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Preface 
 
 

The Eighth International Conference on Local Mechanical Properties LMP 2011 was held in Olomouc, The Czech 
Republic, on November 9-11, 2011. The LMP 2011 conference was organized by the Joint Laboratory of Optics of Palacky 
University and Institute of Physics of the Academy of Sciences of the Czech Republic. 

Continuing in the tradition of the LMV (Lokální mechanické vlastnosti) conference series started in 2004, 
the LMP 2011 brought together material specialists, researchers and scientists from universities, research institutes and 
also the private companies representatives. It was again a really open forum for the intensive discussion and exchange of 
knowledge and experience.  

The meeting that becomes a well established forum in the field of local mechanical testing provided an opportunity to 
highlight recent results of research and development in the field of materials engineering, experimental methods, modeling, 
etc., with the aim to characterize mechanical properties of broad range of materials from nano to micro/meso-scale. Espe-
cially nanoindentation and other methods of hardness assessment, measurement of local stresses and deformations and 
related microstructure analyses were discussed. 

Over 90 participants from 11 countries around the world attended this conference. The conference program covered 
35 oral presentations in 8 sections and 53 posters on recent progress in research, development and applications of meas-
urement of mechanical properties at small scale.  

The LMP 2011 conference organizers would like to thank all the speakers, session chairpersons, invited speakers and 
participants for making this conference successful. The support of the conference sponsors is also greatly appreciated. It is 
our hope that LMP 2011 conference has been fruitful and presented works will provide valuable information and guidance 
on the latest trends and future advances in local mechanical testing. This issue contains 68 peer reviewed papers.  
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1. Introduction 
 
         Recent studies have established the critical role for 
cells of the mechanical properties of the extra-cellular 
matrix on which they are supported.  It has been shown 
that mysenchyme stem cells can differentiation into speci-
fic cells ranging from nerve to bone. In addition it is 
known that cells in attachment with a substrate generate 
traction forces which contribute to their movement and 
reorientation.  
        The mechanical properties, dimensions and structural 
form of the filamentous components of calls are also well 
investigated. In addition, the basic cell membrane proper-
ties have been investigated by many authors using a varie-
ty of techniques including; micro pipette, optical tweezers, 
shear flow and magnetic particle interaction and nano-
indentation being the most common1.  The basis for interpre-
tation of the force-displacement data is very different from 
the analysis of indentation of elastic-plastic materials. 

Various techniques based upon those developed for 
semiconductor production to develop surfaces that enable 
the micromechanical responses of cells to be explored. 
Micro-grooving, dimples and micro-pillars enable a num-
ber of variables of surfaces to be investigated in a syste-
matic manner.  For pillars these include the roles of elastic 
modulus, height, spacing and diameter as a means to influ-
ence cell response.  The majority of these studies focussed 
on the role of the surface on the subsequent cell morpholo-
gy along with incorporation of various fluorescent dyes to 
enable the various filament structures to be visualised.  

A critical review of this area by Flemming et al.2 
identified the effect of features, primarily that of micro 
grooving and the resulting cell morphology and growth. 
They noted that cells tended to align parallel to grooves 
and the cytoskeleton components formed parallel to the 
grooves.  The work of Wojciak-Stothard et al.3 noted that 
actin filament condensation appeared at topographic dis-
continuities.  Flemming et al.2 indicated the depth of 
grooves were more important than width in determining 

cell orientation. More recently Martinez et al.4 used cryo 
and subsequent focussed ion beam (FIB) sectioning to 
investigate the role of pattern spacing and height on the 
basal response of cells to surfaces. They observed with 
line patterns that it was the ratio of pattern height to width 
that was critical. 

Recent work has placed considerable focus on bio-
chemical, gene expression responses and the traction forc-
es developed on various surfaces.  Again the feature that is 
persistently remarked upon in these studies is the location 
of the various cells investigated as a function of pillar 
height, diameter and spacing. At relatively close pillar 
spacing the cells sit on top of the pillar arrays whereas at 
larger pillar spacing they lie between the pillars. 

Steinberg et al.5 investigated PDMS pillars with E 
moduli of 0.5 to 3.5 MPa and 8 to 14 m spacing on 
keratinocyte cell differentiation.  They observed that with 
a decrease in pillar spacing an increase in the cell differen-
tiation. Mussig et al.6,7 investigated 3 periodontal type 
cells on cell morphology and gene expression.  Pillar spac-
ing of 5 m enabled regular cellular response for all cells, 
increasing pillar spacing resulted in reduced cell numbers. 
Cell observations with the osteoblasts indicated the cells 
were only slightly indented when pillars were 5m apart 
but more substantially indented and almost resting on the 
space between the pillars at 11 m spacing. A recent study 
by Papenberg et al.8 investigated wetability of micro-
pillars of three materials (PDMS, PEOT/PBT and PLLA) 
with E modulus (2 MPa, 30–70 MPa to 2 GPa) with pre-
myoblasts cells.  For pillar spacing of 2 m all cells grew 
on top of the pillars while at 5 m spacing there was 
a transition from growing on top of the pillars to between the 
pillars especially for the 5 m high pillars.  The authors state 
surface topography rather than pillar elastic modulus influ-
enced cell attachment, proliferation and morphology. 

The aim of the present paper is to more closely inves-
tigate the interaction mechanics between various cells and 
the micro pillars they are supported on. A simple genera-
lised contact analysis of the cell pillar interaction is deve-
loped that is used to compare with the experimental obser-
vations.  The simple contact mechanics and cell membrane 
deformation concepts are then applied to a number of cell 
systems published in the literature 

 
2. Materials and methods 

 
As stated above, many authors have used micro pil-

lars to support cells in order to study the morph-ological, 
detailed microbiological and gene expression responses. 
These pillars are generally fabricated using photolithogra-
phy based procedures with tailored diameter, pillar height 
and spacing. Details regarding the development of such 
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materials are given in the studies by Steinberg et al.5. 
A typical SEM observation of such pillars is shown in 
Fig. 1.  
 

Fig. 1. SEM images of a PDMS pillar array with pillar heights 
of 15 m, pillar diameters of 5 m and spacing between the 
pillars varying between 5 to 11 m.   Note that four pillar 
spacing distances have been created simultaneously. A nor-
mal and B inclined view 
 

Various approaches have been used to visualise cells 
including confocal and optical microscopy, SEM as well 
as an array of staining and visualisation approaches. SEM 
often results in dehydration induced shrinkage of the cells 
during preparation.  In this study details of micro-biology or 
gene expression outcomes will not be addressed directly. 

 
3.  Contact and deformation mechanics 

 
In this section only the initial phase of cell defor-

mation that is, the contact pressure between the pillars and 
the cell membrane is considered.  

 
3.1. Contact mechanics 

 
Consider a cell as a spherical entity with a plasma 

membrane having a constant volume, V, and density,  It 
is suspended in a fluid culture medium that has a density of 
o ~ 1 gm/cc.  When the cell rests on the pillars then con-
tact stresses are developed between the pillar and cell 
membrane.   Consider a square array of cylindrical pillars 
with diameter D that have a centre to centre spacing of L, 
Fig. 2. 

Consider the cell upon contacting the pillars to form 
into a hemispherical shaped body then the relationship 

between the volume, V, of the cell and its radius, R, is: 

        
The support area of an individual pillar is given by Ap 
= D2/4.  For a square array of pillars with spacing L be-
tween the pillar centres, each pillar contributes one quarter 
to the unit cell area of the pillar array, and is given by, 
Pillar area per unit cell    

For a cell of volume V that forms into a hemispherical 
body upon contact with the array, the diameter of the cell 
is 2R (Fig. 3). The contact area assuming the pillar array 
a continuous flat surface is given by R2. Thus the sup-
porting area provided by the pillars beneath the cell is 
given with eq (2) by,  

 The force exerted by the cell on the supporting contact 
area in the liquid media is given by;  

 where V is the cell volume, that is (o) is the den-
sity difference between the cell and supporting liquid me-
dium and g is the gravitation constant. The average contact 
pressure between the cell and the pillars is then given from 
eqs (3) and (4), namely; 

10 µm20 µm

A B

Fig. 2. Schematic illustration of a cell on an array of pillars 
with dimensions and spacing defined  
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For a specific cell with similar volume and for pillars of 
constant diameter the contact pressure is directly related to 
L2.   For the pillar spacings considered there is almost a 4 
fold increase in the contact pressure as L changes from 10 
to 19 m.  The relationship between centre to centre pillar 
spacing L with diameter D and often stated edge to edge 
spacing X is L = D + X. 

Fig. 4 is plotted, from eq (5), the dependence of the 
contact pressure as a function of pillar spacing L pillar 
diameter D for cell where  is 0.3 kg m–3. 
 
3.2. Stresses and axial deflection of pillars   

 
The force on the pillar due to the loading by the cell is 

given by  

where n is the number of pillars supporting the cell, which 
is given by the ratio of the area of the cell divided by the 
pillar array unit cell area, namely;  

Substituting into eq (7) for n and V from eq (1), results in  

The resultant axial compressive stress on the pillars is then 
given by the pillar force divided the cross sectional area of 
the pillar, namely 

and the resultant displacement, p, of a pillar of height, h, 
and elastic modulus, E, due to this stress is given by 

The maximum displacement experienced by a pillar 
for a value of L of 20 m, R of 25 m, h of 15 m, D of 
5 m on a PDMS pillar of 0.6 MPa E modulus is only ~ 
25 pm.  That is axial displacement or deformation of the 
pillars by cells on even the softest pillars is negligible. For 
line contact the stresses and deflections would be even 
lower. 
 
4.  Results 
 
4.1. SEM  and Optical images 

 
Typical SEM image of successfully achieved 

keratinocyte adhesion and viability on the micro-pillar 

interfaces, the interpillar distances are shown in Fig. 5. 
While keratinocytes, cultured on FN coated pillars with 
interpillar distances of 8 m and 5 m (the later shown in 
Fig. 5a), covered the pillar tops and were quite round-
shaped, the cells clearly penetrated into the micropillar 
field on substrates with distances of 11 m and greater 
(Fig. 5b). 

The shape of the latter cells had a more linear or tri-
angular shape depending on how many pillars they cov-
ered. To exclude drying artefacts from the sample prepara-
tion for the electron microscopy and to ensure successful 
adhesion of the keratinocytes, they were stained by IIF for 
the focal adhesion kinase (FAK), see Steinberg et al.5 pa-
per for typical images. The results obtained optically con-
firmed the morphological differences observed in the 
SEM. 
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Fig. 4. Contact pressure (from Eq (5)) between pillar and cell 
as a function of pillar spacing, L. Pillar diameter 5 m and 
cell radius R of 15 m   

Fig. 5. Morphology differences of keratinocyte on pillar fields 
with pillar spacing of 5 m (A, C) and 11 m ((B), (D)): SEM 
of (A) a keratinocyte spread on a FN-coated pillar field. The 
cell adheres to the pillar top while in (B) it sinks into the sub-
strate. Fluorescent images of the cells stained for FAK (green) 
((C), (D)) reveal the same morphological differences  
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4.2. Confocal images 
 

Typical examples are shown in Fig. 6a and 6b. On 
the substrate with pillar spacing of 5 m the keratinocytes 
were round shaped, covered pillar tops (Fig. 6a) and pene-
trated slightly into the micro-pillar field. The FAK was 
stained green with a counter stain of the cell nuclei in red. 
3D reconstructions enabled visualisation of the pillar pro-
trusion into the cells. 

A different morphology was observed for cells cul-
tured on substrates with pillar spacing of 11 m (Fig. 6b). 
The cells were more linear shaped and penetrated almost 
completely into the micropillar field. The 3D images con-
firmed the extent of penetration of the pillars into the cells.  
A more extensive study showed that keratinocyte differen-
tiation varies with respect to different interpillar distances. 
 

Fig. 6. Confocal images of cells sitting on pillars spaced A) 5m 
and B) 11 m apart. Arrows point to where pillars were act-
ing on the cells.  The green fluoresence arises from focal adhe-
sion kinease (FAK) while the red stain shows the cell nuclei  
 
4.3. Indentation depth 

 
Confocal images (Fig. 6) indicate that the depth of 

penetration of the keratinocyte cells when the pillar spac-
ing  5 m apart is only 1 to 2 m whereas for the 11 m 
spacing the pillars protruded the entire height. 
 
5.  Discussion 
 

The observations shown in Fig. 6 indicate that con-
tact stresses generated by the pillars on the keratinocyte 
cell membrane under the gravitational force acting on the 
cells in the culture medium are sufficient to cause signifi-
cant deformation of the membrane. These observations are 
similar to those by Mussig et al.6,7 for osteoblast cells. 
Considering the observed indentation protrusion of the 
pillars into the cells as sown in Fig. 6 there is a clear influ-
ence of pillar spacing and as such contact pressure be-
tween the membrane and the pillars.  From the analysis 
above the contact pressure for the two conditions shown in 
Fig. 6, namely eq (5), can be estimated.  In the case of the 
edge spacings shown (5 and 11 m) the values of L in eq 
(5) are X + D, namely 10 and 16 m respectively. The 
calculated mean contact pressures between the pillars and 
these keratinocyte cells are 0.16 and 0.41 MPa respective-
ly with the radius of the keratinocyte cell as 15 m.  The 
confocal observations suggest that the protrusion depth 

does not scale linearly with the contact pressure as a 2.5 
fold increase in contact pressure changes the depth of pro-
trusion of the pillars into the cells by greater than a factor 
of 5. These conclusions are in agreement with the response 
of Mussig et al.6,7 and also Papenberg et al.8 who consid-
ered different cell types.  The latter study also considered 
pillars of different elastic rigidity and changed the wetabil-
ity of the pillars and minimal change was observed in 
terms of the cell deformation by the pillars.  The simple 
analysis above also indicates that for the range of pillar 
materials considered by Papenberg et al.8 the extent of 
axial displacement of the pillars by the cells is negligible. 
There would be greater horizontal deflection of the softer 
material for the longer pillars as a consequence of the actin 
myosin motor development. Direct nano-indentation stud-
ies of various shaped indenters into cells by Evans et al.9 
and Hartegan et al.10 indicate very extensive cell mem-
brane deflection of many ms at nN forces.  However a 
major difference between the present observations and 
those of direct nano-indentation testing of cells is the time 
scale of the experiments.  In the nanoindentation tests typi-
cally a minute or two is the test duration whereas the cur-
rent observations were made after 24 hours contact be-
tween the cells and pillars. This time difference for the two 
approaches raises two important issues namely the role of 
visco-elastic response of the cell membrane under stress 
and also the response of the cytoskeleton machinery with-
in the cell.  Here the former will not be discussed but ra-
ther more a focus placed upon the latter effects. 

At the contact sites between cells and pillars the local 
stress initiates actin filament nucleation and growth.  The 
stress state in the membrane about the pillars is complex 
but the areas of highest tensile stress are at the boundaries 
that become more uniform between the pillars. The rate of 
filament growth is relatively rapid and dependent upon the 
stress level. According to Fletcher and Mullins11 the form 
of the network of actin filaments is highly dependent upon 
the stress.  Considering first the top of the pillars, this 
would experience compression and result in assemblage 
into a type a mesh structure. Whereas at the edge of the 
pillars tensile stresses develop, resulting in a more ran-
domised type of mesh formation. In both instances as well 
continuous filament formation nucleation sites develop on 
these for growth of cross hatching filaments. Such 3D 
meshes provide additional rigidity of the cell against local 
stress and penetration of the pillars. These mesh structures 
will continue to grow depending upon the extent of the 
actin precursor concentration in the cell.  

In addition the observations in Fig. 6 show that focal 
adhesion kinease (FAK), which is an indicator of interme-
diate filament development, has also occurred and is con-
centrated at the base of the cells and appears to act to sup-
port the cell membrane. It would also be expected that the 
microtubular filaments within the cell, which are of more 
radial formation, would also respond to the stresses im-
posed on the cell by the pillars.  In addition there are link-
ages between the three filamentous structures that could 
further enhance the effective rigidity of the cell. However 

A B
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as all these filamentous components are essentially poly-
mers they take time to grow and hence the associated ef-
fective rigidity of the cell membrane takes time.  For the 
confocal observations shown above it appears that for the 
closely placed pillars there has been sufficient time for the 
cytoskeleton machinery to respond and reinforce the mem-
brane rigidity thereby limiting the extent of pillar protru-
sion into the membrane.  Whereas for the 11 m spaced 
pillars there is a comparable development of the FAK and 
presumably other filamentous structure, but not before the 
pillars have extensively protruded into the cells. 
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A simple contact mechanics approach is developed to 

investigate the initial response of biological cells resting 
on patterned pillar surfaces.  The results are compared 
with recent cell morphology observations by a number of 
groups.  It is evident that the changing internal cytoskele-
ton of the cell and its time dependence plays an important 
role in determining the developing cell morphology.  
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1. Introduction 
 

In terms of cost effectivity, the traditional uniaxial 
powder consolidation process is still widely employed for 
the production of powder metallurgy (PM) parts, especial-
ly for the automotive industry. PM is a well established 
technology for manufacturing parts to net or near net shape 
and in the present time, the growing demand for weight 
reductions in automotive applications has pushed the PM 
industry to develop components on the basis of light mate-
rial1–3. 

 
2. Material and experimental conditions 

 
Commercial ready-to-press aluminium based pow-

ders, ECKA Alumix 321 (Al-0.95Mg-0.49Si-0.21Cu-
0.07Fe-1.5lub) and ECKA Alumix 431 (Al-5.8Zn-2.6Mg-
1.7Cu-0.23Sn-1.5lub), were used as materials to be inves-
tigated. Particles size distribution was carried out by sieve 
analyzer according to ISO 4497. Test specimens 551010 
mm3 were uniaxially pressed in a hardened floating steel 
die. The green compacts were weighed with an accuracy 
of 0.001 g. The dimensions were measured with a mi-
crometer calliper (0.01 mm). Microhardness was record-
ed by Duramin-5 Tester on minimum 15 points. For the 
identification of the compressibility behaviour different 
compacting pressures were applied (50, 100, 200, 300, 
400, 500, 600 and 700 MPa) and the following compressi-

GEOMETRICAL AND MICROHARDNESS ASPECTS OF ALUMINIUM PM ALLOYS 
AS FUNCTION OF LOCAL PLASTIC DEFORMATION 

bility equation4 was used: 
 
Where: P – porosity achieved at an applied pressure p, 
[%]; p – applied pressure, [MPa]; K – parameter related to 
particle morphology, [–]; n – parameter related to activity 
of powders to densification by the plastic deformation, [–]; 
P0 – apparent porosity calculated from the value of experi-

mentally estimated apparent density, [%]: 
where a – apparent density, [g cm–3]; th – theoretical 
density, [g cm–3]. 
 
3. Results and discussion 
 

Tab. I shows data for the calculated compressibility 
parameters K, n and correlation coefficient r. According to 
data listed in Tab. I, the compressibility parameter n is 
related to activity of powders to densification by the plas-
tic deformation. In case of powders with high plasticity, n 
is close to 0.5; in case of low plasticity, n is close to 1. 
System A (n = 0.5175) shows a higher ability to plastically 
deform than system B (n = 0.6181).  

The effect of powder morphology is reflected in the 
values of compressibility parameter K, which is lower for 
powder B (K = 0.479·10–2) than for powder A (K = 
1.161·10–2). The difference between powder A and B is 
connected with the effect of particle geometry. Particle 
geometry is linked to the morphological properties as well 
as particle size distribution (A: d50=100 m, B: d50=63 m). 
Morphological aspect of powder shape is controlled by 
manufacturing process. Tab. I shows that the fitting exper-
imental data and calculated data are higher than 0.96  (last 
column). The compressibility equations for the studied 
systems are reported as follows: 

 

      , [%]                         (1)  n
pKexp0PP 

       , [%]                  (2) 







 10010

th

a
P





Table I 
Theoretical density values, apparent porosity, compressibility parameters and correlation parameters 

No. th 
[g.cm-3] 

P0 
[%] 

K 
[–] 

n 
[–] 

r 
[–] 

A 2.6229 58.44 1.161·10-2 0.5175 0.9675 

B 2.7213 59.58 0.479·10-2 0.6181 0.9899 
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Geometrical rearrangement plays an important role during 
the densification process (as well as plastic deformation). 
Moreover, also the compressibility parameter K has to be 
considered as an indicator of the physical-metallurgical 
characteristics including the geometrical and morphologi-
cal characteristics of metal powder particles. Authors4,5 
underline that parameter K depends, mainly, on the micro-
hardness values, Tab. II. Microhardness (strongly impact-
ed by yield stresses) as well strengthening coefficient rep-
resents essential parameters of metal powder plasticity.  

Tab. II shows that microhardness values increase with 
increasing pressing pressure. At higher pressing pressure, 
600 MPa, previous investigations1,3 show that the final 
stages of densification of powder particles are achieved. 
Therefore, the higher applied pressure at 700 MPa shows 
lower microhardness value due to the spring back effect as 
results of work hardening and exhaustion of plasticity in 
some local volume and relaxation. 

During PM production, the employed compaction 
conditions dictate the stress and density distribution in the 
green compact prior to sintering, these parameters having a 
profound influence on the overall strength of the final 
component. The distribution of stress and strain during 
pressing can be predicted by means of finite element meth-
od (FEM). FEM analysis helps understanding the com-
plexity of stress-strain processes6,7. Compressibility pa-
rameters K and n cover the plastic deformation processes 
performed during pressing as well as those defined by the 
physical significance. Moreover, they enable to quantify 
the intensity of the development of compaction facets. The 
dimensions of particle contact areas depend primarily on 
particle shape and the localization of plastic deformation 
depends on surface geometry and pressure level. This 
means that the compaction facets, as results of overall 
compressibility effect, depend on granulometry, compac-
tion pressure, and particle surface roughness form discon-
tinuous adhesive and mechanical particle contacts.  

 
4. Conclusion 

 
The results show that the development of compressi-

bility values with pressing pressure enables to characterize 
the effect of particles geometry and matrix plasticity on the 

processes performed during pressing. The compressibility 
results exhibit a high value of plasticity, as a property re-
lated to compressibility parameters K and n. 

 
R. Bidulský thanks the Politecnico di Torino, the Re-
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the fellowship. J. Bidulská thanks Slovak national project 
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The paper deals with the compressibility analysis of 

PM aluminium alloys Al-Mg-Si-Cu-Fe and Al-Zn-Mg-Cu-
Sn. Compaction pressures ranged from 50 MPa up to 
700 MPa. Considering the densification of metal powders 
in uniaxial compaction, quantification of aluminium com-
paction behaviour was performed using the linear regres-
sion analysis. The compressibility behaviour was evaluat-
ed in relation to geometry and mechanical properties of 
powder particles on pressing pressure as well as micro-
hardness values. The development of compressibility val-
ues with pressing pressure enables to characterize the ef-
fect of particles geometry and matrix plasticity on the 
compaction process. 

                             (3)  0.5175
p1161.0exp44.58P A:  

                             (4) B:   0.6181
p0.0479exp59.58P 

Table II 
Microhardness values of studied PM aluminium alloys at various pressing pressures  

No. / p 
[MPa]  

50 100 200 400 500 600 700 

A 17.8±4.2 21.4±4.3 25.4±5.9 29.4±4.2 32.2±2.6 34.6±3.5 35±3.6 

B 19.3±3.0 24.8±2.9 31.9±5.1 33.3±2.3 36.3±2.5 40.6±5.7 39.2±4.7 
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2.1. FEM model 

 
For prediction of the result of introducing additional 

phases into the composite, two-variant FEM model of the 
structure has been prepared. The Representative Volume 
Element (RVE) with dimensions 10.50.5m (X,Y,Z) 
has been taken instead of the bulk structure for making 
calculation time reasonable. The amount of all three filler 
phases was equal and together it came up to 15% of whole 
volume. The rest of the volume was the steel matrix. The 
fillers particles were mixed and randomly distributed in 
the whole RVE. 

Material models of the filler particles were taken as 
perfectly elastic with the following parameters: TiC: E = 
460 GPa, d = 4800 kg m–3; TiB2: E = 560 GPa, d = 4500 
kg m–3; B4C: E = 660 GPa, d = 2520 kg m–3. The matrix 
was modeled as elastic-plastic material with the following 
parameters: E = 193 GPa, d = 8000 kg m–3, yield stress = 
250 MPa.  

To simulate the bulk structure, periodic boundary was 
applied to the whole RVE and to estimate the mechanical 
properties of composites, simulation of the tension was 
used in which uniaxial monotonic displacement in X 
direction was applied to the opposite sides of the RVE. 
Value of the displacement was increased up to the value of 
2% of the RVE size and then decreased to the value of 
zero. 

The structure was meshed with C3D4 elements (a 4-node 
linear tetrahedron). To avoid any mesh changes, there 
were no remeshing rules used. After all preparing 
operations were finished and before the calculation stage, 
the model was copied and in the newly created version 
only the material parameters of B4C and TiB2 phases were 
replaced with the values equal to the TiC. Such prepared 
models were identical in every case (including geometrical 
shape of the mesh), except of the material properties of the 
particles representing filler phase of the composite. 
Additionally the model made of pure steel was prepared 
with the same technique to compare it to both composites 
types. As comprised parameter the reaction force 
measured in reference point in which the tension was 
applied was taken. The resulting plots of force courses for 
all three models are presented in Fig. 1.  

NUMERICAL MODELLING OF THE NANOCOMPOSITES IN STEEL/Ti-B-C SYSTEM  
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1. Introduction 
 

Metal matrix composites (MMCs) are the focus of 
intense research and development world wide for many 
industrial branches. B4C ceramics have some excellent 
physical and chemical properties. Its ultrahigh hardness, 
high wear and impact resistance, low specific weight and 
good chemical stability makes it suitable for application in 
ball mills, blasting nozzles, wheel dressing tools, wire 
drawing dies, rocket propellant light weight armour plates 
and mechanical seal faces, etc1,2. TiB2 and TiC have 
attracted great interest in their excellent mechanical 
properties, chemical resistance and good thermal and 
electrical conductivities. The composites containing the 
TiC and TiB2 phases are characterized by good fracture 
and wear resistance and the increase in their hardness 
along with the increase in temperature4,5.  

Our work presents the comparison of the results of 
investigations on 316L steel and nanocomposites 
manufactured by SLS/M method. The differences in 
mechanical properties between steel, 316L steel/TiC and 
316L steel/Ti-B-C composites based on the results of 
modelling by numerical method are presented. 
 
2. Experimental details and results 

 
The technology of the production of nanocomposite 

structures based on the Selective Laser Sintering/Melting  
technology has been worked out6–8. The stainless steel 
316L was used as a matrix and as the filler nc-TiC and nc-
Ti-B-C powders were used. Before the SLS/M the 
powders were prepared by ball-milling method. In the 
SLS/M process the following parameters were used: the 
laser power: 5000 mA; the exposure time: 200 s, s layer 
thickness: 50 m. Samples were subjected to hardness 
tests for quick estimation of the mechanical parameters. 
Hardness and modulus measurements were performed on 
MTS Nano Indenter XP using Brekovich tip (Tab. I). 

 

  H [GPa] E [GPa] 
Steel 316L 4,77 201 
60% vol TiC 9,93 230 
20% vol Ti-B-C 17,75 263 

Table I 
Hardness (H) and elastic modulus (E) values of the samples 
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In the Fig. 2 the result of the subtraction of the forces 
values obtained from the steel/TiC composites from the 
forces values obtained from the steel/(TiC+TiB2+B4C) 
composite are presented. 

As can be seen, the differences between both 
composites are very small and the significant difference is 
observed in the case of pure steel. Because of using 
periodic boundary conditions, the resulted values 
representing mechanical properties of the pure steel model 
are equal in whole RVE, which proves ideal representation 
of bulk structure. In the case of composite, inclusions are 
generating variable values of the same parameter (plastic 
strain for example), which apparently can cause the 
composite stiffness increase and because of big amount of 
small particles in nanocomposites, it can be one of the 
reasons of superhardness effect. 

The presented approach for the FEM modelling of the 
nanocomposite structures allows to predict mechanical 
properties of its different variants before the real material 
will be created, what can significantly increase the 
efficiency of the new materials designing9,10. 

 

3. Conclusion 
 
Nanoindentation tests have shown that the hardness 

and elastic modulus increase in following order: 316L 
steel, TiC/steel and (Ti-B-C)/steel nanocomposites 
respectively. 

The numerical analysis showed that the composites 
stiffness is noticeably higher in comparison to the steel. 
The mechanical properties (stiffness) of the composite 
with boron presence are better (higher stiffness) in 
comparison to the steel and composite with TiC. The 
presented differences in values of reaction force are small. 
This results from the small sizes of analysed structures. 
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the Nanocomposites in Steel/Ti-B-C System  
 

The Selective Laser Sintering/Melting process was 
used to prepare Ti-B-C/316L stainless steel nanocomposite 
materials. Hardness and elastic modulus measurements 
were performed on MTS Nano Indenter XP. The 
differences in mechanical properties between steel, 316L 
steel/TiC and 316L steel/Ti-B-C composites based on the 
results of modelling by numerical method have been 
presented.  

Fig. 1. Values of the reaction forces during the load and un-
load of the samples  

Fig. 2. Values of differences of the reaction forces between 
TiC-steel and TiC+TiB2+B4C-steel composites 
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1. Introduction 

 
A failure of construction elements depends on the 

position of a critical place and its local mechanical proper-
ties which are related to processing technology of the giv-
en machine part. In the case of a casted piston of two-
stroke combustion engine, the local mechanical properties 
are affected predominately by the casting technology1,2. 
The decisive factors are especially: tension strength, criti-
cal deformation, modulus of elasticity, fatigue strength. 
These factors are influenced greatly by the casting 
method3. A cooling rate during casting is the most im-
portant factor with regard to material microstructure and 
its mechanical characteristics. An ultimate tensile strength 
(UTS) correlates well with the secondary dendrite arm 
spacing (SDAS)4. During the evaluation of reliability an 
assumption that the mechanical properties of material are 
homogenous is usually taken into consideration. However, 
the real differences in microstructure cause a variability of 
mechanical characteristics in individual localities of the 
same material. 

Pistons of combustion engines are usually made of 
the near eutectic aluminium-silicon alloys. Since the mi-
crostructure of a cast differs in its various areas, there are 
also different values of mechanical properties and it is 
insufficient to take into consideration the mechanical char-
acteristics of the global cast material. 

One of the possibilities how to determine the ultimate 
tensile strength is based on the secondary dendrite arm 
spacing (SDAS). There are well-known relations between 
the tensile strength and microstructure of silumins5: 

UTS = 270 – 1.4399 SDAS          (1) 

where: UTS – ultimate tensile strength [MPa], SDAS – 
secondary dendrite arm spacing [m].  

The main purpose of this work is to determine the 
local values of the strength by means of metallographic 
analysis, as well as to define the critical areas of the piston 
using a finite element analysis.  

2. Experiments 
 
The gravity casted piston of the company Vertex 

made from near eutectic aluminium-silicon alloy was pro-
vided for this study. The piston was cut into two cross-
section parts. The samples were prepared from its various 
areas in order to apply metallographic light microscopy 
which enables a statistical analysis of microstructure. The 
secondary dendrite arm spacing (SDAS) was measured in 
specific parts of the piston by identifying and measuring 
small groups of well-defined secondary dendrite arms on 
the screen of the image analyzer.  

SDAS = d/n                  (2) 

where: d – length of the line drawn from edge to edge of 
measured arms, n – number of dendrite arms.  

The volume fractions of the constituents were quanti-
fied with the image analysis (Fig. 1) of the microstructure.  

 

 
 

Fig. 1. Microstructure of silumin 
 
The values of von Mises stress, vM, were determined 

in the next step in the selected areas of the piston by means 
of the FEM using the Cosmos software. The material was 
considered to be elastic and the dimensions of analysed 
positions (Fig. 2) were from several hundreds μm to 1 mm 
in the size. 

 
3. Results of measurement 

 
The values of the secondary dendrites arm spacing in 

individual areas of the microstructure are presented on 
Fig. 3. The difference between the minimal value (24 m) 
and the maximal value (47 m) is 96 %. From a quantifi-
cation of the constituent phases, Fig. 4, results that the 
volumetric share of eutectics increases from the position 1 
(upper position) to the position 5 gradually (position of 

ASSESSMENT OF THE CRITICAL PLACES IN THE CASTED PISTON BASED  
ON A LOCAL STRENGTH – MICROSTRUCTURE MODEL 
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sealing flap). A supplement to the 100 % of the whole 
creates the dendrite -phase. Analysing together the vol-
ume fraction of the eutectic phase with the SDAS results it 
is interesting to highlight the fact that a relation exists be-
tween them: the region with higher values of the SDAS 
has got a small amount of eutectic phase and reverse the 
region with the smaller values of the SDAS has got higher 
values of the eutectic phase.  

 
4. Discussion  

 
The critical positions are such places where the ratio 

between the local loading stress and the local strength is 
the highest.  

Thus, estimative prediction of the cast aluminium 
component properties should be made based on local ma-
terial mechanical properties, which enables to calculate the 
ratio of stress vs. ultimate tensile strength. Local mechani-
cal properties may be obtained by local metallographic 
analysis.  

The ultimate tensile strength UTSSDAS was then cal-
culated from experimentally determined values of SDAS 
according relation (1) in all specific positions 1–5. The 
results of microstructure evaluation (SDAS) and local 
strength value UTSSDAS are presented in the Tab. I. It can 
be seen that there is a change in SDAS of about 100%, as 
occurs between positions 5 and 1, and that it is equivalent 

Fig. 2. Analysed positions in the piston: 1. upper surface (US),  2. piston rings (PR),  3. pin (P), 4. Seeger ring (SR),  5. sealing flap (SF) 
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to significant changes in UTS, e.g. the stress level changes 
from about 236 to 202 MPa (about 17 %). 

The FEM stress analysis6 of the loaded piston, Fig. 5, 
proved that there are predominately two important critical 
areas with high stress: the upper holes of the piston pin (3) 
and the piston head (1) with the piston rings (2), Fig. 6. 
The stress values FEM for each of the piston position 
(Fig. 2) obtained by means of the FEM are in Tab. I. 

 A global design uses only one material value for the 
whole component, e.g the UTS=236 MPa for the micro-
structure with the highest strength. The corresponding 
relative load FEM / UTSSDAS,max is in the 4rd column in the 
Tab. I. These values are different from those obtained by 
means of a local approach which are the values of the 
stress FEM related to the real ultimate tensile stress values 
UTSSDAS obtained by the metallographic way based on the 
SDAS in different positions of the component, FEM/
UTSSDAS, Tab. I, 5th column. The difference between local 
and global approach can reach up to 16.7 %. 

These differences can be relevant mainly in the case 
of fatigue loading, in this case also changes  of positions of 
the critical areas can be expected7.  
 

5. Conclusions 
 
The values of local strength were determined in se-

lected specific positions of piston casted from the silumin 
alloy based on relation between UTS and microstructure 
parameter SDAS. The difference between local and global 
approach reach up to 17 % for selected  positions of the 
whole component. Ignoring the real local load can cause 
an early failure of component. 

 
This study was supported by  the grant tasks „VEGA 
1/0356/11 Innovative Processes in Design of Driving Units 
for Transport Machines and Optimisation of Material 
Flows and Logistics in Order to Save Energy and to In-
crease Reliability for Application Purposes in Practice“ 
and „Research Centrum for Control of Technical, Envi-
ronmental and Human Risks for Sustainable Development 
of Production and Products in Engineering“. 
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Table I 
Measured and calculated values of SDAS and load for different positions in the piston 

Position SDAS [m] UTSSDAS 
[MPa] 

FEM 
[MPa] 

FEM / 
UTSSDAS,max 

global 

FEM / 
UTSSDAS 

local 

local-global 
[%] 

1 upper surface 47.0 202 56 0.237 0.277 16.7 

2 piston rings 45.6 204 78.4 0.332 0.384 15.6 

3 pin 37.9 215 96 0.407 0.446 9.6 

4 Seeger ring 31.5 225 44 0.186 0.196 5.1 

5 sealing flap 23.6 236 21.2 0.080 0.090 0.1 

Fig. 5. Pressures and limitations applied on piston surfaces Fig. 6. Stress distribution in critical positions 
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P. Bigoš, M. Puškár, and L. Pešek (Technical uni-
versity of Košice, Košice, Slovak Republic): Assessment of 
the Critical Places in the Casted Piston Based on 
a Local Strength – Microstructure Model 

 
The study analyses the critical positions in the com-

bustion engine pistons produced by gravity casting of near 
eutectic aluminium-silicon alloys. The local strength in 
various positions was calculated from secondary dendrite 
arm spacing in the microstructure, the real local load was 
calculated via finite element analysis. The global strength 
approach uses one strength value for the whole compo-
nent, while the local approach uses the local strength val-
ues depending on local microstructure. The difference 
between both local and global strength approach can reach 
up to 17 %.    
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1. Introduction  

 
 Thermally-sprayed coatings belong to the dynami-

cally developing field of surface engineering1,2. These high
-quality functional coatings are applied in the basic indus-
try, as well as in renovations3, mainly due to their excellent 
properties, which are characterized by high wear re-
sistance4–8, corrosion resistance and resistance against high 
temperatures9,10. Thanks to a wide range of different com-
binations of coating–substrate materials, thermal spraying 
offers as many possibilities as no other technology of coat-
ings deposition. HVOF (High Velocity Oxygen Fuel) is 
one of the technologies, which form coatings with very 
low porosity (<1 %) compared with the basic material and 
with high adhesion strength (> 80 MPa). The substrate 
undergoes minimal thermal changes during spraying. The 
roughness of the resulting coating surface is low. 

Thanks wide variety of suitable materials and their 
combinations, the area of utilization thermally sprayed 
coatings is very broad. It is possible to deposit coatings of 
various materials from pure metals to special alloys. Prop-
erties of cermet-based coatings are given by the type, mor-
phology and size of hard particles and their volume frac-
tion in tough matrix. 

This paper presents results of assessesment of HVOF 
coatings. The coatings were subjected to cyclic thermal 
stress. Their tribological properties were evaluated under 
conditions of erosive wear. The quality of coatings was 
mearsured by pull-off testing, microhardness testing, and 
by EDX analysis. The experimental conditions were set to 
simulate the operating conditions of iron manufacturing in 
a basic oxygen furnace (BOF). 

 
2. Materials and methods  

 
The substrate for application of the coatings was 

C15E carbon steel (STN 41 2020, 12 020, 1.1141). Chemi-
cal composition of the steel is listed in Tab. I. 

 
 

Mechanical properties of the steel substrate: tensile 
strength 740–880 MPa, yield strength ≥ 440 MPa. The test 
samples were made from Ø 50 mm round bar with a length 
of 15 mm. 

Substrate pre-treatment: test samples were pre-treated 
by air grit blasting at air pressure of 0.5 MPa with brown 
corundum with a grain size of 1.00 mm. 

Three types of coatings were deposited by HVOF 
technology on pretreated samples: WC-729-1/1343 VM 
(WC-17Co), WC-731-1/1350 VM (WC-Co-Cr) and CRC-
300-1/1375 VM (Cr3C2-25NiCr). Materials were supplied 
in the form of powder, agglomerated and sintered, pro-
duced by Praxair, Inc., USA. Tab. II shows chemical com-
positions of the powders. 

The equipment JP-5000, Praxair TA employed in the 
experiment uses the HP/HVOF (High Pressure / High Ve-
locity Oxygen Fuel) process with System Powder Feeder 
1264. The surface of deposited coatings was not condi-
tioned after spraying. Spraying parameters are listed in 
Tab. III. 

The thickness of coatings was determined by 
a magnetic thickness gauge. Adhesion of coatings was 
evaluated by the pull-off test according to STN EN 582 
using a tensile machine ZDM 10/91. 

After the pull-off adhesion test, the tensile stress re-
quired to sever the weakest inter-phase bond (adhesive 
fracture) or to rupture the weakest structure component 
(cohesive fracture) was determined and fractographic as-
sessment was performed.  

CHANGE IN PROPERTIES OF HVOF COATINGS UNDER CONDITIONS  
OF THERMAL CYCLIC LOADING 

C Mn Si P S 

0.12–0.18 0.30–0.60 0.15–0.40 max 
0.035 

max 
0.035 

Coating C Co Fe W Cr Ni 

C-17Co 
1343 

5.5 16.2 0.036 78.4 – – 

WC-Co-
Cr 
1350 

5.5 9.9 0.02 80.58 3.9 – 

Cr3C2-
25NiCr 
1375 

10 – – – 68.5 21 

Table I 
Chemical composition of the steel substrate (mass %)  

Table II 
Chemical compositions of the powders sprayed 
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Microhardness was measured according to STN ISO 
4516 on Shimadzu HMV-2E test equipment, with the load 
of 980.7 mN (100 g) and a dwell time of 15 s. Samples 
were subjected to cyclic thermal load in an electric cham-
ber furnace according to the following schedule: 
1. heating to 900 °C, 
2. dwell in the furnace for 20 minutes, 
3. cooling of samples in still air to ambient temperature. 

Samples were subjected to 10 thermal cycles. After 
the 3rd, 5th, 8th and 10th thermal cycle, samples were 
collected to evaluate the adhesion of coatings. Structure 
and chemical composition of coatings were studied using 
the scanning electron microscope (SEM) JEOL JSM – 
7000 F with INCA EDX analyzer for local chemical analy-
sis. 

To simulate the process conditions in BOF (impact 
and flow of oxides in BOF gas), the coatings were subject-
ed to erosion wear at abrasive impact angles of 45° and 
75°. To simulate the process of oxide impact, a laboratory 
mechanical blasting device KP-1 was used that allows the 
circulation of abrasive to be monitored. The abrasive used 
– brown corundum (Al2O3) had a grain size of 1 mm. The 
intensity of coatings´ wear was evaluated using gravimetry 
(mass loss of the coating). Peripheral speed of the blasting 
wheel was 5.0 m s–1 and the exit speed of abrasive was 
70.98 m s–1. 

 
 

3. Results and discussion 
 
Thicknesses of the as-sprayed coatings were as fol-

lows: 1343–234 m, 1350–356 m and 1375–393 m. 
The highest microhardness values (Fig. 1) was found in 
the coating 1350 (1447 HV 0.1). It was due to a high con-
tent of tungsten and an addition of cobalt. In comparison, 
the coating 1343 contains tungsten at lower concentration 
and showed a lower value of microhardness (1010 
HV 0.1). The lowest microhardness values were found in 
the coating 1375, which has a high content of chromium 
and is tungsten-free (975 HV 0.1). 

Thermal cycles caused changes in microhardness of 
specimens. The most significant change occurred in the 
coating 1343. The hardness of the coating 1375 decreased, 
whereas that of the coating 1350 slightly increased. These 
values are related to structural changes in the coatings. 

Fig. 2 shows fracture surfaces and the appearance of 
surfaces of the coatings upon thermal cycles. 

EDX spectral analysis of the coating 1343 revealed 
the presence of two basic phases – solid WC particles and 
cobalt, which is in line with the chemical composition of 
the powder. EDX spectral analysis of the coating 1350 
showed the presence of WC particles, chrome and cobalt 
matrix, in which WC particles were embedded. EDX spec-
tral analysis of the coating 1375 confirmed the presence of 
large particles of Cr3C2 and the prevailing component of 
the coating 1375: nickel-chromium matrix. The matrix and 
hard particles of WC and Cr3C2 are well visible on frac-
tures of the coatings, Fig. 2. 

Despite its high hardness, the coating 1350 suffered 
thermal cracking after 3 thermal cycles, as seen in Fig. 2 – 
showing the surface after thermal cycles. The surface of 
coating 1343 covered with a layer of blue oxides and 
showed strong chalking during the thermal cyclic loading.  
The coating 1375 retained its aesthetic and tactile qualities 
after thermal cycles. The appearance of surfaces of coat-
ings during thermal cyclic loading and the character of 
their fractures are also shown in Fig. 2. Results of the eval-
uation of coatings adhesion are shown in Fig. 3.  

The adhesion of coatings already decreased after three 
thermal cycles but then it remained almost constant during 
subsequent thermal loading. 

The coating 1375 did not fracture in the pull-off test. 
Its adhesion may therefore be considered to be higher than 
the value listed. 

Fig. 4 depicts the dependence of erosive wear on im-
pact angles of abrasive. For all types of coatings, very 
similar dependences were observed. Higher weight losses 
were recorded at an impact angle of 75° in all types of 
coatings. Literature data suggest that hard materials, such 
as the coatings suffer heavier wear at larger impact angles. 
This was confirmed by the experiment. 

The intensity of erosive wear is influenced by the 
ratio of the coating – abrasive hardnesses and by the struc-
tural characteristics of the coating. Wear intensities in all 
coatings were almost identical, being higher at the impact 
angle of 75°. More complex surface states were reached at 

Particle 
 velocity 

Adhesion Oxide 
content 

Porosity Deposi-
tion 

power 

Typical 
coating 

thickness 

[m/s] [MPa] [%] [%] [kg/h] [mm] 

  600 -
1000 

< 70 1 - 2 1 - 2 3 - 6 0.2 - 2 

Table III 
Parameters of spraying 

Fig. 1. Trend in microhardness in coatings 
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75° impact angle, material was removed and new surface 
configuration followed the direction and shape of the inci-
dent abrasive. 

At larger impact angles, the forging effect of the abra-
sive prevails, whereas at smaller impact angles, the groov-
ing effect dominates. 

 
4. Conclusion 

 
The coating 1350 (1447 HV 0.1) showed the highest 

hardness, whereas the coating 1375 (975 HV 0.1) showed 
the lowest hardness value. The coating 1350 cannot be 
used in the environment of BOF with high and fluctuating 
temperatures because of it cracks after a few thermal cy-
cles. This would disrupt its protective function and allow 
high temperature corrosion of the substrate. At high tem-
peratures, the coating 1343 showed strong chalking. This 
may cause significant losses in weight (and consequently 
in thickness) of the coating and reduce its durability. The 
coating 1375 showed lower hardness than others, retained 
its integrity and adhesion during thermal cyclic loading. 
No other qualitative changes occurred in this material. Its 
resistance to erosive wear was equal to that of the other 
coatings.  

Based on the experimental results obtained the recom-
mend for renovation of components operating under ex-
tremely high and cyclic temperatures and erosion wear 
condition would be the coating 1 375 (Cr3C2-25NiCr).  

 
This paper is a result of the project: “Unique equip-

ment for evaluation of tribocorrosion properties of the 
mechanical parts surfaces“ (ITMS: 26220220048) sup-
ported by the Research & Development Operational Pro-
gramme funded by the ERDF and Grant Scientific Project 
KEGA No. 059TUKE-4/2012. 
 
REFERENCES 

1. Sololenko O. P.: Thermal Plasma Torches and Tech-
nologies. Cambridge international science publishing, 
Cambridge 2000. 

2. Suryanarayanan R.: Plasma Spraying: Theory and 
Aplicattions. CNRS, London 1993. 

3. Tan J. C. L., Looney M. S. J., Hashmi: J. Mater. Pro-
ces. Technol. 92-93, 203 (1999). 

4. Kašparová M., Zahálka F., Houdková Š.: Proceedings 
from conference METAL, Hradec nad Moravicí, pp.1- 
4 (2009). 

5. Kupková M., Jakubéczyová D., Hagarová M.: Meta-
lurgija 49, 203 (2010). 

6. Bidulský R., Actis Grande M., Bidulská J., Vlado M., 
Kvačkaj T.: High Temperature Materials and Proces-
ses 28,  175 (2009). 

7. Guilemany J. M., Miguel J. M., Vizcaíno S., Lo-
renzana C., Delgado J., Sánchez J.: Surf. Coat. Tech-
nol. 157, 207 (2002). 

8. Ábel M.: Transfer inovácií 10, 157 (2007). 
9. Matthews S., James B., Hyland M.: Surf. Coat. Tech-

   
Fractures of coatings (SEM) 

   
Surfaces of coatings after 10 thermal cycles (mag. 50x) 

1343           1350           1375 
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Fig. 3. Adhesion of coatings after thermal cycles 

Fig. 4. Erosive wear of coatings 
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J. Brezinová, A. Guzanová, and M. Egri (Technical 
University of Košice, Faculty of Mechanical Engineering, 
Department of Technology and Materials, Slovakia): 
Change in Properties of HVOF Coatings under Condi-
tions of Thermal Cyclic Loading 
 

This contribution presents interim results of evalua-
tion of changes in local mechanical properties of HVOF 
coatings. The research was aimed at changes in microhard-
ness of composite coatings deposited by the high velocity 
oxygen fuel process. The evaluated coatings were subject-
ed to high-temperature cyclic loading. Microhardness of 
the coatings was measured on cross-sections of samples. 
Three types of coatings based on WC-Co, WC-Co-Cr and 
Cr3C2-25NiCr were examined. Their microstructure was 
studied using SEM-EDX techniques. 
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Introduction 
 

Continuous casting rolls provide of slab movement in 
the line and are therefore the key equipment of a line for 
continuous casting of steel. Their reliable operation is 
closely associated with their lifetime, which can be extend-
ed by renovation1–4. 

Wear affecting rolls in continuous casting of steel is 
illustrated in Fig. 1 and Fig. 2 depends on the location of 
the rolls in the continuous casting line, on the temperature 
of cast slabs, surface temperature of the rolls, method of 
cooling, cooling water quality and other factors. 

The paper explores the impact of heating cycles on 
micro-hardness of cladding layers. 

 

 
Experimental 
 

The continuous casting roll of 180 mm in diameter 
examined in this study was renovated by welding. The roll 
was part of the curvilinear section of the continuous cast-
ing line shown in Fig. 3. It was made from forged steel 
41CrMo4 EN 10083-1-91 with chemical composition giv-
en in Table I. 

 
 
 

The three-layer weld cladding was created on the 
surface of the roll by submerged arc welding technology 
(SAW) according to EN ISO 121 4063. The clad was cre-
ated without an interlayer, using Weldclad GU125LZ – 
COREWIRE equipment. This device allows welding   

EFFECT OF WORKING TEMPERATURES ON  PROPERTIES OF CONTINUOUS 
STEEL CASTING ROLLS CLADDING LAYERS 

Fig. 1. Surface of the roll:          
the crack caused by thermal 
fatigue  

Fig. 2. Exfoliation  of clad-
ding layers caused by com-
bined  loads  

Table I 
Chemical composition of steel  41CrMo4 roll EN 10083-1-
91 (in wt. %), balance of Fe 

C Mn Si Cr Ni Mo P S Fe 

0.41 0.63 0.26 1.12 0.27 0.18 0.017 0.015 bal. 

Fig. 3. Continuous casting line 

Element Wire 
A B C 

C 0.1 0.25 0.3 
Si 0.6 0.6 0.6 
Mn 1.0 1.0 1.0 
Ni 2.5 0.25 – 

Cr 12.2 9.0 12.2 
Mo 0.8 2.0 0.75 
Nb 0.15 – – 

Cu – – – 

V 0,15 – 0,15 

Table II 
Chemical composition of weld wires (in wt. %), Fe bal. 
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parameters to be changed in the course of rotation of the 
roll during the renovation. 

Weld wires  W3-WLDC3 (A), W5HT-WLDC 5Mod 
(B) and W8-WLDC8 (C) with a diameter 3.2 mm from 
COREWIRE, Ltd., UK were used for making the clad-
dings. Chemical compositions of the wires (as declared by 
the manufacturer) are given in Table II. 

Universal flux suitable for weld wires with iron con-
tent of up to 50 % was used. Its chemical composition is 
given in Table III. 

Prior to cladding, the roll was preheated to 400 °C. 
After cladding, it was wrapped and cooled to room tem-
perature. Then it was pre-heated in furnace at 500 °C and 
held for 8 hours, then slowly cooled in the furnace. Weld-
ing parameters are listed in Table IV. 

The samples for metallographic analysis, thermal 
cycles and microhardnesss testing were taken from the 
renovated roll´s surface. 

Microhardness was measured by Vickers method, 
described in the standard STN EN 1043-2, on SHIMAD-
ZU HMV-2 on polished transverse metallographic sec-
tions. The work load was 980.7 mN (HV 0.1). Test sam-
ples were exposed to thermal cycles at 900 °C for 120 s. 

Subsequently, the samples were cooled in water at 18 °C. 
Fig. 4, 5 and 6 document cladding microhardness 

before the thermal load and upon the first and the fifth 
thermal cycle. 

The highest values of microhardness during thermal 
cycles were measured in the cladding made of welding 
wire C – 600 HV 0.1. Microhardness value is consistent 
with the chemical composition of the welding wire, espe-
cially with the highest carbon content and also high chro-
mium content among the evaluated additional materials. 

Due to thermal cycles, microhardness values of all 
weld deposits decreased. The cladding made of weld wire 
A decreased about 150 HV 0.1, the cladding made of weld 
wire B to 60 HV 0.1 and cladding made of weld wire C 
there was found the decrease of microhardness of 130 HV 
0.1 in comparison with measured values before thermal 
cycles. The decline of microhardness values continued 
depending on the number of thermal cycles in all tested 
weld deposits. As for the microhardness values measured 
in the interlayer of cladding A, thermal cycles had not a 
major impact, but the microhardness of B and C weld de-
posits decreased compared to microhardness values 
measured before the thermal stress. 

Table III  
Chemical composition of the universal flux (in wt. %) 

(SiO2 + TiO2) (Al2O3 + 
MnO) 

(CaO+MgO) (CaF2) 

20 17 38 19 

Table IV 
Cladding parameters 

Wire Voltage 
[V] 

Current 
[A] 

Oscillation 
[mm] 

A 28 450 45 

B 26 600 47 

C 26 450 50 

Fig. 4. Microhardness before and during thermal load meas-
ured on cladding made by weld wire A 

Fig. 5. Microhardness before and during thermal load meas-
ured on cladding made by weld wire B 

Fig. 6. Microhardness before and during thermal load meas-
ured on cladding made by weld wire C 
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The microhardness values  measured in HAZ are in 
the range of 500 to 600 HV 0.1, which correspond to the 
chemical composition and used cladding parameters. The 
higher hardness was found in HAZ of cladding B. 

The microscopic analysis of each layer in renovated 
rolls was performed using light microscopy. 

The structure of the base material of the roll is 
formed by coarse-grained martensite. Results of micro-
scopic analysis are presented in Fig. 7.  

Fig. 7b presents the structural analyse of interlayer 
weld clad A, B, C, which is fine-grained martensite. The 
structure of heat affected zone (HAZ) is documented in 
Fig. 7c and consists of low-carbon martensite. 

Identified microstructure corresponds to the chemical 
composition of additional materials. Cover layer of weld A 
is formed by a low-carbon martensite-ferrite structure. 
Cover layer of weld B and C also has a ferrite-martensite 
structure, with less distinct grain boundaries. In the struc-
ture the presence of carbide precipitates has been reported. 
Based on the chemical composition of additional materi-
als, especially Cr and Ni, content of the precipitates is of 
the type M3C and M7C3 (ref.4,5). Molybdenum and other 
alloying elements, such as tungsten, vanadium and niobi-
um precipitate in the M7C3, M23C6 and M6C eutectic car-
bides and also carbides (e.g. Mo2C, VC), which is con-
sistent with the ref.6–10. The microstructure of the interlay-
er is formed martensite – ferrite structure as well. The 
HAZ has documented martensite of coarse texture. 

 
3. Conclusion 

 
Based on experiments realized by the evaluation of 

local mechanical properties of cladding metal parts and the 
HAZ can be concluded that the weld made by additional 
material B (W5HT-5Mod WLDC) resisted thermal cyclic 
stresses the best. The cover layer which is in practice sub-

jected to the most intense tribodegradation effects de-
creased its microhardness of 60 HV 0.1, while the addi-
tional material A decreased of 150 HV 0.1 and C de-
creased of 130 HV 0.1. The measured values correspond to 
the martensite structure of precipitation hardened ferritic 
carbides of M3C and M7C3 type. 

 
The contribution was elaborated within the Research 

Project KEGA No. 059TUKE-4/2012 and within the Re-
search Project ITMS 26220120060 – Management Re-
search Centre for technical, environmental and human 
risks to continuous development and production of prod-
ucts in engineering. 
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J.  Brezinová, J. Viňáš, and D. Lorincová 
(Technical University of Košice, Faculty of Mechanical 
Engineering, Department of Technology and Materials, 
Slovakia): Effect of Working Temperatures on  Proper-
ties of Continuous Steel Casting Rolls Cladding Layers 

 
 This contribution deals with properties evaluation 

of cladding layers realized by SAW - submerged arc weld-
ing 121 STN EN ISO 4063. Worn roll comes from curved 
sector of continual steel casting line and was made of ma-
terial 41CrMo4 EN 10083-1-91 by forging. There were 
three cladding layers deposited on the roll surface. For the 
renovation of the roll following welding wires were used 
W3-WLDC3, W5HT-WLDC 5Mod a W8-WLDC8, diam-
eter Ø 3.2 mm. Mixing of cladding layers and their micro-
structure using light microscopy were evaluated. On the 
created welds microhardness of the base material, heat-
affected area and cover area of the weld in the initial state 
and after the exploitation in simulated work environment 
was assessed. Heat cycles corresponded to work condi-
tions of continous casting rolls. 

  
a) b) c) 

  

A 

   
  

B 

   
  

C 

   

Fig. 7. Structures of weld clad A, B, C before the thermal 
stress 
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1. Introduction 
 

Based on EU legislative, classical solders based on 
lead and tin are being replaced by their lead-free alterna-
tives with the obvious aim to reduce health risks and envi-
ronmental problems. The search for a replacement solder 
material has been underway for some time and a number 
of formulations are already in use1. However, solutions 
presently used have often reliability problems caused by 
worse mechanical properties, higher tendency to oxidation 
and higher melting temperature. After a decade of research 
it is now an accepted fact that there is no universal replace-
ment for the traditional lead-tin solder. 

Nanoparticles of pure metals and alloys exhibit the 
depression of melting point compared to bulk materials2, 
hence they are able to aggregate and to form firm inter-
layer joints at low temperatures. Exploiting this effect in 
soldering industry can save energy, work and materials, 
and in particular it may subscribe to the solution of the 
above last mentioned problem3. 

In this work, Ag nanopowders were prepared as po-
tential low-toxic constituents of novel solders by a chemi-
cal wet synthesis with the aim to study the effect of 
melting temperature depression and to evaluate the me-
chanical properties of sintered layers prepared in various 
annealing regimes. 
 
2. Experimental 
 

Chemical wet synthesis of Ag nanoparticles procee-
ded in two steps. At first the complex of AgNO3 with do-
decylamine was prepared in acetonnitrile and subsequently 
it was broken down at elevated temperature (170 °C): 

 
         (1) 
 
      

 
(2) 

 
 
 

 
Resulting nanoparticles were separated as a solid product 
and stored in a toluene bath. They were characterized 
using a Philips CM12 STEM transmission electron micro-
scope (TEM). Model joints, i.e. sandwiches consisting of 
thin copper plates with Ag nanopowder interlayer were 
prepared and annealed at various temperatures (see Ta-
ble I). Samples 3, 4 and 5 were heated up inside the fur-
nace from the room temperature at 15 K min–1 rate 
(marked as “ramp” in the Table; heating time is not in-
cluded in the annealing time in the Table); the other sam-
ples were placed in the furnace already at the declared 
temperature (marked as “flash”). After annealing the sam-
ples were let in the furnace to cool down. Metallographic 
cross-sections were prepared from annealed samples and 
studied using a TESCAN LYRA 3 XMU FEG/SEMFIB 
scanning electron microscope (SEM) and a JEOL 
JSM6460 SEM with an Oxford Instruments energy disper-
sive X-ray (EDX) analyser. 
 

The main emphasis was placed on the characteriza-
tion of sintered Ag layers by means of nanoindentation ex-
periments. Microhardness and other mechanical properties 
of sintered Ag layers were measured by instrumented in-
dentation technique using a Fischerscope H100 depth 
sensing indentation tester equipped with Berkovich indenter. 

 
 

MECHANICAL PROPERTIES AND MICROSTRUCTURE OF MODEL LEAD-FREE 
JOINTS FOR ELECTRONICS MADE WITH USE OF NANOPOWDERS 

 

3

3

3 2 12 25

2 12 25 32

2 CH CN

CH CN

AgNO NH C H

Ag NH C H NO

 

  

  170 , 15min
2 12 25 32

170 , 15min 0
2 12 25( ) 2

C

C
x

Ag NH C H NO

Ag nano NO NH C H





   
  

Sample T [°C] t [min] Regime 

1 250 25 flash 

2 300 25 flash 

3 200 30 ramp 

4 250 30 ramp 

5 300 30 ramp 

6 350 25 flash 

Table I 
Thermal treatment of the samples 
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3. Results and discussion 
 

Fig. 1 shows TEM micrographs of Ag nanoparticles 
on a holey carbon film. The majority of particles have di-
ameter below 10 nm (Fig. 1a), with a narrow size distribu-
tion. Only sporadic clusters of larger particles were found 
(Fig. 1b). Overall quality of this in-house prepared na-
nopowder was better and the particle size smaller than the 
one of the commercial nanopowder (Fig. 1c) and the one 
of the nanopowder prepared in our laboratory a year ago 
using a slightly different method of wet chemical analysis 
(Fig. 1d), both reported in our similar previous studies4,5. 

Fig. 2 shows SEM micrographs of cross sections of 
interfacial regions of a selected subset of studied samples. 
All samples showed well sintered Ag layers with a small 
volume fraction of pores. Only the microstructure of Ag 
layer annealed at the lowest temperature of 200 °C reveals 
signs of the original powder-like constitution of the layer 
(Fig. 2c). Furthermore, the characteristic size of fuzzy ob-
jects in Fig. 2c is substantially larger than the average na-
noparticle size, meaning that we captured an intermediate 
stage of sintering with individual nanoparticles fully sin-

tered in compact clusters but the clusters incompletely sin-
tered in the macroscopic bulk material. 

An increasing thickness of interface layer was ob-
served with increasing temperature of annealing. Series of 
EDX analyses across the interface detected high oxygen 
content, which corresponds to formation of Cu2O inter-
layer. Comparing pairs of micrographs a vs. d and b vs. e 
in Fig. 2, it is seen that “flash” temperature setup produces 
(even in a slightly shorter time) more compact and homo-
geneous oxide layers with sharper interfaces and higher 
peak values of oxygen content.  

 The look of cross sections of sintered layers ob-
served in the SEM does not reveal any substantial dif-
ferences compared to previously studied materials after 
similar heat treatment4,5. However the local mechanical 
testing of the layers turned out to be more conclusive. Re-
sults of depth sensing indentation tests are summarized in 
Table II. Each value is the average of at least 
40 measurements. Martens hardness HM, indentation 
hardness HIT, elastic modulus EIT=E/(1–2), where E is 
Young’s modulus and  is Poisson’s ratio, and creep CR 
values were obtained at testing load of 5 mN. The creep 
values after 5 s dwell time are expressed as the percentage 
of the maximum indentation depth. 

The results show that the „flash“ annealing regime 
(samples 1 and 2) leads to slightly better mechanical 
properties than the „ramp“ annealing regime at the same 
temperatures (samples 4 and 5). An explanation of this dif-
ference may lie in the time dependence of the intensity of 
sintering proces. We suppose that during the slow heating 

Fig. 1. TEM micrographs of in-house prepared Ag nanopar-
ticles (a,b), a commercial product (c) and an older variant of 
in-house prepared Ag nanoparticles (d) 

Fig. 2. SEM micrographs (signal of backscattered electrons) 
of Cu/Ag interface in samples 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e), 
together with the results of EDX analyses across the interface 
in sample 5 (f)  
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up (the „ramp“ regime) individual nanoparticles at some 
temperature sinter to bigger clusters and in this stage they 
loose all the driving force for easy melting given by their 
small size. Further sintering of clusters is more dificult, re-
sulting in pores (observed best in Fig. 2c) and worse me-
chanical properties. 

The effect of annealing temperature is stronger than 
that of annealing regime. The values in Tab. II show 
a substantial improvement during the annealing tempera-
ture increase from 250 to 300 °C (samples 1 and 4 vs. sam-
ples 2 and 5). The results of indentation tests enabled us to 
settle the optimum thermal treatment. The mechanical pa-
rameters of samples 1, 2 and 6 treated in „flash“ regime 
showed less scatter than those of samples treated in 
„ramp“ regime. The highest hardness and elastic modulus 
[HIT=(1.82±0.15) GPa and EIT=(37±3) GPa] were achieved 
for sample treated at 300 °C in „flash“ regime. 

The comparison of the values shown in Tab. II with 
the results obtained previously on sandwiches prepared 
using a commercial Ag nanopowder4 [HIT=(0.6±0.2) GPa 
and EIT=(35±15) GPa] shows much better mechanical 
properties of recently presented Ag layers. The results of 
indentation tests of sintered Ag layers of an in-house Ag 
nanopowder prepared previously by different procedure5 
[HIT=(1.25±0.5) GPa and EIT=(35±7) GPa] showed a very 
large scatter of measured values because of the heteroge-
neous nanoAg grain size and sample porosity. The de-
crease in particle size to 10 nm and improvement in parti-
cle size uniformity led to well sintered nanoAg layers with 
low porosity. Consequently the scatter in mechanical pa-
rameters substantially decreased.  
  
4. Summary 
 

Mechanical properties of sintered layers of Ag na-
nopowder prepared in various annealing regimes were 
studied. Comparison between the in-house prepared Ag 
nanopowder and a commercial product shows smaller 
average particle size and more uniform particle size of the 
former. This leads to well sintered nanoAg layers with low 
porosity. Consequently the scatter in mechanical 
parameters substantially decreases. For Ag nanopowder 
the annealing temperature as low as 200 °C is sufficient to 

produce a continuous Ag layer and to form a firm junction 
between copper plates. A Cu2O transition layer of in-
creasing thickness is observed at the Cu-Ag interfaces an-
nealed at 200 to 350 °C. Mechanical properties of the sin-
tered Ag nanopowder layer reflect obviously the choice of 
annealing temperature. Moreover also other details play 
important role, namely the heating rate. The results of 
indentation tests enabled us to settle the optimum thermal 
treatment. The highest hardness and elastic modulus [HIT=
(1.820.15) GPa and EIT=(373) GPa] were achieved for 
sample treated at 300 °C in fast heating regime. 
 

The financial support was provided by the Czech 
Science Foundation (Project 106/09/0700). 
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lic): Mechanical Properties and Microstructure of 
Model Lead-Free Joints for Electronics Made with Use 
of Nanopowders 

 
Ag nanopowders were prepared as potential low-toxic 

constituents of novel solders by a chemical wet synthesis. 
Resulting nanoparticles were characterized using a trans-
mission electron microscope. Model joints, i.e. sandwiches 
consisting of thin copper plates with Ag nanopowder inter-
layer were prepared and annealed at various temperatures. 
Metallographic cross-sections were studied using a scan-
ning electron microscope. The main emphasis was placed 
on the characterization of sintered Ag layers on cross-
sections by means of nanoindentation experiments. Micro-
hardness and other mechanical properties of sintered Ag 
layers were measured by instrumented indentation with 
Berkovich indenter. Both the mechanical properties and 
the observed microstructure were compared with our pre-
vious results obtained on similar materials.  

Table II 
Results of depth sensing indentation tests 

Sample HM [GPa] HIT [GPa] EIT [GPa] CR [%] 

1 0.900.10 1.150.07 202 3.30.9 

2 1.080.25 1.820.15 373 1.30.4 

3 0.720.12 1.100.25 174 4.21.5 

4 0.870.14 1.200.18 184 3.51.2 

5 1.000.46 1.430.44 324 3.01.1 

6 0.850.06 1.070.09 352 3.01.0 
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coated steel was performed by Selected Area Electron Dif-
fraction (SAED) technique and by X-Ray diffraction 
(XRD). XRD investigation was carried out using Siemens 
D500 diffractometer (λ=1.54 Å) on plan view specimens. 
The analysis of SAED patterns was supported by JEMS 
software4. Surface topography was studied with Atomic 
Force Microscope (AFM) Dimension 3000 of Digital In-
struments (using Veeco SNL-10 indenters). 

Adhesion of the coating to the substrate was 
measured by micro-scratch technique using Rockwell sty-
lus. Scratch-tests were performed under increasing load 
(0.03–30 N) and scratch length of 3 mm. The COF of the 
substrate-coating system were measured on with a ball-on-
disc apparatus using Al2O3 ball with diameter of 1 mm. In-
dentation hardness and reduced elastic modulus were de-
termined with the CSM Micro Combi Tester (Vickers dia-
mond indenter and load in the range of 10 mN–50 mN). 
Indentation data were analyzed by Oliver & Pharr 
method5, (9 indentation tests were performed). 

 

3. Results and Discussion 
 
Microstructure 

 
Investigation of the coating’s microstructure by 

SAED and XRD revealed a presence of the W3C phase 
(cubic primitive, cp) within the coating. Ferrite and 
Fe3W3C (face centered cubic, fcc) were found in the steel 
substrate using Bragg-Brentano (B-B) and Grazing Inci-
dence X-ray Diffraction (GIXRD), incidence angle p=5°. 
The thickness of the coating was measured on SEM micro-
graphs (Fig. 1) as 1.8 m.  

The SEM-EDS investigation showed enrichment of 
tungsten in an intermediate layer. The TEM micrograph of 
the coating is presented in Fig. 2. 
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1. Introduction 
 

Coefficient of friction (COF) of engineering materi-
als may be decreased by application of low-friction nano-
composite nc-WC/a-C coating1,2.  

The aim of the present investigation was 
a microstructure characterization as well as determination 
of selected micro-mechanical and tribological properties 
(COF, hardness, Young’s modulus, coating’s adhesion to 
the substrate) of the nc-WC/a-C coating deposited on high 
speed steel by magnetron sputtering. 
 
2. Experimental details 
 

Prior to the coating deposition, the HS6-5-2 high 
speed steel (chemical composition is given in Table I) was 
heat treated as follows: heating to 1150 °C with two 
5 minutes’ steps (at 550 °C and 850 °C), annealed at 
1150 °C for 15 minutes and quenched in oil. In the last 
step steel was hold at 550 °C for one hour and cooled 
down with the furnace. The nc-WC/a-C coating was de-
posited by magnetron sputtering. The details of coating 
deposition are given in ref.3. An intermediate layer was de-
posited in order to improve the adhesion of the nanocom-
posite coating to steel substrate. 

Microstructural investigation was carried out by light 
microscopy (LM), scanning- and analytical transmission 
electron microscopy (SEM, TEM). The SEM investigation 
was performed by Zeiss NEON 1540EsB microscope 
equipped in Quantax 200 X-ray Energy Dispersive Spec-
trometer of Brucker. The TEM investigation was per-
formed by JEOL JEM-2010 ARP and FEI Tecnai G2 mi-
croscopes. Specimens for TEM were prepared as cross-
section lamellas by Focused Ion Beam (FIB) technique 
using Zeiss NEON 1540EsB. Phase identification of the 

Fig. 1. Microstructure of nc-WC/a-C coating on HS6-5-2 steel, 
SEM - cross section  

nc-WC/a-C coating 

substrate 

intermediate layer 
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The SAED patterns from the coating area exhibited 
high blur of diffraction rings due to amorphous structure, 
however based on an intensity profile analysis it was pos-
sible to identify W3C phase (a peak 111 ring is clearly visi-
ble). 

The nc-WC/a-C coating had a columnar structure 
which was observed on FIB prepared lamellas as well as 
on cross section thin foils prepared by Precision Ion 
Polishing System (PIPS). HRTEM investigation of similar 
coating deposited on titanium alloy revealed that micro-
structure consisted of different nanocrystaline tungsten 
carbides (size of 2–5 nm) embedded in an amorphous ma-
trix6.  

The thickness of the intermediate layer present be-
tween the coating and substrate was measured on TEM 
foils as 50 nm. 

The surface topography analysis was carried by AFM 
in areas of 50 m  50 m. The results indicated high sur-
face development: surface area factor, SAF=1.0577, root 
mean square Rq=14.7 nm and center line average height 
Ra=10.5 nm.  

 
Mechanical properties 

 
Coating hardness measured at 10 mN and 50 mN 

loading was similar and equal to about 12.5 GPa, reduced 
Young modulus was about 199 GPa. 

The investigated coating had a relatively good adhe-
sion to the substrate. First cohesive cracks appeared at 
relatively low load of 4 N during scratch test. However the 
adhesive cracks were formed at load of 24 N. It was found 
that the nanocomposite nc-WC/aC coating significantly 
decreased COF from 0.7 for an uncoated steel to 0.1 for 
the coated one.  

 

4. Summary 
 
The nc-WC/a-C coating was deposited on HS-6-5-2 

high speed steel by magnetron sputtering. Thickness of the 
coating was measured as 1.8 m. The coating consisted of 
nanocrystalline W3C carbides embedded in an amorphous 
C matrix. The coating had a good adhesion to the steel 
substrate. The coating decreases COF and improves wear 
resistance properties of the steel. 
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One possibility to improve friction properties of steel 

is deposition of nanocomposite coating. In this work the 
nanocomposite nc-WC/a-C coating was deposited on high 
speed H6-5-2 steel by magnetron sputtering. Microstruc-
ture investigation of the coating and the substrate were 
performed by means of scanning- and transmission elec-
tron microscopy (SEM, TEM) as well as X-ray diffrac-
tometry (XRD). It was found that the coating, 1.8 m 
thick, was consisted of the W3C phase (cubic primitive) 
embedded in an amorphous matrix. Selected properties 
(coating adhesion to the underlying substrate, reduced 
Young modulus, microhardness, coefficient of friction and 
wear resistance) were determined. The hardness of the 
coating was much higher than steel hardness. The nc-WC/
a-C coated steel exhibited and lower coefficient of friction 
then the uncoated steel.  

nc-WC/a-C 
coating 

Pt 

HS6-5-2 steel 

Fig. 2. Microstructure of nc-WC/a-C coating on HS6-5-2 steel 
and SAED pattern from marked area within the coating as 
well as intensity profile from marked line of SAED pattern  
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1. Introduction 
 

Silicon carbide (SiC) is a promising material for 
a variety of mechanical and high temperature applications 
as well as for use in microelectromechanical systems 
(MEMS) due to its excellent physical, chemical and me-
chanical properties.  

SiC films and coatings are one of the most commonly 
used forms of SiC as a functional material, especially due 
to low costs and relatively simple preparation.  

Amorphous hydrogen-free silicon carbide coatings 
(a-SiC) exhibit a variety of attractive properties, such as 
high hardness and wear resistance, low intrinsic stress, 
good thermal stability and adhesion to steel substrates. 
Furthermore, their high hardness can be reached by 
performing deposition at room temperature that is 
technologically beneficial. On the other hand, they possess 
high coefficient of friction, especially in comparison with 
carbon-based coatings1–3.  

Various practical applications of thin films and 
coatings require specific combinations of their mechanical 
properties like hardness, toughness, wear resistance, coef-
ficient of friction and others that can often be hardly com-
patible. In this respect the interrelationship between depo-
sition conditions, composition, structure and mechanical 
properties is a key issue. 

The aim of this paper is to outline how the deposition 
conditions of DC magnetron sputtering affect mechanical 
properties (hardness, modulus of elasticity and coefficient 
of friction) of amorphous and nanocrystalline SiC thin 
films and how to prepare SiC films with specific combina-
tions of mechanical and tribological properties. The first 

part deals with the effect of substrate bias and temperature 
whilst the second part with carbon concentration. The 
hardness of the films is also compared with the corre-
sponding single crystal. 
 
2. Experimental details 
 

Amorphous and nanocrystalline SiC films were de-
posited by DC magnetron sputtering using the Leybold-
Heraeus Z 550M sputtering plant. The target-substrate dis-
tance was 50 mm and the discharge power was typically 
300 W. All the films were prepared on the Si(111) sub-
strates except the films for tribological tests that were de-
posited on steel substrates.  

In the first case DC sputtering of hot pressed conduc-
tive SiC1.1 target in argon at pressure of 0.5 Pa was used. 
Hydrogen-free a-SiC films were deposited on grounded or 
biased substrates. A bias voltage ranging from 0 to –160 V 
was applied at deposition to unheated substrates using 
13.56 MHz power source. Some films were deposited on 
substrates preheated to temperatures of 200, 400, 600 and 
750 °C.  

In the second case amorphous hydrogenated silicon 
carbide films (a-SiC:H) were sputtered from SiC1.1 target 
in the gas mixture of argon and CH4. Flow rate of CH4 was 
changed from 0 to 12 sccm in order to prepare films with 
various carbon concentrations, corresponding CH4/Ar ratio 
varied in the range of 0–48 %. Bias voltage of –55 V was 
applied on the unheated substrates.  

The film structure was studied by micro-Raman spec-
troscopy. Composition was investigated using electron 
probe X-ray microanalysis (EPMA). Internal stress was es-
timated according to the Stoney’s classical formula4. 

Nanoindentation was performed using the Nano-
TestTM NTX system in a load controlled mode with a cali-
brated Berkovich tip. Indentation Hardness and reduced 
modulus were determined from nanoindentation curves 
using the analysis by Oliver and Pharr5. The peak load of 
20 mN was chosen in order to ensure fully plasticity and 
minimize the influence of surface roughness and other ef-
fects related to the shallow indents, whilst ensuring that 
the maximum depth did not exceed ~13 % of the film 
thickness. So the presented hardness and elastic modulus 
values can be considered as film-dominated. The average 
values of hardness and reduced elastic modulus were cal-
culated from 5 independent measurements. The reduced 
indentation modulus Er that takes into account also the 
elastic deformation of the indenter is defined as  

where E and , and Ei = 1141 GPa and i = 0.07, describe 

EFFECT OF DEPOSITION CONDITIONS ON MECHANICAL PROPERTIES  
OF MAGNETRON SPUTTERED SiC THIN FILMS 
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the elastic modulus and Poisson’s ratio of the sample and 
the indenter, respectively.  

Pin-on-disc tribometer with alumina ball with diame-
ter of 6 mm was used for investigation of coefficient of 
friction. Samples were tested at normal load of 5 N and 
sliding velocity of 1 cm s–1 for a sliding radius of 5 mm. 
Each test consisted of 2000 cycles. 

 
3. Results and discussion 

 
3.1. Hydrogen-free amorphous SiC films  

 
Thickness of the hydrogen-free SiC films deposited in 

pure argon varied in dependence on deposition conditions 
in the range of 3.2–4.4 m. The carbon concentration 
changed only slightly with the changing substrate bias or 
temperature and was approx. 52 at.% for all of the films. 
That means that the change of mechanical properties is 
linked with the change of the film structure. 

Raman spectroscopy pointed out that all of the inves-
tigated films are amorphous except the film deposited at 
750 °C, where traces of crystalline phase were revealed. 

Indentation hardness and reduced modulus of a-SiC 
films deposited on unheated substrates as a function of 
negative substrate bias are shown in Fig. 1. As can be seen 
hardness and reduced modulus decrease with increasing 
bias voltage. Compressive stress of these films initially in-
creases to 1.4 GPa along with increasing bias voltage up to 
–100 V and then decreases.  

These effects are connected with the creation of nu-
merous point defects and reduction of the short-range or-
der and strength of interatomic bonding due to the ion 
bombardment. The influence of increasing Ar concentra-
tion in the films is also probably involved6. 

Increase of substrate temperature during deposition 
results in gradual increase of indentation hardness as well 
as reduced modulus as can bee seen from Fig. 2. This posi-
tive correlation between hardness and modulus is well 
known for hard coatings and has been frequently reported 
in the literature7,8. Increase of deposition temperature 

simultaneously leads to the monotonous decrease of com-
pressive stress in the films and improvement of the atomic 
short-range order and the bonding between the clusters9. It 
should be noted that the film deposited at 750 °C, where 
the partial crystallization of SiC takes place inside the 
amorphous matrix, posses hardness of 40 GPa that is sig-
nificantly higher in comparison with approx. 36 GPa of -
SiC(001). The details are given in ref.10. 

 
3.2. Hydrogenated amorphous SiC films   
 

Although the amorphous Si48C52 films possess high 
hardness, they also exhibit very high coefficient of friction 
of approx. 0.7.  

It is well known that for good tribological perfor-
mance the weak bonding between contacting surfaces and 
low surface roughness are required. In the case of amor-
phous carbon based films the former is fulfilled due to the 
layered structure with weak van der Vaals bonding be-
tween layers9. The surface roughness of amorphous films 
is generally lower than for crystalline ones. 

The a-SiC films with various excess of carbon were 
deposited by adding CH4 to Ar during deposition at bias 
voltage of –55 V in order to investigate the possibilities of 
reduction of coefficient friction. Such approach allowed to 
limit a content of hydrogen in the films in comparison to 
other deposition methods11. 

Fig. 3 describes the indentation hardness and reduced 
modulus of a-SiC:H films with thickness of 1.9–2.5 m as 
a function of carbon concentration. As the carbon content 
increases from 52 at.% to 92 at.% the hardness and modu-
lus decreases from 23 to 10 GPa and from 222 to 97 GPa, 
respectively. Increase of carbon concentration also leads to 
reduction of compressive stress from 1.1 to 0.3 GPa. It is a 
result of atomic bonds termination by hydrogen that de-
creases the number of eventual cross-links in the atomic 
network9. 

The hydrogen concentration in the investigated films 
was estimated from the analysis of the Raman spectra 
using empirical relation originally presented for hydro-
genated amorphous carbon12. It revealed that hydrogen 

Fig. 1. Indentation hardness and reduced modulus of SiC 
films as a function of substrate bias 
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films as a function of substrate temperature 
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concentration is approx. 26–28 at.% for the films with car-
bon concentration above 67 at.%, i.e. for films deposited at 
higher CH4 flow rates. 

Results of Pin-on-disc experiments are summarized in 
Fig. 4. One can see an initial dramatic decrease of coeffi-
cient of friction from 0.7 to 0.15 with increase of carbon 
concentration in the films from 52 to 62 at.%. Further in-
crease of carbon content results only in moderate reduction 
of friction coefficient. This decrease of friction is probably 
connected with the raising number of a-C:H clusters and 
passivation of dangling bonds in the a-SiC:H clusters by 
hydrogen or its radical groups. 
 
4. Conclusion 
 

The paper demonstrated how appropriate choice of 
deposition parameters (substrate bias and temperature) can 
lead to the production of a-SiC films with various me-
chanical or tribological properties. 

It has been presented that indentation hardness and re-
duced modulus of hydrogen-free a-SiC decrease with in-
creasing bias voltage, whilst they grow with increasing 
temperature. 

First traces of crystallization were observed for the 
film sputtered at 750 °C with hardness of 40 GPa. Such 
high hardness exceeding the a-SiC single-crystal is linked 
to the nanocrystalline structure of the film.  

Friction coefficient of a-SiC:H films was optimized 
by changing the carbon concentration. The film deposited 
in pure Ar (52 at.% of C) exhibits value of  0.7. Increase of 
carbon concentration leads to gradual decrease of hardness 
in the whole range from 52 to 91 at.%, whilst friction coef-
ficient drops dramatically already at small addition of ex-
cess carbon (62 at.%) and then decrease slightly.  

Thus using appropriate deposition conditions it is pos-
sible to prepare a-SiC:H films with sufficiently high hard-
ness of approx. 19 GPa and a low coefficient of friction of 
approx. 0.15. 
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Sciences of the Czech Republic, Praha, c New 
Technologies-Research Centre, University of West 
Bohemia, Plzeň, Czech Republic): Effect of Deposition 
Conditions on Mechanical Properties of Magnetron 
Sputtered SiC Thin Films 
 

The interdependence of mechanical properties 
(hardness, elastic modulus, internal stress, coefficient of 
friction), structure and composition of various amorphous 
and nanocrystalline DC magnetron and DC reactive mag-
netron sputtered SiC a SiC:H films was studied.  

Composition was determined by electron micro 
analyses and structure was investigated using Raman spec-
troscopy. Indentation hardness and reduced modulus were 
measured by instrumented nanoindentation, the coefficient 
of friction was evaluated using pin-on-disc method. 

It has been shoved that mechanical and tribological 
properties of a-SiC are strongly influenced by conditions 
of deposition process. Using appropriate deposition setup 
it is possible to obtain superhard nanocrystalline films with 
hardness of 40 GPa (higher than -SiC) as well as films 
compromising high hardness (approx. 19 GPa) and rela-
tively low friction (approx. 0.15). 
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1. Introduction 
 

The article deals with monitoring of degradation of fi-
bre reinforced thermoplastic matrix composite under cy-
clic loading. The investigated material is composed of 
polyphenylensulfid matrix and carbon fibres arranged 
symmetrically in 8 plies with three different fibre orienta-
tion (0, 45 and 90 degrees). The material is widely used for 
secondary, i.e. non-structural elements in aircraft industry. 
The main aim of the presented work is to correlate ob-
served microstructural changes to measurable morphomet-
ric properties and the number of applied load cycles. 
 
2. Materials and methods 

 
Fatigue loading  
 

Four specimens of carbon fibre reinforced polymer1 
(CFRP) were subjected to cyclic loading. The investigated 
specimens were prismatic, with rectangular cross section 
(dimensions 12.5×2.5 mm) and length 125 mm. The di-
mensions were chosen due to limited dimensions of 
working chambers of used microscopes. The cyclic 
loading was carried out using loading device Instron 1293 
(Instron, Nordwood, US) in three-point bending arrange-
ment2,3. For the cyclic loading sinusoidal run of the 
loading force was used. The upper limit of deflection was 
5 mm. Frequency 5 Hz was chosen for the cyclic loading 
to avoid heat accumulation4,5 in the tested specimens. Af-
ter selected numbers of loading cycles the surface of the 
specimens was observed by scanning electron microscope 
(SEM) and laser scanning confocal microscope (LSCM). 

 

Surface analysis 
 

Using confocal microscope LEXT OLS 3000 
(Olympus Corporation, Tokyo, Japan) surface profile was 
scanned and images (dimensions 2250×9150 m) were ob-
tained (1 px in the images corresponds to 9 m). Infor-
mation about the surface was obtained in form of two-
dimensional matrix containing ascertained heights. Each 
image was divided into several regions of interest6 
(dimensions 500×500 m) and in these regions roughness 
characteristics were estimated (described in detail by Du-
díková7). 

A scanning electron microscope MIRA LMU 
(TESCAN, a.s., Brno, Czech Republic) was used for ob-
servation of degradation processes on the surface of inves-
tigated specimens. The images were acquired in high vacu-
um mode using secondary electron detector. Images with 
magnification 1000× were used to assess of changes on the 
samples‘ surface. 
 
3. Results 
 
Roughness evolution 
 

Surface characteristics were estimated in 4 states 
during the test process. Evolution of the average roughness 
is depicted in Fig. 1 and in Fig. 2. Increasing indicators of 
the surface roughness were observed with increasing num-
ber of loading cycles. 
 
SEM inspection  
 
SEM was employed to observe changes on the specimens' 
surface. Free edge of the specimen in four steps of the fa-
tigue loading is depicted in Fig. 3. The images were ac-
quired with magnification 1000 (white bars correspond to 
100 m). 

ANALYSIS OF CROSS-SECTION SURFACE ROUGHNESS EVOLUTION OF CARBON 
FIBRE REINFORCED POLYMER UNDER FATIGUE LOADING  

Fig. 1. Average surface roughness (Ra) 
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4. Conclusions 
 

In this preliminary analysis degradation monitoring of 
CFRP composite using surface roughness measurements was 
performed. The increase of surface roughness observed with 
increasing number of loading cycles indicates at the level of 
micromechanics changes in fibre-matrix interface and also 
changes in the matrix structure itself. Increasing values of Rp 
are connected with detachment of matrix from the fibers and 
increasing values of Rv show degradation of the matrix. 
Obtained results of surface analysis correspond with result of 
SEM inspection performed after distinct steps of the fatigue 
loading. The SEM images show decreasing surface quality 
with higher number of loading cycles (both in detachment of 
fibres and changes in the matrix). 
 

The research has been supported by Grant Agency of 
the Czech Technical University in Prague (grants No. 
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The article deals with monitoring of degradation of 

carbon fibre reinforced polymer (CFRP) under cyclic 
loading. The investigated material is composed of poly-
phenylensulfid matrix and carbon fibres. Four specimens 
were subjected to repeated cyclic loading. During the fatigue 
loading surface of tested specimens was observed by 
scanning electron microscopy (SEM) and laser scanning 
confocal microscopy (LSCM) to obtain surface roughness 
characteristics and micrographs of surface morphology. With 
increasing number of cycles the measured surface 
characteristics showed increasing surface roughness indi-
cating at the level of micromechanics detachment of matrix 
from the fibers and also changes in the matrix structure itself. 

Fig. 2. Peak and valley roughness (Rp, Rv) 

Fig. 3. Free edge of specimen: intact (a) and 102 (b), 103 (c) 
and 104 (d) cycles 
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1. Introduction 
 

Regarding economic and ecological requests the main 
appeal for design, material science and production tech-
nology engineers is car’s body parts weight decreasing. 
Car’s body components design strategies are fixed to opti-
misation of material selection from aspects of both weight 
minimisation at first and preservation or improvement of 
functional properties (safety, power, fuel consumption, 
comfort, etc.)1–3. ULSAB studies show weight decreasing 
potential of steel sheets components consists in lower 
thickness steel sheets application with higher strength 
properties and combined laser welded tailored blanks from 
these steel sheets (Table I).  

Application of steel sheets with lower thickness and 
higher strength properties leads to technological charac-
teristics of formability downgrading. Formability, or 
reached deformation degree (limit value) in sheet plane, 
respectively necking of cup wall thickness depends on ma-
terial properties, stress-strain state, initial blank thickness 
and strain rate – Fig. 1 (ref.1,2,4).  

Stress state in sheet plane can be expressed by main 
stresses ratio α = σ2/σ1 and strain state by main defor-
mations ratio β = ε2/ε1 (Fig. 2), where first main (major) 
deformation ε1 > 0, second main (minor) deformation ε2 < 
0 or ε2 > 0.   

At certain combination of major and minor defor-
mations ε1 and ε2 in sheet plane localised deformation in 
critical area occurs, i.e. local narrow area occurs (neck), 
followed by fracture. Level of combination of major and 
minor deformations in sheet plane before localised defor-
mation (before local narrowing) creates limit between 
good drawn parts – B point and failure drawn parts – 
A point. This dependence of limit deformations ε1c and ε2c 
in sheet plane is known as Keeler-Goodwin forming limit-
ing diagram – FLD. Nowadays forming limiting curves 
(FLC) are considered as inseparable formability character-
istic of steel sheets, because they quote development of de-
formation depending on time and also allows identifying 
deformation mechanism depending on strain state. 

Position of FLC curve in FLD diagram depends not 
only on material properties, stress-strain state, but also on 
initial blank thickness, strain rate and friction between 
blank-die contact surfaces. As it is shown in Fig. 1, maxi-

PREDICTION OF LOCAL LIMIT DEFORMATIONS OF STEEL SHEETS  
DEPENDING ON DEFORMATION SCHEME  

Table I 
Comparison of car’s body parameters produced form dif-
ferent steel sheets  

  Weight 
[kg] 

Torsional 
stiffness 
[°/Nm] 

Car’s body based on typical 
high strength steels 300 >15 000 
ULSAB 210 > 19 000 
Car’s body skeleton based on 
austenitic steel sheets 160 > 25 000 

Fig. 1. Sheets formability window4 

Fig. 2. Stress-strain states at stamping 
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mal major deformation ε1c is located at areas near to ε1c  = 
± ε2. When ε1c = – ε2 wrinkling occurs at pressings produc-
tion. At crash situations wrinkling occurs first followed by 
fracture after overloading of limit fracture deformation. 
The lowest values of major deformation ε1c are reached in 
areas where minor deformation ε2 = 0. In area from ε1c = –2ε2 
to ε1c = ε2 fracture occurs after local necking due to tensile 
stresses acting. 

 
2. Methods of experimental research 

 
Within last 50 years there was a lot of experimental 

work done and big effort invested in analytic and experi-
mental creation of forming limit curves1,2,5,6. In this contri-
bution there are presented results of limit deformation re-
search by application CCD video camera recording and by 
numerical simulation. 

As experimental materials were used austenitic stain-
less steel sheet DIN 1.4301 and deep drawing quality steel 
sheet DX54D. Their chemical composition and mechanical 
properties are shown in Table II and Table III. 

Localised plastic deformations were researched at de-
formation states within interval  = (–1/2;0). Deformation 
schemes were modelled on tensile test specimens with dif-
ferent notch radii – R5, R10, R17.5 and R25. Local limit 
deformations at experiments were researched using circle 
deformation grid (l0 = 2 mm) etched on test specimens.  

Testing machine TiraTEST 2300 was used and load 
velocity was set to 10 mm/min. Change of specimen’s di-
mensions and grid’s shape in notch area was contuinuous-
ly recorded by CCD camera. Local limit deformations ε1 = 
l1/l0, ε2 = l2/l0 were calculated and evaluated by software 
Matlab’s Image Processing Toolbox1,5. Used video-
recording method also allows research all deformation his-
tory from test start to specimen fracture. 

Deformation net dimensions were evaluated before 

deformation (initial state), before crack occurred (limit 
state) and after crack occurred (specimen fracture) – see 
Fig. 3. Following assumptions were considered to define 
limit state of deformations based on deformation history: 
 homogeneous deformation occurs in the first phase, 

deformation history is linear ε1i = βi.(–ε2i) ∩ βi–1 ≈ βi, 
 localised deformation (diffuse necking) occurs at the 

second phase under constant loading, deformation 
history isn’t linear    ε1i = βi.(–ε2i) ∩ βn–2 > β1n–1, 

 at the third phase localised neck (local necking) oc-
curs of width 2.a0 and sudden drop of loading force is 
recorded, followed by fracture,  where ε1n–1 < ε1n ∩ ε2n–1 
= ε2n ∩ βn–1 ≈< βn. 
Deformations evaluated from net dimensions at the 

end of the second phase were defined as limit defor-
mations; deformations evaluated in the third phase aren’t 
useful for application at stamping processes, because frac-
ture occurs – Fig. 3b.  

Numerical simulation of necked specimens was done 
using Pam Stamp 2G simulation software. Specimen’s 
models were defined and simulation set-up was done in 
pre-processing. 

Specimen’s models were created using 3D CAD/
CAM software Pro/Engineer and exported into simulation 
software in neutral format igs. In Pam Stamp 2G meshing 
module specimens were meshed to square finite elements 
with dimension 2 mm – Fig. 4a. Following input data were 

Material 0.2% 
YS 

[MPa] 

UTS 
[MPa] 

K 
[MPa] 

n90 
[-] 

r90 
[-] 

DX54D 184 311 487 0.215 1.59 
DIN 
1.4301 

273 621 1491 0.515 0.99 

Table III 
Mechanical properties in 90° of rolling direction 

Material C Mn Si P S Al N 

DX54D 0.05 0.2 0.02 0.009 0.01 0.049 0.006 

DIN 
1.4301 

0.07 2.0 1.0 0.045 0.03 Cr 
19 

Ni 
10 

Table II 
Chemical composition of experimental materials [%] 

  
Fig. 3a. Etched deformation 
net before specimen cracking 

Fig. 3b. Deformation net 
after specimen cracking 

  
Fig. 4a. Meshed specimen 
in numerical simulation 

Fig. 4b. Limit state of major 
strain in numerical simula-
tion 
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set up in Pam Stamp 2G preprocessor: 
 basic material data (density, Young's modulus, Pois-

son's constant, 
 blank thickness, 
 strain-hardening curve defined by Hollomon’s law 

according to data shown in Table III, 
 Lankford’s coefficients in directions 0°, 45° and 90° 

to rolling direction, as definition of sheet normal ani-

sotropy, 
 rolling direction 0° in longitudinal axis of specimens, 
 Yield law defined by Hill 48 model.1,7 

Visualisation of computed data (post processing) al-
lows displaying major σ1 and minor σ2 stress distribution, 
major ε1 and minor ε2 strain distribution, wall thickening, 
variation of forces, deformation energy etc. Localised de-
formation was researched in postprocessor by visualisation 

Fig. 5. Experimentaly acquired forming limit curves 

Fig. 6. Forming limit curves acquired from numerical simulation 



Chem. Listy 106, s401s404 (2012)                                   LMP 2011                                                                          Regular Papers 

s404 

of major ε1 and minor ε2 engineering deformations – 
Fig. 4b. Fig . 5 shows deformation paths of selected defor-
mation net element with computed limit forming limit 
curves FLC for both materials. 

A comparison of Fig. 5 and Fig. 6 shows there is good 
agreement between experimentally measured FLC and 
FLC computed by numerical simulation. 

 
3. Reached results and discussion 

 
The measured results of plastic deformation distribu-

tion from tensile test of necked specimens shows the de-
formation history is linear to the limit values described by 
FLC (Fig. 5). To define the limit formability conditions are 
important limit deformations in the sheet plane or limit 
values of material thinning before the plastic deformation 
localization – neck creation. If we put a curve through the 
points where there is a significant change of line slope (the 
critical value of deformation), we get the left part of the 
FLC. Comparing the FLC defined for austenitic steel sheet 
(material DIN 1.4301 – Fig. 5) and ferrite steel sheet 
(material DX54D) the FLC is situated higher the higher 
values of elongation and strain hardening exponent are. 
The values of these material characteristics are in the aus-
tenitic steel sheets larger than the values in low carbon 
steel sheets – material DX54D / Table II. The measured re-
sults show that the position of the FLC isn’t affected by 
normal anisotropy ratio (austenitic steel sheet r = 1, low 
carbon steel sheet r = 1.8). Reached FLC comply with pre-
sent knowledge1,8,9. The finding that the position of FLC 
depends largely on the elongation and strain hardening ex-
ponent confirmed the results obtained with strain rate φ. = 
0.0083 s–1. When changing the strain rate from 0.0007 s–1 
to 0.0083 s–1 approximately 1 % shift for the material 
DIN1.4301 as well as for the material DX54D was 
reached. When changing the strain rate from 0.0007 s–1 to 
0.0083 s–1, the decrease in elongation of about 3 % for aus-
tenitic steel sheet as well as the slight decrease in elonga-
tion of about 2 % for drawing quality low carbon steel 
sheets was also recorded1. 

 As it was mentioned FLC reached by experimental 
measurement and by numerical simulation shows good 
agreement. Further research should be focused on the 
analysis of material models in relation to the FLC. 

 
 4. Conclusion 

 
New materials bring to vehicles construction new 

ways to improve their performance – passenger’s safety at 
crash situations, weight loss, etc. Achieved results show 
the austenitic steel sheets should be included in these ma-
terials.  

The virtual simulation is commonly used in the de-
sign of different variants of design solutions for vehicles 
and their components as well as in the design of produc-
tion. In the simulation is necessary to respect the require-
ments of functionality and manufacturability, which are 
defined by material properties and used simulation soft-

ware. Functionality requirements are defined by material 
properties in elastic-plastic area. In crash situations and 
manufacture of car components by stamping is necessary 
to supplement this data with data allowing to predict the 
localization of plastic deformation followed by fracture. 
Localised plastic deformation for different stress-strain 
states can be described by FLC. This paper presents 
a procedure for determining the FLC by video-camera re-
cording and by numerical simulation. Comparing the FLC 
at different stress-strain states follows that FLC for aus-
tenitic steel sheet is situated higher than FLC for low car-
bon steel sheet. It means austenitic steel sheet shows better 
formability and ability to absorb impact energy. 

 
This contribution was working out with the support       

of the grant project VEGA 1/0824/12. 
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Paper presents study results of localised deformation, 

described by FLC, at different deformation schemes. FLC 
are used for fracture prediction at crash and formability 
tests in automotive industry. In experiments were used two 
types of steel sheets: hot deep galvanized steel sheet 
DX54D and austenitic stainless steel DIN 1.4301. Limit 
localised deformations were researched by experimental 
tests (CCD video camera recording) and numerical simula-
tion. Deformation schemes were modelled on tensile test 
specimens by different notch radii (R5, R10, R17.5, R25). 
Reached forming limit curves from experiment and simu-
lation were compared. There was shown good agreement 
of FLC experimentally measured and computed by nu-
merical simulation. 
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