate (nm s1) of investigated plastics after 200 s 
dwell time for choosen dwel forces 

Force PA PP 
[mN]   +MMT   +MMT 

100 1.243 0.89 1.92 1.79 
25 0.59 0.45 0.88 0.86 
6.2 0.28 0.21 0.43 0.39 
0.2 0.07 0.05 0.15 0.09 
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ference between matrix and composit material is lower 
than 8 %. In the case of PA the difference between the 
matrix and composit material is  29 %.  

The results of tensile tests are summarised in the 
Tab. II. The MMT increased the values of Re 1 % and Rm 
of PA composite. The influence of MMT on PP composite 
properties is not important. 

The strain distribution map in transversal direction of 
PP were determined by the method10 and is presented in 
the Fig. 7. The strain is concentrated in the left notch and 
develops in transversal direction. The same strain distribu-

tion was observed in the case of PP composite, Fig. 8. The 
strain is develping in transversal direction of PA and 
PA+MMT homogeneously from both notches, Fig. 9.  

0 50 100 150 200

0

100

200

300

400

500

600

700

 

 

D
is

pl
a

ce
m

en
t i

nt
o

 s
ur

fa
ce

 [
nm

]

Time [s]

PP 
 100 mN
 100 mN (MMT)
  25 mN
  25 mN (MMT)
 6.2 mN 
 6.2 mN (MMT)
 0.2 mN 
 0.2 mN (MMT)

Fig. 6. The creep behaviour of PP (full marks) and PP com-
posite (empty marks) for choosen loads 

Table II  
Rusults of tensile test  

Material Re1% [MPa] Rm [MPa] 

PP 17.5 20.6 
PP+MMT 17.2 21.0 
PA 24.1 44.6 
PA+MMT 47.5 56.3 

Fig. 7. The strain distribution of PP in transversal direction at 
Rm 

Fig. 8. The strain distribution of PP+MMT in transversal 
direction at Rm 

Fig. 10. The strain distribution of PA+MMT in transversal 
direction at Rm 

Fig. 9. The strain distribution of PA in transversal direction 
at Rm 
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5. Conclusions  
 
The following conclusions can be drawn from the 

analysis and test results: 
The addition of MMT causes increase of elastic prop-

erties of both investigated materials as well the strength 
and hardness of PA composite. The MMT cause decrese of 
plastic properties of both investigated materials. The plas-
tic properties of PA composite are affected by MMT 
strongly then in the case of PP composite. The effect of 
MMT on reological properties is higher for PA then for 
PP. The scatter of measured values of hardness and 
modulus increase by addition of MMT.  

 
This work was supported by the grants VEGA 

1/4149/07, APVV SK-CZ-0108-07, APVV-0326-07. 
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The contribution deals with influence of montmoril-

lonite (MMT) nanoparticles on strength, hardness and 
deformation properties of composites with PP and PA 
matrix. The mechanical properties were determined (HIT, 
EIT) using the depth sensing indentation technique (DSI) 
and creep behavior of investigated materials was moni-
tored in the means of DSI. Non contact videoextensomet-
ric method of strain measurement was used to determine 
distribution of local deformations during the static tensile 
loading. MMT increased the tensile strength about 1.5 % 
in PP and about 26 % in PA matrix. Tensile strength in PA 
nanocomposite is about 174 % higher then that in PP 
nanocomposite. PA matrix is stronger about 121 % then 
that of PP matrix. PA+MMT is resistant to creep much 
more than PA and PP nanocomposite, but PP+MMT 
creeped nearly as PP. 
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