
1 INTRODUCTION 

In recent years it has become clear that, in order to 
improve constitutive laws, material models should 
include strain path effects. These effects have been 
studied on both a microscopic as on macroscopic 
level. On a microscopic level, already a lot of effort 
is put into this subject. The dislocation structures 
that exist after the strain path change are discussed 
in a number of articles [1-3]. For this paper it is 
interesting to know that the dislocation structure 
depends both on the amount and the direction of the 
applied deformation. The structure build up in 
monotonic strain path is dissolved after a strain path 
change and a similar dislocation structure appears 
after some amount of strain, but with a new 
orientation [4,5]. The classical hardening laws, 
including kinematic and isotropic hardening, cannot 
describe the phenomena observed in non-
proportional tests, such as the extreme work 
hardening after a strain path change. Strain path 
dependent models, such as the Teodosiu model 
[6,7], are already a large step forward, but they are 
mostly based on three basic tests; monotonic tests; 
reverse tests and some non-proportional tests. This 
latter test often consists of two parts; in the first part 
a uniaxial test is performed on a large piece of sheet 
metal. From this deformed specimen a new, and 

smaller, specimen is cut, on which again a 
monotonic test is performed, e.g. a shear or tensile 
test. The orientation of the original sample compared 
to the new sample indicates the change in strain 
path. Before the cutting of the sample elastic 
unloading takes place; the material is relieved after 
the prestrain, whereafter the process continuous. 
Due to the elastic unloading, these tests have an 
analogy with multistage sheet forming processes 
where the blank is relieved after each step. However, 
during a single step in the deep drawing process, this 
analogy does not exist. The blank is always under 
tension, and not relieved until the process is 
finished. So, the strain path changes that occur 
during one step forming processes are most likely to 
be more gradual and not of the type with elastic 
unloading. A test facility is developed that can load 
a sample of sheet material simultaneously in both 
the tensile and shear direction. A constant 
deformation rate is achievable with a strain path that 
is not straight, which is in better agreement with the 
one step deep drawing process. 

2 THE BIAXIAL TEST FACILITY 

2.1 The test equipment and samples 

Figure 1 shows the biaxial testing machine used in 
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this paper. This testing facility is described by 
Pijlman [8]. The equipment can load a specimen in 
arbitrary proportions on both tensile and simple 
shear deformation. The structure of the machine 
consists of a regular frame, normally used for tensile 
tests. A sub frame is mounted within this apparatus 
that takes care of the shear deformation. For both 
deformation directions electric actuators with servo 
control are used. These are controlled independently 
from one another.   
 

 

Fig. 1. The biaxial test facility. 

In Figure 2, a sample is depicted that is used in the 
tests. The upper and lower parts of the sample are 
only used for clamping the sample. The central 
region of the sample (hatched) is the deformation 
zone and measures 45 × 3 mm. Due to the high 
 

 
Fig. 2. The sample. 

width/height ratio, the strain in horizontal direction 
equals zero, εxx = 0, resulting in a plane strain 
condition in this direction. The edges however show 
uniaxial behaviour. The measured stresses are 
compensated for this effect [8]. 

2.2 Strain and stress state. 

The deformations are tracked with a camera. On the 
sample four dots are used that the camera monitors. 
Because of the relatively small height of the 

deformation zone, the dots are placed at the corners 
of a virtual square of 1 × 1 mm2. The exact position 
of the dot is determined with software that takes in 
account the number of pixels that are black, 
according to a certain threshold, and the greyscale of 
the pixels at the outer edge of the dot. In comparison 
with strain measurement by the displacement of the 
clamps, this method is favoured because some slip 
appears during the test. Especially because the 
deformation zone has a small height, the influence of 
slip on the strain measurement is quite severe. The 
strain in thickness direction is not recorded.  
The three in plane strains, εx, εy and γxy, are 
calculated by the position of the dots, for this paper 
the logarithmic strain is used.  
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Fig. 3. The covered domain by the biaxial tests. 

However, the stresses that are available are not 
sufficient to fully determine the plane stress 
situation; only σyy and τxy are measured. 
Unfortunately, the stress in x-direction, σxx , is not 
equal to zero, due to the plane strain deformation. 
The stress domain that can be covered with the 
biaxial tests in the plane stress situation is depicted 
in Figure 3. Because the stress in horizontal 
direction is unknown, the exact position in the stress 
space is unknown. 

3 TEST RESULTS 

3.1 Materials 

The material discussed in this paper is DC06, 
interstitially free mild steel.  

3.2 The tests 

In this paper two non-proportional tests are 
presented and discussed. The first part of the test is a 
plane strain tensile test and in the second part the 
sample is loaded with simple shear. The amount of 
prestrain is εyy = 0.12 which agrees with a Von 
Mises equivalent strain: εeq = 0.14. The strain paths 
for the two tests are similar except for the fact that in 
the one case, the material is elastically unloaded 



(EU) after the tensile test. This is done by moving 
the clamp backwards in vertical direction until the 
force in y- direction is zero. In the second test the 
strain paths are followed without elastic unloading. 
The test with elastic unloading has great similarities 
with the conventional non-proportional tests. The 
test without elastic unloading probably describes the 
processes during deep drawing better. Both tests are 
performed with a strain rate of  0.02 s-1. 

3.3 Test Results 

In Figure 4 the results of the two variants of the 
experiment are depicted. Both the shear and the 
tensile stress are plotted as a function of the 
equivalent Von Mises strain, note that 1.15εyy � εeq 
� 0.577γxy. The results of a simple shear tests are 
also depicted in this graph for reference. Although 
the tests were performed with equal amounts of 
shear strain a deviation is visible in the amount of 
obtained strain. Some slip in the clamps was 
observed and the noise in the strain measurements 
counts up in the calculation of the equivalent plastic 
strain.  

 
Fig. 4. Shear and plane strain stresses as a function of the 

equivalent plastic strain. Solid lines: test with elastic unlaoding, 
dotted lines: test without elastic unlaoding and dash-dotted 

lines: simple shear test test. 

In the first case the sample is elastically unloaded. 
The stress in vertical direction drops right down to 
zero. The subsequent shear deformation shows a 
large overshoot in the shear stress compared to the 
test without unloading. Hereafter the stress drops a 
little to stabilize at a plateau and then starts to 
harden again. When the shear strain is applied, a 
small increase in vertical stress is observed. The 
increase of the plane strain stress stops when the 
shear stress has reached the maximum overshoot.  
In the other case, without elastic unloading, the 
stress in vertical direction slowly decreases. Also the 
shear stress in this test increases with a low rate. 

Almost directly after the strain path change, the 
deviation between the measured shear stresses for 
the tests with and without elastic unloading is 
reached, about 65 MPa. After this point the shear 
stresses seem to converge to a uniform hardening 
curve. However, the shear stresses do not seem to 
converge to the same curve, so a difference between 
the shear stresses remains. Notice that both shear 
curves do not reach the level of the proportional 
simple shear test. On a micro structural level it is 
assumed that the new deformation direction crashes 
into the old dislocation structure, causing high 
stresses. For the case where elastic unloading is not 
applied, the change in deformation direction is very 
gradual. This means that the original microstructure 
is gently ‘pushed’ away, in order to form a new 
situation. 
After some 20 % of equivalent strain after the strain 
path change, the shear stresses from both test 
variants have a similar hardening rate. It is expected 
that after this amount of strain the evolution of the 
microstructures have reached a similar state, 
implying a similar hardening rate from there on.  

 
Fig. 5. Shear and plane strain stresses. Solid line: stress path for 

test with elastic unloading, dotted line: stress path for tests 
without elastic unloading, dashed line: Von Mises yield 

criterion. 

In Figure 5 the shear stress versus the plane strain 
stress is plotted. For every equivalent strain 
increment of 0.05 the lines are marked with open 
and filled circles, for the test without and with 
elastic unloading, respectively. 
The stress paths are plotted and also the Von Mises 
yield criterion for the stress-state at the moment of 
direction change in the test without elastic unloading 
is depicted. This locus actually shows a cross section 
of the 3D ellipse that represents the yield criterion in 
the plane stress situation. In this specific case that 
cross section is made assuming the condition for 



plane strain in isotropic material; σxx = ½ σyy. For 
clarity, the shear stresses are multiplied by 2, 
resulting in a circular yield locus in the plane strain–
shear plane. Considering the test without elastic 
unloading, right after the strain path change, initially 
the yield locus is followed very nicely. The first 0.05 
of equivalent strain after the strain path change the 
stress state follows the Von Mises yield locus well. 
After that the stress path deviates from the Von 
Mises yield locus. This is also observed by 
Kuwabara et al [9]. However, this deviation remains 
more or less constant over the arc, until the simple 
shear point is approached. Here the material starts to 
harden in the shear direction, and the magnitude of 
the plane strain stress is reduced to 25 % of shear 
stress and decreasing slowly. It is noted that the 
stress path from the strain path change to the shear 
point is covered in about 0.25 of equivalent strain. 
The hardening observed in this part of the curve is 
small. On the other hand, the material hardens most 
at the initial stage of the stress-strain curve, leaving 
little amount of hardening for the further process. 
The stress path seems to follow the Von Mises yield 
locus quite nicely, although this is not a requirement. 
The Von Mises yield locus is just an assumption 
about the yielding behaviour and the hardening 
behaviour in a non-proportional test is not 
necessarily isotropic. 
For the test with elastic unloading it is clear that an 
L-shaped graph should appear. First the plane strain 
deformation is applied; then this stress is reduced to 
zero and one continues with shear deformation.  

4 CONCLUSION 

The results of both a sudden and gradual strain path 
change have been presented. The performed tests 
consist of a plane strain test followed by a shear test. 
These tests are obtained with a biaxial test facility 
that can load a specimen simultaneously in both 
plane strain and simple shear direction. It was 
observed that the resulting stresses deviate 

significantly from one another. The gradual change 
results in a stress progress after the strain path 
change that is monotonously increasing. The shear 
stress measured after the sudden strain path change 
increases significantly with a higher rate and reaches 
a larger maximum than observed in the gradual 
strain path test. After this maximum the stress drops 
somewhat and then succeeds with a hardening rate 
also observed in the gradual strain path test.  
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