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strated on investigation of permanent plastic deformation
on surface and in cross-sections of the specimen after
loading close to strength limit of the material. This
knowledge is important for estimation of the ratio between
the energy dissipated into plastic deformation and the
energy consumed by crack extension during loading process.
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2. Materials and methods
In this paper, the technique for hardness map determination will be presented on investigation of two CT specimens made from the same low carbon pipeline steel of
yield strength 235 MPa in as delivered state. One specimen is made from the material in untreated, as delivered
state after production, while the second one was annealed
at 700 °C for 4 h. It means the two different states of the
same material were obtained: one slightly hardened by mechanical process during production, while the other is in
the softened state. In this state, major residual stresses
attributed to elastic interaction between lattice and other
dislocations decreased and the material recovered to the
ductile state. Thus, the two same size and same material
specimens tested in the same loading conditions offer an
interesting insight on the source and manifestation of ductility in metal behavior in loading.

Keywords: hardness mapping, crack propagation, image
analysis, thermography

1. Introduction
Hardness measurement is one of the most important
techniques for assessment of materials’ mechanical
properties in engineering for more than a century. It allows
the non-destructive (or minor destructive if an indent in the
surface is considered a damage) quantification of strength
as explained in classical text by Tabor1. Hardness
measurement can be employed as an effective tool for investigation of local distribution of plastic deformation
based on strain hardening material model. Homogenous
materials subjected to uniform load can be characterized
by one hardness value without a significant error, if contributions from individual grain orientation, or detailed phase
distribution in structure, or if affected surface layer are
“averaged”. But when properties vary substantially or
when major gradients can be identified in the stress state
of the studied object, it is advisable to study distribution of
hardness as locally dependent variable. Arrays of indents
are used in determination of mechanical properties of materials for many decades. The technique was refined with
the introduction of precise recording of depth-force relation and of micro- and nano- indentation and introduction
of motorized computer controlled stages holding the specimen2. On the other hand, there are situations, where crude
information is not only sufficient, but also preferred, especially when it concerns testing on-site and on medium to
large scale specimens and constructions. In such a case it
is beneficial to use a simple hand powered device (see
Fig. 1) capable of operation in any orientation and in any
environment, provided it is enhanced by up-to-date technique enabling efficient processing of large quantity of data.
This paper is focused on the presentation of such
a technique on a study of large plastic strains in compact
tension (CT) specimens and to comparison of the results to
that obtained by thermography. This technique is demon-

3. Experimental procedure
The specimens were one after another fastened into
testing machine. Displacement controlled experiment was
carried out under 2 mm min–1 crosshead rate. The final displacement was about 7 mm, approximately the same for
both specimens. The results were evaluated by two independent methods – one using thermocamera and the second was semiautomatic hardness mapping technique.
3.1. Thermocamera observation
The technique for determination of plastic deformation zone in the vicinity of the specimen’s notch from
thermograms based on known relations coupling mechanical energy and heat was employed first. Based on this coupling one can analyze stress-strain state of the material indirectly by temperature field measurement3. Therefore
temperature fields on the specimens’ surface were periodically recorded by thermocamera FLIR during the loading.
Temperature decrease is associated with thermo-elastic effect accompanying peak of elastic field in the vicinity of
notch tip, while the temperature increase indicates energy
dissipation due to plasticity.
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Fig. 2. Comparison of temperature increase over the same
time period (20 s) for specimen in annealed and in as delivered state

After the test, the plastic deformation zone based on
hardness distribution was determined on the carefully
milled and polished surface of the specimens. In the vicinity of the notch that coincides with the area of the highest
strain and also of the highest strain gradient, the array of
indents has been placed by purely mechanical, portable
hand powered Vickers hardness tester. The hardness tests
were performed using standard loads (981 N and 2743 N)
generating indents exceeding dimensions of the affected
surface layer produced by the processes of cutting and
polishing known as a Beilby layer5. Dense grid of indents
was imprinted on the surface to obtain a smooth map of
hardness distribution on studied surfaces (Fig. 3).
The size of the area of interest was approximately
10 mm. In a subsequent step, the image of studied specimen’s surface is acquired by a flatbed scanner allowing
simultaneous reading of the data with a reasonable accuracy. The optical resolution of the scanner was 6400 dpi, i.e.
one image pixel represents four micrometers on the specimen. Considering that characteristic indent size was about
300 m on diagonal, the typical uncertainty in indent size
determination was 2 to 3 m of its size. Taking into account that hardness is a function of area, it means of the
square of the indents’ size, the error due to size measurement is about 2 %, the value far below expected reproducibility of hand tester.
Claimed innovation of this technique is in the improved productivity and comfort of evaluation of indents’
size in the studied area by the use of the scanner and by
utilization of user-written application simultaneously.
Finally, maps of local hardness distribution in studied
areas were produced. A similar approach for determination
of macroscopic size and proportions of plastic zone is outlined in the paper8.

Fig. 1. Hand powered portable hardness tester Meopta

Elastic deformation, e.g. extension of specimen is
associated with a decrease of temperature as the material
expands in volume when stretched. If the acting stress exceeds the yield strength, the prevailing deformation in
a given point is plastic. As plastic deformation is carried
out by dislocations movement through a lattice, a substantial part of the mechanical work of the testing machine applied over specimen is converted into friction. The friction
is a dissipative process resulting in increased temperature
of the specimen. A major part of the external work is converted into the heat and only a small fraction (roughly
10 %) of the work is converted into elastic energy of mutually interlocked dislocations. This energy can be determined by precise calorimetric measurement during
annealing that is realized by heating of the specimen to the
temperature about 800 °C. One of the earliest observations
of such a process is described by Clarebrough et al.4 Difference in temperature field evolution in response to external load can be seen on Fig. 2. Lower yield stress and
lower strain hardening of annealed specimen (left) cause
development of plastic hinge localized in narrow strip in
the notch front, while specimen in as delivered state
hardens simultaneously in large part of the specimen as reflected with a pronounced temperature increase.
3.2. Hardness mapping of plastic zone
Determination of elasto-plastic state of the material
by indentation has been given a considerable attention5.
Hardness measurement of strain hardening of ductile alloy
utilizes relation between yield strength and hardness6,7.
Considering these relations, one can investigate material in
state close to its strength limit and determine the distribution of the maximal stresses in great detail over studied
area.
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Fig. 3. Two compared CT specimens and arrays of indents
where hardness was determined. (above – annealed, below – as
delivered) Size of the specimen is approx. 60 mm
Fig. 4. Overlay of plot and image depicts lines of equal hardness in front of notch (in HV, above – annealed, below – as
delivered)

4. Results and conclusions

one deduced from the temperature field. This technique
can be successfully applied for complete description of the
processes controlling materials’ behavior during loading
process. In spite of slight variation in relation between
hardness, yield stress and plastic strain for a different level
of deformation10, hardness mapping can be used for evaluation of plastic deformation. Combining hardness
measurement with data from stress-strain curve of the material, one can also estimate specimens’ plastic deformation.
The presented technique is to be applied on investigation of mutual interaction between stress state at the tip of
crack and material’s hardening. This kind of information
can provide useful insight in the elasto-plastic fracture behavior of materials. Utilization of the technique on study
of hardness along the path of fatigue crack in cyclically

Lines of the equal hardness derived from the interpolated discrete measurements, as well as the indents’ original locations with a hardness value “coded” into circle diameter are presented in Fig. 4. It is noticeable that plastic
zone in the thermally untreated specimen is more widespread, while the annealed specimen underwent severe
plastic deformation localized mainly in the narrowest profile of the specimen. It means that plastic hinge is clearly
pronounced in the hardness map of the annealed specimen.
The highest values of hardness are not only in front of
notch, but also on opposite side of the specimen, as implied by analysis of the stress field calculated from elastoplastic analysis of the CT specimen during loading9.
It can be summarized that for both of the specimens,
the plastic zone shape and dimensions detected as a result
of hardness measurement were confirmed similar to the
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loaded large elements of steel railway bridges is another
possibility. The simplicity of the technique also allows for
its application on truly small scale in evaluation of arrays
of indents from SEM micrographs.
The research has been supported by Grant Agency of
the Czech Technical University (grant No. SGS12/205/
OHK2/3T/16), Czech Science Foundation (103/09/2101),
RVO: 68378297 and by research plan of the Ministry of
Education, Youth and Sports MSM6840770043.

The paper presents enhanced method for study of severe plastic deformation by hardness mapping utilizing
portable hardness tester, flatbed scanner and software processing tool. This technique can be advantageous in situations, where crude information is not only sufficient, but
also preferred, especially when it concerns testing on-site
and on medium to large scale specimens and construction.
Validity of the approach is supported by a comparison of
hardness mapping results to the results obtained by an independent method based on evaluation of plastic strains
from thermograms. It is shown that both methods determined similar shape and the extent of the plastic zone of
the studied specimens.
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NEW APPROACH TO EVALUATION OF NANOSCRATCH TEST
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and MARTIN PŘÍKASKÝ

results of the nanoscratch test and also quantify the abrasion resistance of the material.
Materials with higher values of NSE have higher resistance to abrasive violations.
Condition for comparing values of NSE is
a standardized load function of nanoscratch test, which
must be the same for all compared measurements3.
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3. Experimental procedure
There were performed set of experiments with pure
silicon crystal in different crystal orientation planes. In this
work is presented energetical approach to evaluation of the
scratch test for two crystal orientations and wide range of
the condition of the scratch.
This work is focused mainly on mathematical model
of the scratch test itsels. Nanoscratch tests were performed
on single crystal of silicon with orientation (100) and
(111).
Nanoscratch test was performed on the Hysitron Triboindenter TI 950 device. Nanoscratch tests were performed with normal forces 500 N and 1000 N in both
orientations. Three tests were performed for each force and
orientations. Length of nanoscratch test was 10 m and a
velocity of the tip was 0.33 m s–1. With the higher velocity of the tip the value of NSE will increase, because the resistence of the material and the lateral force will increase.
Nanoscratch tests were performed by Berkovich diamond tip. In this case tip orientation on the track of nanoscratch test is important.
Fig. 1 shows different orientation of the tip. The
lateral force will be different in both cases. The lateral
force will be lower in Fig. 2a than Fig. 2b. Therefore, the
value of NSE will depend on the orientation of indentation
tip. Experiment results are only for comparison wich each
other, because they were tested in the same orientation of the
tip.
The ideal is nanoscratch test performed by spherical

1. Introduction
New possibilities of measurements bring increased
interest for research in mechanical and tribological properties of surface layers of materials.
Wear behaviour of coatings and materials has usually
been described in terms of mechanical properties such as
hardness (H) and reduced elastic modulus (Er). Nanoscratch test is also widely used to determine abrasion resistance of materials.
Tribological tests usually use performed kind of wear
process to assess material surface characterization. Typically the wear tests are handled using full scale experimental model and tribological evaluations of the samples
are focused on the damage characterization and material
wear loss expressed volumetrically.
Tests results parameters can provide complex image
of the material behaviour and are usually used for comparison of several types of microstructure. During these
approaches is difficult to distinguish which degradation
process played major role during wear processes.
This work is focused on quantitative characterization
of wear resistivity of the material surface and mathematical modeling of wear process using scratch test1,2.

2. Normalized scratch energy NSE
Quantification of work can be described by integral
of the ratio of acting force and indenter depth over the
scratch length:
Fl is lateral force; l is length of nanoscratch test; h is depth
l1

NSE  
l0

Fl
 dl
h

(1)

of nanoscratch test
In this research a new approach to evaluating the results of nanoscratch test is used. The result of this approach is based on normalized scratch energy NSE.
With the NSE we can accurately numerically quantify the

Fig. 1. a) ideal alignment of the indentation tip b) real alignment of the indentation tip4
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5. Conclusions
This paper demonstrates a new approach to evaluating the abrasion resistance of materials and surface layers. Value of NSE is calculated by quantification of energy
consumed during the nanoscratch test. This energy is normalized by depth of nanoscratch test. The value of NSE
corresponds to the abrasive resistance of the material. The
value of NSE increases with increasing resistance of the
material.
The obtained results are dependent on the orientation
of the tip and parameters of the nanoscratch test (normal
force, speed of lateral displacement).
In the experimental section were compared two single crystal of Si with different orientation (100) and (111).
Different values of NSE were measured for both orientations. The NSE value of the single crystal Si (111) was always higher than NSE value of single crystal Si (100). The
difference was very small, but recognizable in this new
method.

Fig. 2. Ideal nanoscratch test for measurement NSE4

indentor, which guarantees the same orientation of the tip
and the reproducibility of results.

4. Results
Nanoscratch tests were performed on single crystals
of silicon with orientations (100) and (111). The resulting
values of NSE for normal forces 500 N and 1000 N are
shown in Tab. I and average values are shown in Tab. II.
Single crystal Si (111) had a higher value of NSE
than single crystal Si (100). Higher NSE values of single
crystal Si (111) reflect a higher abrasion resistance of this
single crystal orientation. Difference of NSE values was
very small for both orientations (very small difference of
abrasive resistance), but this difference was recognizable
by this method. The cause of a small difference in values
of NSE was the crystallographic orientation of the test surface.
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steel” and in project No. CZ.1.05/2.1.00/01.0040
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within the frame of the operation programme “Research
and Development for Innovations” financed by Structural
Funds and from the state budget of the Czech Republic,
their support is gratefully acknowledged.
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Table I
Results of NSE
NSE 10-3
[Nm/nm]

Si (100)

Si (111)

500 

12.48
12.34

15.39
13.61

1000 

12.57
9.67
9.79

14.85
11.81
11.79

9.31

12.03

Si (100)

Si (111)

500 N

12.46±0.09

14.62±0.75

1000 N

9.59±0.20

11.88±0.11

M. Vyležík, J. Brumek, and M. Příkaský (RMTVC,
VŠB – Technical University of Ostrava): New Approach
to Evaluation of Nanoscratch Test
The paper presents a new perspective on the assessment of abrasive failure of material and surface layers.
Wear behaviour of coatings and materials has usually been
described in terms of mechanical properties such as hardness (H) and reduced elastic modulus (Er). Nanoscratch
test is also widely used to determine abrasion resistance of
materials. This new approach uses to assessment normalized scratch energy NSE. The paper describes the
testing methodology and influence of each scratch test parameters on resulting value of NSE. NSE values were
experimentally measured and compared on two single
crystal of Si.

Table II
Average results of NSE
NSE 10-3
[Nm/nm]
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was heated in a furnace to 200 °C, 400 °C, 600 °C, 800 °C
and 1000 °C at a heating rate of 5 K/min and with a soak
time of 1 hour at the maximum temperature and finally
annealed down to room temperature. The exact weight of
fly ashes before and after heating was measured by using
an analytical balance with a resolution of 0.1 mg. Fig. 1
shows that the weight loss of fly ash samples at temperature below 200 °C is small (less than 0.2 %), it indicates
that as-received fly ash samples are relatively dry. When
fly ash samples are further heated, the weight loss will be
increased and the maximum of weight loss is at around
1000 °C. Fig. 2 shows fly ash particles before and after
heating at 1000 °C.
Fly ash particles are generally spherical in shape and
range in size from 1 m to 20 m. Figs. 3 and 4 show the
SEM photographs and corresponding energy spectrum of
fly ash OPE, PRT before and after heating at 1000 °C.
After heating at high temperature, fly ash particles may
suffer sever degradation, pitting, buckling, and breakage,
which all can eventually regress the mechanical property
of matrix. Tab. I shows the summary chemical composition of fly ashes.

Department of Material Science, Faculty of Mechanical
Engineering, Technical University of Liberec, Czech Republic
Thangxiemctm@yahoo.com
Keywords: fly ash particles, water to fly ash ratio,
geopolymer mortar, compressive strength

1. Introduction
Every day, the world is generated large quantities of
waste materials, such as: water, oils, solvents and solid
waste (fly ash, glass, stone powder, mine tailings, etc). Fly
ash has emerged as a material with high potential applications in construction because it has a chemical composition similar to Portland cement, cheep material, low density, good dispersion and fluidity1,2. However, the scope
application of fly ash is very limited due to fly ash is grey
or black in color; using only to product where color is not
important. For this reason, a heating method was necessary
to be developed to increase the whiteness of fly ash.
The purpose of this research is whitening the fly ash
to compete with other filler materials. And compared the
influence of adding fly ash before and after modified by
high temperature in order to obtain the compressive
strength and the hardness of geopolymer mortar is investigated. Experimental results show that high temperature is
effective method to purify fly ash, high whiteness of the
particle which increased with the calcination temperature
and slightly reduced the hardness of geopolymer mortar.

2. Experimental
Geopolymer mortar prepared by mixing from calcined
shale fly dust from rotary kiln as binder (Si/Al ratio of 2.0)
with alkali activator containing NaOH and Na2SiO3 with
modulus 1.50–1.95. Next the mixture was mixed with fine
sand and fly ashes as filler3. Compressive strength testing
of mortar was performed as per AS 1012.9 using
(ø 50  100) mm diameter cylindrical moulds.
Fly ashes used in this study came from different sources in
Czech Republic. The fly ashes were already classified into
2 names of city and coded such as: OPE (Elna Opatovice),
PRT (Pražská Teplárenská).
Fly ashes are heated to improve the whiteness at certain temperature using a furnace. Around 1 kg fly ashes

Fig. 1. The weight loss as a function of heating temperature

Fig. 2. The photograph of fly ash OPE, PRT before (grey) and
after heating at 1000 °C (brown)
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3. Results
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The obvious color difference can be observed by
a naked eye for samples in Figs. 5–7.
This high processing temperature can have significant
influence on the final properties of the geopolymer mortar.

Fe

3
2
1
0

0

1

2

3

4
keV

5

6

7

cps/eV

8

Acquisition

12
10

Zr
Na
Ti
As
Al
8 Ca Fe
K O
Mg Si Zr

K Ca

Ti

Fe

6
4
2
0

1

2

3

4

5
keV

6

7

8

9

10

Fig. 3. SEM photographs and corresponding energy spectrum
of fly ash OPE before (above) and after heating at 1000 °C
(under)

Fig. 5. The photograph of geopolymer mortar based on fly
ash OPE, PRT before (grey) and after heating at 1000 °C
(brown)

Table I
The calcination dependent composition of fly ashes
Atomic
[%]
Na
Mg
Al
Si
K
Ca
Ti
Fe
As
Cr
O

PRT

PRT
1000 °C
0.63
0.70
4.50
33.56
0.83
1.06
0.50
1.76
0.03
56.43

0.77
1.17
10.89
25.17
1.70
0.93
0.53
3.68
0.10
55.06

OPE

OPE
1000 °C
0.61
0.53
13.88
22.47
1.42
4.64
1.06
8.78
1.29
0.08
45.24

0.47
0.43
12.64
28.54
1.27
0.97
0.41
2.44
0.11
0.08
52.65

Fig. 6. SEM photographs geopolymer mortar based on fly ash
OPE before (left) and after heating at 1000 °C (right)
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Fig. 7. SEM photographs geopolymer mortar based on fly ash
PRT before (left) and after heating at 1000 °C (right)
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Tabs. II and III present the hardness and density of geopolymer mortar based on fly ashes PRT, OPE before and
after modified particles by heating at 1000 °C.
After heating fly ash particles at 1000 °C, the hardness and compressive strength of samples can be reduced
slightly but not much in Figs. 8 and 9.

8

Acquisition

14
12
10 Zr
8

Ti
Ca Fe
K O

As
Mg Si
Al
Zr

K Ca

Ti

Fe

6
4
2
0

4. Conclusions
1

2

3

4

5
keV

6

7

8

9

10

The purpose of this research is using the method of
calcination temperature to whitening the fly ash to compete with other filler materials. It is evident from the above

Fig. 4. SEM photographs and corresponding energy spectrum
of fly ash PRT before (above) and after heating at 1000 °C
(under)
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Table II
Properties of geopolymer mortar before and after heating
PRT fly ash (FA) particles at 1000 °C
Water/fly ash [%]
Original Density
FA
[g/cm3]
Hardness
[HV]
FA at
Density
1000 °C [g/cm3]
Hardness
[HV]

0.25
1.75

0.33
1.62

0.37
1.47

0.40
1.53

353±7

279±5

198±6

146±3

1.73

1.56

1.42

1.46

346±7

249±7

163±6

132±3
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Table III
Properties of geopolymer mortar before and after heating
OPE fly ash (FA) particles at 1000 °C
Water/fly ash [%]
Original Density
FA
[g/cm3]
Hardness
[HV]
FA at
Density
1000 °C [g/cm3]
Hardness
[HV]

observations that the high temperature has considerable
effect on the surface morphology and pitting of the fly ash
particles. The study are used fly ash particles as filler, the

0.21
1.77

0.33
1.67

0.35
1.53

0.42
1.51

312±9

282±9

231±6

141±6

1.54

1.54

1.36

1.38

247±4

267±8

189±3

125±4

particles after heated at high temperature will soften and
may have adverse effect on the structural and reduced mechanical properties of the geopolymer mortar. Thus, authors recommend this method use in fine art sculpture,
architecture, especially where color is more important than
the mechanical properties.

The authors were supported by Ministry of Education
of the European Social Fund (ESF) – Operational Program VaVpI under the project Center for Nanomaterials,
advanced
technology
and
innovation”,
CZ.1.05/2.1.00/01.0005 and by project “Innovation Research in Material Engineering” of PhD student Grant
TUL.
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Fig. 8. Compressive strength of geopolymer mortar based on
fly ash PRT

N. Xiem, P. Louda, D. Kroisová, N. Trung,
and N. Thien (Department of Material Science, Faculty of
Mechanical Engineering, Technical University of Liberec,
Czech Republic): The Influence of Modified Fly Ash
Particles by Heating on the Compressive Strength of
Geopolymer Mortar
In this study, 2 types of fly ash from Czech Republic
power plants were investigated with respect to composition. Fly ashes particles are heated at high temperature up
to 1000 °C to remove the contaminant (unburnt carbon)
and the color become brighter can be observed by a naked
eye. However, the high processing temperatures can slightly influence on the final properties of the fly ash and geopolymer mortar. After heating fly ash particles at 1000 °C,
the compressive strength of samples can be reduced slightly when comparing with original fly ash.
Fig. 9. Compressive strength of geopolymer mortar based on
fly ash OPE
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EFFECTS OF COMMERCIAL FIBERS REINFORCED ON THE MECHINCAL
PROPERTIES OF GEOPOLYMER MORTAR
XIEM NGUYEN THANG, PETR LOUDA,
DORA KROISOVA, VLADIMIR KOVACIC,
HIEP LE CHI, and NHUT LUU VU

At the present time, there are no reports about basalt
and Isover granulate reinforced geopolymer mortar. The
present paper compares the mechanical properties of geopolymer mortar reinforced with short random commercial
fibers and with unreinforced geopolymer mortar. Preliminary, the results showed a significant increase in the
flexural strength and the hardness of geopolymer mortar
containing different percentages of fibers studied.

Department of Material Science, Faculty of Mechanical
Engineering, Technical University of Liberec, Czech Republic
Thangxiemctm@yahoo.com

2. Experimental

Keywords: basalt fiber, Isover granulate fiber, geopolymer
mortar, flexural strength, hardness

Geopolymer cements were synthesized from shale fly
dust burnt in rotary kiln (for 10 hours at 750 °C) with Si/
Al and Na/Al molar ratio of 2.0 and 0.8 respectively, that
is poly(sialate-siloxo)4. Geopolymer resin was prepared by
mixing of alkali activator containing NaOH and Na2SiO3
with modulus 1.50 ÷ 1.95 with geopolymer cement. The
microstructure of pure geopolymer matrix was analyzed by
mean of SEM and EDX in Fig. 1.
The fly ash used in this study came from Komořany
Látkový Filtr in Czech Republic. Fly ash particles are generally sharp, pointed and range in size from 1 m to 30 m,
Fig. 2.
All experiments were performed using the same
batches of reagents and starting materials. The atomic of
fly ash are summarized as following: Na (1.81 %), Mg
(0.97 %), Al (14.73 %), Si (23.97 %), S (0.39 %), K
(0.41 %), Ca (1.69 %), Ti (0.57 %), Fe (2.57 %), As

1. Introduction
In 1979, geopolymer was first discovered by a French
professor Joseph Davidovits, geopolymers have emerged
as a promising new material for coatings and adhesives,
a new binder for fiber composites, new cement for mortar
or concrete and environmentally sustainable properties1–3.
Geopolymers possess many advantages compared with ordinary Portland cement as the following: high fire resistance (up to 1000 °C), good acid resistance, high compressive strength4, etc. However, geopolymer mortar and
concrete always have flaws and micro-cracks at the interfaces even before an external load was applied5–8, because
the micro-cracks in the matrix (in this case geopolymer
resin) are determined as inborn defects of inorganic matrix4.
Short fibers have been known and used for many
decades to reinforce brittle materials like cement5. Currently, there are various types of fiber available for commercial use, the basic types being glass6, carbon6, polypropylene7, nylon8 and some natural fibers8 (coconut, jute,
rice straw, sugar cane, wood, banana, etc.). All previous
research has been concerned with short random fibers reinforced concrete and mortar. When combined with short fibers reinforced concrete, the results showed that concrete
increases its mechanical and fracture properties compared
to unreinforced concrete6–8.
In this paper, we used basalt and Isover granulate fibers as a filler in geopolymer mortar. These fibers have
some advantageous properties including low cost, light
weight, good chemical resistance, high-performance insulation materials (thermal and sound), stable in the alkaline
environment of concrete and resistant to plastic shrinkage
cracking. Especially, the fiberization process is more environmentally safe than other fibers. Further, they have no
toxic reaction with air or water, and are noncombustible
and explosion proof. Nevertheless, Isover granulate also
has some disadvantages including poor fire resistance,
a low Young's modulus10.
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Single fiber
test piece

Grip area

25 ± 0.5

This section
cut away after
gripping in
test machine
Adhesives

10

45

10

Unit: mm

10

Center line

20

Fig. 3. Mounting tab for single filament testing

(0.09 %), O (52.81 %).
Geopolymer mortar mixtures were used to reinforce
different volume fractions ranging from 0.2 to 4 % of
Isover granulate and basalt fiber from 0.2 to 2 %, respectively. Tensile strength, Young's modulus and elongation
of fibers were investigated as following.
A single filament of each kind of fiber was separated
with a magnifier and prepared on a punched mounting tab.
The single filament test piece was bonded by adhesive so
as to let the length specified gauge length under the condition to make the filament straight along the center line of
the mounting tab. This was evaluated in accordance with
Japanese Industrial Standard (JIS R 7601)11. Tensile
strength and Young's modulus were calculated from the
load-elongation records and the cross-sectional area
measurements. The specimen is shown in Fig. 3.
The samples were tested by the machine Instron
LaborTech 2.050 (maximum load of sensor: 5 N).
Properties of commercial fibers are illustrated in
Tab. I and Fig. 4 displays SEM images of the fibers.
The technology of sample preparation is as follows.
At first, the geopolymer resin was prepared by mixing the
alkaline activator with the raw materials. The liquid and

Fig. 4. The microstructure of commercial fibers, left: Isover
granulate, right: basalt

solid components were mixed for about 3 minutes at room
temperature until the solution homogenized, while the
mixer was running at 60 rpm. Next, the geopolymer resin
mixture was mixed with fly ash and fine sand content12.
The mixing was done in an air conditioned room at approximately 20 °C until the mixture homogenized (about
5 minutes). The fibers were added, and the mixer was allowed to run for another 5 minutes. Directly after mixing,
the fresh mortar was poured into the moulds with dimension (40  40  160) mm in accordance to ASTM C348
and vibrated for 1 minute on the vibration table to remove
air voids. These samples were cured at room temperature
for 3 days after casting. Next, the samples were removed
from the moulds and left in laboratory ambient conditions
until the day of the test. The sample ages for the latter tests
were 7, 14, and 28 days. The values are the averages of
three separate tests. Data that deviated more than 10 %
was eliminated.
The sample dimensions were made and tested under
three-point bending in accordance to ASTM C78 standard
test method for flexural strength of mortar and concrete.
The flexural tests were conducted over a simply supported
crosshead speed of 2.0 mm min–1 and span length of
120 mm with a center-point load by the testing machine
INSTRON Model 4202 (maximum load of the sensor:
10 kN).

Table I
Main properties of short basalt and Isover granulate fiber
Properties

Diameter, m
Density, kg m–3
Length, mm
Young's modulus,
GPa
Tensile strength, MPa
Elongation, %
Thermal conductivity,
W/(m.K)

Basalt
BCF13-2520tex

Isover
granulate

13

7

2670
3.2 ± 0.5
64

2880
1.0 ÷ 5.0

2563
3.98
0.031÷0.038

0.146
2.3
0.044

–

3. Results
The initial density of specimens containing Isover
granulate and basalt fibers was less than that of mixtures
without any fibers. Tab. II shows that the density of specimens was significantly decreased when increasing the pers561
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Table II
Density ρ [g cm–3] of geopolymer mortar after curing
28 days at room temperature
Percentage of
fiber [%]
0.0
0.2
0.5
1.0
2.0
3.0
4.0
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Table III
Flexural properties of geopolymer mortar with 0 %, 1 %
Isover granulate and 2 % basalt fiber after curing 28 days

Isover granulate

Basalt

Properties

1.74
1.73
1.72
1.71
1.70
1.68

1.74
1.69
1.68
1.58
1.57

0%
1% Isover
2% basalt

1.57

Flexural
strength Ro
[MPa]
2.72 ± 0.3
6.95 ± 0.2
6.91 ± 0.6

Flexural
modulus E
[GPa]
1.35
1.15
1.17

Relative
deformation
ε [%]
0.66
2.01
1.38

–
–

centage of fibers reinforced with geopolymer mortar. The
weight change of mortar was mainly due to the dehydration of cement paste.
Figs. 5 and 6 show a flexural strength comparison
graph between the commercial fibers studied. According to
the results, by increasing the amount of fibers in the matrix
the flexural strength of specimens reduced. Also, it is clear
that the flexural strength of specimens increased by increasing the curing time at room temperature. When the
curing time was increased (particularly from 14 to
28 days) the flexural strength of the geopolymer mortar of
the specimens without fibers was significantly reduced by
52 % (5.20 to 2.72 MPa).
The results of geopolymer mortar containing 0 %,
1 % Isover granulate and 2 % basalt fibers are shown in
Tab. III. The flexural strength of unreinforced and synthetic reinforced geopolymer mortar is compared to the
commercial fiber-reinforced geopolymer mortar. Commer-

Fig. 6. The flexural strength of Isover granulate fiber reinforced geopolymer mortar

cial fibers reinforced geopolymer mortar has higher flexural strength than unreinforced mortar. The test results
showed that optimum content of fibers (1 % for Isover and
2 % for short basalt fibers) results in ca the same flexural
strength (6.95 and 6.91 MPa) after curing 28 days at room
temperature. An increase in the flexural strength of ca
39 % for both fiber reinforcement is observed when compared with unreinforced geopolymer mortar.
Commercial fibers were mixed well homogenized
with geopolymer resin.
Fig. 7 shows the variation of Vickers hardness depending on the fibers content and curing time of geopolymer mortar. Isover granulate (1 %) fiber reinforced mortar
exhibits the highest hardness of 3.30 GPa compared to
3.08 GPa of the unreinforced sample. Generally the addition of commercial fibers in mortar can lead to the improved hardness.

Fig. 5. The flexural strength of short basalt fiber reinforced
geopolymer mortar
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Fig. 7. The hardness of fibers reinforced geopolymer mortar
with function of time and fibers content

4. Conclusions
Geopolymer mortar and concrete have very
promising properties which may place this material in the
building and public works market in the near future.
In this study, the effect of commercial fibers content
on the mechanical properties of the geopolymer mortar
was investigated and the following conclusions were
derived:
 The percentage of fibers content
in mortar has
been optimized.
 Mechanical properties of mortar can be improved by
the addition of short basalt and Isover granulate
fibers.
 The density of specimens was significantly decreased
when increasing the percentage of fibers reinforced
with geopolymer mortar.
 Isover granulate fiber displays to be an excellent
reinforcement for geopolymer mortar increasing the
hardness, flexural strength and can be very easily and
homogeneously mixed with geopolymer resin.
 The durability of commercial fibers for reinforcement
can be improved by stabilization of micro-cracks and
reduced shrinkage.

N. Xiem, P. Louda, D. Kroisová, V. Kovačič,
L. Hiep, and L. Nhut (Department of Material Science,
Faculty of Mechanical Engineering, Technical University
of Liberec, Czech Republic): Effects of Commercial
Fibers Reinforced on the Mechanical Properties of
Geopolymer Mortar
The essential objective of this work is to study the
mechanical properties and microstructure of geopolymer
mortar containing different kinds of fibers. Results show
that the use of fibers as reinforcement in geopolymer
mortar significantly improves the flexural strength and the
hardness of the geopolymer mortar, reduces the amount of
cracking and is also more lightweight than before.
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APPLICABILITY OF ADDITIVE LAW IN MICROHARDNESS MEASUREMENTS
ON POLYMER MATERIALS
GALINA ZAMFIROVA

cluding reversible and irreversible components of deformation. It is given by a similar equation:

Transport University “T. Kableshkov”, Geo Milev str.
158, 1574 Sofia, Bulgaria
gzamfirova@mail.bg

MHT= kP/D2
(3)
where D is the projected diagonal length of the imprint in the loaded state. For polymers usually the
type and structure of the disordered (amorphous)
phase is related to reversible deformation.

Keywords: Vickers microhardness, microindentation,
additive law

3. Results and discussion
Some of the experimental work and a good deal of
data have already been reported in the literature on these
materials. Now we will emphasize and discuss the following multiphase or multicomponent systems with regard
to the additive law.

1. Introduction
Additive law known also as a ”rule of mixture” could
be applied in microindentation measurements when the
sample measured is a system consisting of two or more
components. Additive law for microhardness could be
generally presented by the equation:
H = H1x1 + H2x2 + … +Hixi, (x1 + x2 +...xi = 1) (1)
where Hi and xi are the microhardness and mass fraction,
respectively, of each component of the systems.
In the case of polymer materials these components
could be: crystal polymers having a crystal and an amorphous phase; copolymers whose molecular structure comprises different incorporated monomers; polymer blends
that could be miscible and inmiscible; polymer composites
which could be of a greate variety according to the type of
matrix and the filler particles size.
The main goal of this work is not to define the
limits for validity of additive law, but to describe some
cases when the coincidence or the deviation of microhardness values determined experimentally from those
predicted by additive law helps to clarify some structural
peculiarities of the samples studied.

3.1. Semicrystal polymers
It is known that all semycrystal polymers or called
only crystal polymers consist of an ordered crystal phase
and disordered amorphous one. For them the additive law
is expressed as follows:
MHV= MHVc+ (1–) MHVa
(4)
MHV= MHVc
(5)
when MHVa<< MHVc
where MHVc and MHVa, are Vickers microhardness
values of the crystalline and amorphous phases and α is the
degree of crystallinity. In accordance with1 for many polymers MHVa<< MHVc and could be ignored.
Three types of ultra-high molecular weight polyethylene (UHMWPE) obtained via different catalytic systems and consequently characterised by different molecular weight, Mη, and degree of crystallinity,  were studed2
(Table I). The difference between catalyst systems 2 and 3
are in the ratio of cocatalyst. The obtained values for MHV
and MHT as well as the MHVc value calculated by equation (5) are also presented in Table I. As seen MHV increases when the degree of crystallinity increases and the
molecular weight decreases. It was established that the
molecular weight for polyethylene influences linearly
MHV only if Mη<105 (ref.3). In this case Mη does not influance directly MHV but influences  and lamelas perfecttions. The too large molecule chaines can take part in
more than one lamella. That gives rise to additional entaglements and tie molecules in the amorphous regions between ctystallites. As a result the decrease of the molecule
weight leads to increasing of the degree of crystallinity and
crystalline perfectuon (MHVc). On the other hand, it has
been established that for samples obtained by titanium
catalitic systems the polymerization rate exceeds the crystallization one. That gives rise to many physical entanglements and tie molecules in the amorphous areas which

2. Investigation methods




Two types of microhardness were determined:
Vickers microhardness (MHV), which is the material
resistance against irreversible deformation. This magnitude is determined predominately by the type,
quantity and perfectibility of the crystal units
(lamellas) and by the mechanism of their deformation
during the penetration. It is calculated according to
the equation:
MHV= kP/d2
(2)
where P is the applied load, d is the projected diagonal of residual imprint and k is a constant depending
on geometry of the pyramid.
Total microhardness (MHT), which characterizes the
overall material response to indenter penetration, ins564
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Table I
UHMWPE obtained via different catalytic systems and
their structural (Mη, ) and microhardness characteristics
No
1
2
3

Catalist Mη α [%] MHV
system x106
[MPa]
32.6
V/SiO2 5.4 60
37.2
Ti/SiO2 2.1 66
41.1
Ti/SiO2 1.0 72

MHT
[MPa]
20.7
23.1
27.6

Regular Papers

hibits good elastic properties due the prevailing ethylene
blocks. On the other hand, the dependence of the free
volume Fv versus norbornene content (Fig. 3) has the
same tendency as Fig. 1. That does not mean that MHV
depends linearly on Fv, but that MHV and free volume
measurements have a similar sensibility to rigidity of the
main polymer chain.
Hence, it could be concluded that Vickers microhardness is influenced predominantly by the micromechanical

MHVc
[MPa]
63.9
64.7
66.2

300

contributes to increasing the resistance against elasic deformation. The latter was calculated according to a parallel
model4: 56.7 MPa, 60.1 MPa, 82.8 MPa, for samples 1, 2
and 3 respectively. In this case microhardness measurements give a possibility to distinguish the efect of crystallinity from the effect of entanglements.

MHV [MPa]

D
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65
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Fig. 1. Vickers microhardness vs. norbornene content
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Fig. 2. Total microhardness vs. norbornene content

Table II
Norbornen-ethylene copolymers

3200
F

Tg Norb The most characteristic norbornene sequences
Meso dyads Blocks
[ºC] [ %]
Alternating
ENENENE
ENME
ENNNE

++
+
++++ (isotactic)
++
+++ (syndiotactic)

200

150

Norbornen-ethylene copolymers with relatively high
norbornene content synthesised using a number of different metallocene catalysts were studied by microindentation methods, PALS (Positron Annihilation Lifetime
Spectroscopy) and NMR5. The norborene content as well
as the prevailing sequences, determined by NMR are listed
in Table II.
As seen from Fig. 1 and Fig. 2 the dependences of
MHV and MHT as a function of norbornen content are not
linear. So, the additive law is not valid. In this case one
can expect that Vickers microhardness, could depend both
on the rigidity of the polymer chains and on the free volume Fv. MHV is almost the same for the polymers containing meso dyads (C, A, E) and is not sensitive to other
sequences included in these samples. So, MHV is not sensitive to block sequences. As distinct from MHV, the alternating groups and blocks influence the resistance against
the total deformation (MHT) (Fig. 2). Sample E shows a
relatively good resistance against plastic deformation but a
very low resistance against total deformation, i.e. it ex-

55
54
47
60
58

E

C A

3.2. Copolymers

A 173
C 194
D 148
E 125
F 156

F

250

++++
++++
+
++
+++ (racemic)

Free volume

2800

C A

E

55

60

2400
D

+
+
+
++++

2000
45

50

Norbornen content [%]

Fig. 3. Free volume vs. norbornene content
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Table III
Vickers microhardness of UHMWPE/Fe composites

properties of the polymer chains. This parameter is not
sensitive either to dimensions and quantity of the pores or
to the free volume.

Sample
UHMWPE [wt.%]
Fe [wt.%]
Additivves [wt.%]
MHV [MPa]

3.3. Polymer blends
Blends based on a polypropylene/cycloolefin copolymer (COC) with a spontaneously arisen fibrous structure
were also studded6. Despite of the immiscibility of both
components, it was experimentally found that COC fibril
has a reinforcing role in the case of blends with small
quantity of COC (Fig. 4). Applying the additive law to the
blend compositions the inherent values for Vickers microhardness for the ingredients within the blend was estimated (Fig. 5). The unusual trend of the microhardness
profiles was explained by the manifestation of the scale
factor in the thin COC fibers.

MHV (MPa)

140

3
49
49
2
39

4
24
72
4
40

5
0
100
0
1700

3.5. Polymer nanocomposites

120

Usually there are deviations from the additive law in
the case of nanocomposites. Those are caused by different
reasons: changes in the structure of the polymer matrix,
agglomeration of the nanofiller particles, etc. Two examples for a crystal and an amorphous polymer nanocomposite are described and discussed below.
PP/multiwall
carbon
nanotubes
composites
(MWCNT)8 which concentration dependence of Vickers
microhardness passes through three characteristic zones
(Fig. 6). In small weight fractions of MWCNT, MHV
rapidely increases (line a) and that is due to the nucleation
effect of the MWCNT. Changes in the crystal phase of the
polypropylene matrix occur consequently. A further increase in MWCNT content in the composite leads to a
smoother increase in microhardness, obeying the additive

100

0,0

0,2

0,4

0,6

0,8

1,0

COC volume fraction

Fig. 4. Vickers microhardness vs. COC content

250
200
MHV [MPa]

2
73
25
2
42

It is evident that the additive law is absolutely inapplicable and there is no correlation between the microhardness and metal content. When the indenter presses the
large iron particle it sinks into the much softer polymer
matrix. That is why the overall microhardness of the composites does not vary and is almost equal to that of the
pure polymer.

160

COC

150
100

PP
110

50
0

1
100
0
0
41

Small amaunts of the additives (up to 5 %) as carbon, stearates, etc. were also added. Table III presents the relation
between composition ingredients in the samples and the
obtained mean values of Vickers microhardness.

180

80
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a
0,0

0,2

0,4

0,6

0,8

c

b

1,0

100
MHV [MPa]

COC volume fraction

Fig. 5. Inherent MHV values for PP and COC components for
different PP/COC blends

90

exp.
additive
80

3.4. Polymer composites

0

1

2

3

MWCNTs weight content [%]

UHMWPE/Fe composites obtained by pressing and
sintering were studded7. Filler particles were relatively
large, in the range 50–200 m and were extremly porous.

Fig. 6. Vickers microhardness vs. MWCNT content
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law (line b). After 1 % concentration threshold, percolation processes take place and the effectiveness of the nanofiller decreases drastically (line c). The microhardness
even becomes worse than that of the non-filled samples.
Еpoxy/multiwall carbon nanotubes composites9 were
prepared by two different processing modes with functionalization and without functionalization of the filler.
Polyethylene polyamine was used as a curing agent. The
samples without preliminarily functionalized nanoparticles
show decreasing of the microhardness parameters (MHV
and MHT) at small MWCNT content (about 0.03 wt.%)
(Fig. 7), while functionalized ones exhibit an increase in
these characteristics due to better exfoliation (Fig. 8).
However, an additional portion of MWCNT causes again
a diminishing of their hardness which could be attributed
to a reached percolation threshold and to the formation of
floccules. The hardness increases for composites with
filler amount higher than 0.08 % because carbon nanotubes form a spatial network in the entire volume of the
composite.

Microhardness[MPa]

the components. When solid particles are distributed
in a soft matrix during the indentation, they only
“float” in the soft medium and do not contribute to
the hardness of the system. When soft particles are
distributed in a hard matrix, they do not contribute
with their inherent small hardness but the system has
behavior like that the second component is an empty
space.
 For semicrystal polymers not only the degree of crystallinity has to be taken in account but also the inherent hardness of the crystal phase which depends
on type of crystal cell, depth of the crystal lamella
and their perfectibility. Especially when studying total microhardness, the structure of the amorphous
phase and eventually her changes has to be considered because it contributes mainly to the elastic resistance against penetration.
 For copolymers: the relation between the quantity of
monomer units is less important than their sequence.
The inherent rigidity of the macromolecules is more
significant than the magnitude of the free volume.
 For polymer blends and composites the filling agent
must not cause structural changes in the polymer matrix. The dimensions of the filler particles must not
change with the degree of fillings as in the direction
of agglomeration because its effectiveness drastically
decreases, as well as in the direction of diminishing
because of occurrence of scale factor or orientation
reinforcing effect.
 Of course many times the properties of the mezzophase have to be taken into account as an additional component of the system. Hence the miscibility
for polymers and wetting of the filler for composite
materials are essential factors for the eventual application of the additive law.
Therefore the deviations from the additive law could
not be considered as an obstacle for microhardness investigation. Those should be regarded as an indication of some
structural peculiarities of the samples and a challenge for
structural investigation and characterization of the relatively complicated polymer based materials.

MHV
MHT
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Fig. 7. MHV and MHT vs. MWCNTcontent for samples without preliminarily functionalized nanoparticles
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4. Conclusions
There are many conditions or limits to the direct applying of the additive law:
 There should be no big difference in the hardness of
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This paper deals with some cases when additive law
could be applied. It also presents the positive or negative
deviations from it exhibited by some semicrystal polymers, copolymers, polymer blends and polymer based materials. The ways how the deviation of experimentally determined microhardness from the one predicted by the additive law could indicate and help to determine some structural peculiarities of polymer based materials with a relatively complicated structure have been described.
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INVESTIGATION OF MORPHOLOGY CHANGES ON CARBON THIN FILMS UNDER
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L. FRANTAe, M. VOJSf, M. MARTONf,
M. VESELÝf, M. KOTLÁRf ,
M. KELEMENa, and M. ONDÁČa

friction tribometer, shaped metallic samples and flat counterfaces of ultra-high molecular weight polyethylene
(UHMWPE) were tested. The radius of the curvature of
the knee joint and the geometry of the sample was similar
to the geometry of the total knee implants. The parameters
used during testing were: normal force 340 N, frequency
1 Hz, environment ± lubrication, temperature 37 °C, trajectory L = 18 mm, mean speed 51.6 mm s–1. Lubrication
with bovine serum diluted to 25 % in deionized water,
containing penicillin, streptomycin and sodium azice, was
used for ta-C coatings. Each test pair received 160 ml
of serum. Testing of a-C:N coating was carried out without
heating in H2O+0.9 g l–1 NaCl solution. The AFM
measurements were made on PARK 100 in non-contact mode.
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Department Mechanics, Biomechanics and Mechatronics,Prague,Czech Republic, f FEI STU Institute of
Electronics and photonics in Bratislava, Slovak Republic
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3. Results and discussion
According to the previous results, the hardness of the
ta-C coating was around 46 GPa, and its elastic modulus
352 GPa. The hardness of the a-C:N coating was around
10.4 GPa and elastic modulus 119.1 GPa (ref.8). The adhesion behaviour of carbon coatings was characterized
using scratch tests. The first failure of the ta-C coating was
visible as tensile and cohesive cracks on the scratch path
and was detected in the load range from 10 to 33 mN. The
first failure of the a-C:N film on the scratch path was detected in the load range from 40 to 57.5 mN. Together
with the SEM examination of the scratch, this suggests
a good adhesion, when compared to comparable similar
coatings8.

Keywords: diamond like carbon, AFM, ta-C, linear
reciprocating sliding

1. Introduction
Diamond-like carbon (DLC) coatings generally have
properties such as low friction and high wear resistance1.
In order to be able to produce reliable DLC coatings for
bio-mechanical applications, it is important to understand
the tribological behaviour under all operating conditions.
This has been studied intensively by numerous scientists
e.g.2–4 during the last years. The wear behaviors of DLC
coatings surface can be simulated by various tribological
test configurations5. Temperature affects wear behavior via
thermochemical and thermodynamic mechanisms. For the
development of successfully DLC coated implants, it is
thus necessary to perform tests under conditions resembling the in vivo situation6. A unique friction tribometer
was designed for this purpose and was used in this study
for preliminary screening to analyze the mechanisms of
failure of DLC coated samples whose shape corresponds
to the knee joint geometry and provides thus a better understading of the tribological processes. Adhesion
strength, hardness and elastic modulus are important factors affecting the wear behavior and were also tested8.
Analyses of the coatings surface changes after testing were
done using AFM and SEM techniques.

3.1. Wear and friction
The unique friction tribometer was used in a reversible sliding regime mode. The results show that the a-C:N
coating on the CoCrMo specimens under lubricated conditions was damaged (Fig. 1). The tests against UHWMPE
samples were stopped after 0.3·106 cycles. The SEM image
shows visible scratches and wear tracks. This could be explained by the influence of the abrasive wear mechanism.
Initial results showed that, the substrate material wasn’t
able to provide adequate support for a-C:N films, adversely affecting their tribological performance and durability.
The wear generation of a-C:N coating was thus associated
with a failure initiated in the CoCrMo substrate rather than
within the a-C:N coating. The occurrence of defects also
accelerates the wear mechanism. The coating failure is
promoted by lubricant enclosed in the surface microdefects which causes their further connecting and extending.
Fig. 2 presents the SEM micrograph of the wear area of
CoCrMo/ta-C sample after the test using 1·106 cycles.
Wear scars on the CoCrMo/ta-C substrate were not observed.

2. Experimental procedure
The ta-C and a-C:N films were both deposited by
FPAD equipments described elsewhere7,8. In the designed
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Fig. 3 and Fig. 4 present AFM images of ta-C coated
CoCrMo sample before and after 1·106 cycles. AFM analysis shows small increase of surface roughness after 1·106
cycles (from Ra = 4.104 nm to 17.105 nm).

4. Conclusions
From the ELTC tribometer tests of shaped samples
with lubricants, the following conclusions can be made:
 The wear generation of a-C:N coating was associated
with a failure initiated in the CoCrMo substrate rather
than within the a-C:N coating.
 Studies showed a similar wear mechanism for all test
cases of CoCrMo coated with ta-C. The measured
values suggest good adhesion properties compared to
ta-C coatings produced with other systems8.
 The application of 1·106 sliding cycles increased the
roughness of the wear scar (from Ra = 4.104 nm to
17.15 nm), while the weight losses were very low,
this may be affected by sticking.
Compared with the plain CoCrMo alloy, the ta-C and
a-C:N coated samples showed lower wear rates and high
wear resistance under lubricated contact. The adhesive
wear was the main mechanism for ta-C coated sample.
However, there are a number of important questions, related to key tribological and biomechanical system variables, that cannot be answered by such experiments but
which are important in clinical applications. Nevertheless,
the application of DLC coatings on CoCrMo substrate has
demonstrated a positive effect on reduction of wear and
damages.

Fig. 1. SEM of CoCrMo/ a-C:N (marker 2 m)

Fig. 2. SEM of CoCrMo/ta-C (marker 200 m)
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Fig. 3. AFM of CoCrMo/ta-C before test

REFERENCES
1. Robertson J.: Surf. Coat. Technol. 50, 185 (1992).
2. Kim D. H., et. al.: Mater. Sci. Eng., C 22, 9 (2002).
3. Erdemir A.: Tribol. Int. 38, 249 (2005).
4. Hauert R., Müller U.: Diamond. Relat. Mater. 12,
171 (2003).
5. Huanga L., et al.: Diamond. Relat. Mater. 10, 1448
(2001).
6. Thorwarth G., et al.: Acta Biomater. 6, 2335 (2010).
7. Anttila A., Lappalainen R., Tiainen V. M., Hakovirta
M.: Adv. Mater. 9, 1161 (1997).
8. Zdravecká E., et al.: Vacuum 86, 675 (2012).

Fig. 4. AFM of CoCrMo/ta-C after test (1·106 cycles)
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(a Technical university of Košice, Faculty of Mechanical
Engineering, Košice, Slovak Republic, b ORTON Orthopaedic Hospital, ORTON Foundation, Helsinki, Finland,
c
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Prague, Czech Republic, f FEI STU Institute of Electronics
and Photonics in Bratislava, Slovak Republic): Investigation of Morphology Changes on Carbon Thin Films under Reciprocating Sliding Tests
In this study ta-C and a-C:N thin films were
deposited on medical grade CoCrMo alloy substrates by
FPAD method from graphite target using different deposition conditions. The surface morpoholgy changes after use
of a friction tribometer testing were investigated by SEM
and AFM. The application of 1·106 cycles of shaped samples testing increased the roughness of the wear scar, while
the weight losses were very low. The measured values
suggest good adhesion properties.
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Fig. 1. Experimental setup for three-point bending tests

1. Introduction

using CCD camera (Vosskuhler CCD-1300F, Germany).
From each test the stress-strain curve was established.
Apart from the tension tests, three-point bending with
single trabecula (Fig. 2: right) was performed (after verification using three-point bending of BoPET film (Fig. 2:
left) and Co-Ni wire).
Groups of markers were selected in the image data
captured by the CCD camera. Positions of the markers
were tracked using DIC toolkit4 based on Lucas-Kanade
algorithm. From displacements of the markers, strain
values were computed. Stresses were calculated using the
measured forces and cross-sectional areas. Resulting stressstrain curves were established for each of the sample.
Elastic modulus, yield strains and yield stresses were determined using the 0.2 % offset method.
Elasto-plastic material model with von Mises yield
criterion and bilinear hardening for trabecular bone was
chosen. This material model requires two constants E, 
(Young’s modulus and Poisson’s ratio) for the elastic part
and two constants σy, Etan (yield stress, tangent modulus)
for the plastic part. Finite element analyses (FEA) used for
constants identification of material model were performed
for BoPET samples and samples of trabeculae. The geometry of each sample of trabecula was approximated
using elliptical cross sections. The lengths of the major
and minor axes of the ellipses were obtained from two perpendicular projections captured by CCD camera. These
geometric models were meshed and nodes corresponding
with places of markers (for DIC) on specimen surface in

Material properties of trabecular bone at the level of
single trabecula are important for understanding of osteoporotic changes, bone remodelling processes1 and overall
deformation behaviour of bone tissue. One of the powerful
methods to measure elastic properties of single trabeculae
is nanoindentation, however, this method can be reliably
used only to get information about elastic properties. Yield
properties as well as softening behaviour can not be reliably measured by nanoindentation and have to be obtained
by fitting2. The purpose of this study is to demonstrate
possibilities of micromechanical testing to develop advanced numerical material model for single trabecula and
to compare the model to previously developed one which
was based on nanoindentation3.

2. Materials and methods
Samples of trabeculae (n=13) were harvested from
human proximal femur of a 70-year old cadaver and
cleared off marrow in ultrasonic bath. Clear trabeculae
were dipped into a black toner solution to obtain a better
contrast of surface for digital image correlation (DIC).
Precision of the experimental setup prior the tests
with trabeculae has been evaluated using two groups of
specimens of known material properties. BoPET film
(Biaxially-oriented polyethylene terephthalate, DuPont,
USA) with 72 m height, Co-Ni wire with 90 m diameter
and 2 mm length were used as the test materials.
For micromechanical testing a novel experimental
device has been developed (see Fig. 1). Experimental
setup was developed using translational stages and loading
is controled by stepper motors (SX16, Microcon, Czech
Republic). Design of the setup allows for testing in either
tension-compression or three point bending. Applied force
is measured with 4.5 N capacity load sensor (FBB350,
FUTEK, USA) and the strains are measured optically

Fig. 2. BoPET specimen (left), trabecula specimen after
breaks (right)

s572

Chem. Listy 106, s572s573 (2012)

LMP 2011

ment was determined (based on experiments with BoPET
and Co-Ni wire) as the upper limit of all measurements –
elastic modulus 5 %, yield stress 7 % and yield strain 5 %.
From comparison of results from FEA and experiments for
BoPET material it is apparent that used yield condition is
not suitable for polymers however the intention was only
to verify the functionality of the proposed identification
process (good agreement in the elastic part) and experimental setup (small standard deviation). On the other hand
chosen material model and elasto-plastic constants identified using FEA showed good match for trabecular bone.
Obtained constants were confirmed by comparison with
results from nanoindentation that have been previously
published3,5. For even better results it is necessary to improve the process of creating model geometry. Cross section of the model has a large influence on the accuracy of
determination of material properties from three-point
bending.

experiments were selected. The 3D FE models were composed of elements with quadratic shape functions (10,400
brick elements for BoPET, 23,170 tetrahedral elements for
trabecula). During the analyses the same boundary conditions and external forces as experimental ones were used a
material constants were varied using custom optimization
algorithm5. Resulting displacements of markers from FEA
were fitted to experimentally obtained values and the best
constants were found by least square method.

3. Results
Elastic modulus, yield strains and yield stresses were
determined using the 0.2 % offset method (usually used
for trabecular bone)6. Comparison of resulting material
constants for BoPET and trabecula from experiments and
FEA are shown in Tab. I.
The best fit of identified material constants for
marker displacement of the trabecula sample is shown in
Fig. 3.

The research has been supported by the GACR (grant
No. P105/10/2305), GA CTU (grant No. SGS11/140/
OHK2/2T/16) and research plan of the MEYS CR
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the Czech Republic AV0Z20710524.

Table I
Resulting material constants
BoPET

E [MPa]
 [–]
σy [MPa]

Etan [MPa]

exp.
FEA
4615±271 5173±291
–
107
±7.8
–

0.35
±0.04
58.1
±8.6
608
±200
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Trabecula
exp.
FEA
11835
10347
±1162
±1560
–
0.23
±0.03
208
231.8
±23.9
±33
–
1878
±310

P. Zlámala and O. Jiroušekb (a Czech Technical
University in Prague, Faculty of Transportation Sciences,
Prague, b Institute of Theoretical and Applied Mechanics,
Academy of Sciences of the Czech Republic, v.v.i., Prague,
Czech Republic): Parameter Estimation of Material
Model for Single Trabecula from Micromechanical
Testing
A novel micromechanical device has been developed.
Precision of the setup has been evaluated using specimens
of known material properties. Applied force was measured
with capacity load sensor and the strains were measured
optically. Samples of trabeculae were harvested from human proximal femur. A FE model was loaded. From displacements of markers, strain values were computed. Resulting displacements of markers from FEA were fitted to
experimentally obtained ones and set of parameters of the
material model was determined.

Fig. 3. Marker displacement of the best fit of material constants

4. Conclusions
A novel high-precision micromechanical testing system has been developed and used to measure properties of
single human trabeculae. Overall precision of measure-
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