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Abstract 
 

This paper presents numerical investigations of the influence of friction on sheet deformation in Nakazima type 
formability tests. Numerical simulations have been performed using the authors’ own explicit dynamic finite element 
program. Numerical results have been compared with experimental data. Location of fracture was of major interest in this 
work. The studies confirmed that the fracture location near the center of the specimen as required by the standards can be 
obtained for low values of the friction coefficient. Numerical simulation combined with the inverse analysis has been used 
to estimate a real value of the friction coefficient in the Nakazima formability test. 
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1. INTRODUCTION 

Formability of metal sheets is studied experi-
mentally using various tests, including uniaxial ten-
sile test, hydraulic bulging test, and different punch 
stretching methods such as Erichsen (20482, 2003), 
Nakazima (12004-2, 2008) or Marciniak (12004-2, 
2008) tests. Formability tests allow generation of 
forming limit curves (FLC) defining safe forming 
conditions in terms of principal strains. Punch 
stretching tests consist in stretching of a sheet 
specimen by means of a punch until occurrence of 
fracture. Taking different specimen geometries dif-
ferent strain paths can be obtained. Friction, and in 
general, tribological conditions of contact between 
the tools and sheet, affect very much the results of 
formability tests. Friction changes strain paths and 
failure location in sheet specimen. 

The FLC should be determined by proportion-
ally straining the material producing linear strain 
paths. Friction, affecting strain paths in a tested 
specimen, is usually undesired phenomenon in 
formability tests (Abspoel et al., 2011), therefore 
different measures are taken to reduce friction. In the 
Nakazima tests, either oil, grease or polymer foils 
should be used as lubricant systems (12004-2, 2008). 
Tribological conditions should be adjusted so that 
fracture occurs within a distance less than 15% of 
the punch diameter away from the apex of the dome. 
Zero friction would allow us to obtain fracture at the 
center of specimen with nearly strain path at fracture 
point. The failure location is very sensitive to fric-
tion. Even small friction increase displaces the loca-
tion of fracture (Larsson et al., 2007). 

The aim of this study is to develop a numerical 
model allowing us to identify frictional conditions in 
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a selected case of the Nakazima test and study nu-
merically effect of change of friction on strain dis-
tribution and failure location in a sheet specimen. 

2. EXPERIMENTAL STUDIES 

Nakazima type formability tests have been car-
ried out for the steel grade DC04 1 mm thick. Figure 
1 shows the geometry of the tools and specimens 
used in the tests. Use of specimens of different 
widths allows us to obtain failure for different strain 
paths. Figure 2 presents a circular specimen with 
a fracture after the testing, which will be studied 
numerically. This test has been performed without 
additional lubricant which has lead to the fracture 
nearly 20mmoff-set from the centre. This is equiva-
lent to 26% of the punch diameter. The fracture lo-
cation does not satisfy the requirements of the stand-
ard (12004-2, 2008), nevertheless, it is a suitable test 
case for numerical studies. The objective of the nu-
merical simulations has been to identify the friction 
value in the test and study its effect on the location 
of fracture. 
 

 
Fig. 1. Schematic representation of tools and specimens for 
formability tests. 

1. NUMERICAL MODEL 

A numerical model allowing us to simulate the 
formability tests has been developed. Numerical 
analyses have been performed using the authors’ 
own computer explicit dynamic finite element de-
veloped within a framework of the project Numpress 
(NUMPRESS, 2012). Sheet was discretized with 
a linear shell triangular elements BST (Rojek & 
Onate, 1999; Rojek et al., 2001). The material has 

been considered assuming the Hill’48 model (Hill, 
1948). Mechanical properties determined be means 
of the uniaxial tension tests are given in table 1. The 
tools have been modelled as rigid bodies whose 
surfaces has been discretized with triangular facets. 
Frictional contact between the tool and sheet has 
been treated using the Coulomb model of friction. 
Deformation process has been analysed under pre-
scribed motion of the punch. 
 

 
Fig. 2. Fractured circular specimen after testing. 

From the analysis of the full model with exact 
representation of the drawbead geometry, it was 
found out that the drawbead nearly completely 
blocks the flow of the sheet (Lumelskyy et al., 
2012). Therefore, in this work, simulations were 
carried out using a simplified model, in which we 
considered a part of the sheet within the drawbead 
line with a restricted motion of the sheet along the 
drawbead line. This allowed us to reduce considera-
bly the number of elements and to avoid very small 
elements limiting the time step length. 

Table 1. Properties of the tested DC04 steel sheet. 

Direction of 
the sample C [MPa] n for i =0.020.20 r 

0o 498 0.26 1.7 

45o 506 0.22 1.3 

90o 532 0.26 1.8 

4. NUMERICAL RESULTS 

The effect of friction on the location of fracture 
is demonstrated in figure 3 showing distribution of 
sheet thickness in the deformed circular specimen 
obtained in simulations assuming zero friction (fig-
ure 3a) and friction characterized by the Coulomb 
coefficient 0.3 (figure 3b). In the frictionless case, 
maximum thinning, indicating a possible fracture, is 
obtained at the center of the blank, while in the case 
with non-zero friction the area of diffused necking is 
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displaced from the centre by a certain distance. This 
displacement agrees with observations made by 
other authors (Knibloe &Wagoner, 1989; Silva et 
al., 2010). 

 
a) 

 
 

b) 

 
Fig. 3. Simulated distribution of sheet thickness in the stamped 
circular specimen: a) without friction, b) with friction. 

Accurate prediction of experimental results 
shown in figure 2 requires knowledge of the real 
friction conditions. Identification of unknown fric-
tion model parameters in metal sheet forming can be 
carried out by means of inverse analysis (Szeliga et 
al., 2006; Li et al., 2010; Silva et al., 2010). In the 
inverse analysis, the identification of unknown mod-
el parameters x is performed by searching a mini-
mum of the objective (or cost) function, defined as 
the difference between the calculated dci output re-
sponse and measured in experiment dmi output re-
sponse as 

 
 2
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( ) ( )

n
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where n denotes the number of measurement points 
and i  are the weight factors (Szeliga et al., 2004; 
Szyndler et al., 2001). In this work, the minimization 
will be performed with respect to the Coulomb fric-
tion coefficient, i.e. { }x , and principal strains 
 along the specimen radius will be taken as the 
representative results for the model calibration. Two 
types of cost functions will used. In the first case, 
the cost function is defined as 
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where ( )c
i   and m

i  denote the calculated and 
measured strain values  in a selected point along the 
radius, respectively. 

The alternative cost function is based on the dif-
ference between localization of the peaks of experi-
mentally measured and numerical strain curves, m

maxr  

and c
maxr , respectively 
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The optimization problem resulting from the in-

verse analysis has been solved by direct search. The 
problem has been searched for a set of values of the 
friction coefficient from the interval (0,0.3). The 
distributions of the principal strains obtained for 
different values of the friction coefficient are plotted 
in figure 4. Numerical strain distributions are com-
pared with experimental results. The effect of vary-
ing friction coefficient on the strain distribution can 
be clearly observed. With zero friction, the maxi-
mum of the major true strain occurs in the central 
region of the test specimen, gradually decreasing up 
to the region of contact with the die. With the in-
crease of the friction coefficient, the major strain 
distribution in the center decreases and the peak is 
displaced further from the center. The distribution of 
minor strains is more homogenous and is less af-
fected by change of the friction coefficient. The 
distribution of the thickness strain is correlated with 
the distribution of the major strain. 

Taking the numerical and experimental results 
presented in figure 4 the cost functions have been 
calculated for different friction coefficients accord-
ing to equations (2) and (3). The calculated cost 
functions are plotted as functions of the friction co-
efficient in figure 5. The cost function 1 has been 
calculated for the three major principal strains, while 
the function 2 has been evaluated for the major and 
thickness strains, since the curves of the minor prin-
cipal strain distributions (figure 4c) do not have 
peaks. The cost function 1 evaluated for the major 
principal strain has minimum for the friction coeffi-
cient  (0.175,0.2), while the same cost function 
evaluated for the thickness strain has minimum for 
= 0.225. This means that the respective strain dis-
tributions fit best experimental results (see figure 4). 



C
O

M
P
U

TE
R
 M

E
T
H

O
D

S
 I
N

 M
A

T
E
R
IA

L
S
 S

C
IE

N
C

E
 

INFORMATYKA W TECHNOLOGII MATERIAŁÓW 

– 46 – 

 
 

 
 

 a) b) 

c) 

 
Fig. 4. Distribution of principal strains along the radius: a) major principal strain, b) minor principal strain, c) thickness strain. 

 a) b) 

    

Fig. 5. Objective functions for different strain components: a) objective function based on curve fitting, b) Objective function based on the 
distance between peaks. 
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This means that the real friction coefficient 
should be contained in the interval (0.175, 0.225). 
The cost function 2 does not yield the unique value 
of the friction coefficient, either. From the curves 
plotted in figure 5, we can estimate the friction coef-
ficient is contained in the 5 interval (0.175,0.25). 

The effect of friction can also be shown in form-
ing limit diagrams (FLD). Figure 6 shows the FLD 
for different values of the friction coefficient. The 
points corresponding to the local strains are con-
fronted with the forming limit curve (FLC) and the 
experimental strains. Frictionless bulging would 
produce a straight strain path in biaxial tension. With 
increase of friction, the strain path departs from the 
biaxial tension. This effect was reproduced in the 
numerical simulation. The numerical strains for  = 
0.3 correlate best with the experimental ones. It may 
indicate that the true friction coefficient is close to 
this value. 
 

 
Fig. 6. Comparison of experimental and numerical distributions 
of local strains for different friction coefficients. 

5. CONCLUSIONS 

Numerical simulations have shown that speci-
men deformation in Nakazima type formability tests 
strongly depends on friction between the punch and 
sheet. Friction between the punch and sheet influ-
ences the strain path and location of fracture. Loca-
tion of fracture close to the center of the specimen as 
required by the standards can be achieved only for 
low values of the friction coefficient. With the in-
crease of the friction coefficient the fracture is dis-
placed further from the center. Effective friction 
coefficient at formability tests is difficult to be 
measured experimentally. It can be determined by 
the inverse analysis based on fitting numerical strain 
distribution to that observed in experiments. 
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WPŁYW TARCIA NA POŁOŻENIE MIEJSCA PĘKANIA 
BLACHY W PRÓBACH TŁOCZNOŚCI 

Streszczenie 
 
Artykuł przedstawia analizę  numeryczną wpływu tarcia na 

rozkład odkształceń w próbie tłoczności metodą Nakazimy. 
Symulacje numeryczne zostały przeprowadzone w autorskim 
programie metody elementów skończonych z jawnym całkowa-
niem ruchu względem czasu. Wyniki numeryczne porównano 
z danymi eksperymentalnymi. Główną uwagę zwrócono na 
położenie miejsca pęknięcia. Badania potwierdziły, że miejsce 
pęknięcia w pobliżu środka próbki zgodnie z wymaganiami 
norm można uzyskać przy niskich wartościach współczynnika 
tarcia. Symulacja numeryczna w połączeniu z analizą odwrotną 
została wykorzystana do oszacowania rzeczywistej wartości 
współczynnika tarcia w przeprowadzonych próbach tłoczności 
metodą Nakazimy.  
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