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Summary  

Mostly flow-curves were calculated from stress-strain data obtained by uniaxial tensile tests on flat 
specimen. Specimen have a non-uniform cross-sectional area in regard of the length. Especially 
their wall thickness distribution is important for the characteristics of the cross-sections causing 
uneven stress distributions. Hence resulting strains are bigger in regions with thinner cross-
sections and vice versa. Investigations include a plastomecanical description of the uniaxial tesile 
test as well as practical experiments and FE-simulations. A method to correct these geometrical 
imperfections based on the plastomechanical calculations is presented. 

1. Introduction 

FE-Simulation is a frequently used tool for the design of forming processes. On one hand, the 
calculations of the material flow is dependent on tool geometry. On the other hand is along with the 
friction the relation between the force and the resulting strain fundamental for the modelling of the 
forming process. This relationship is defined as flow curves in FE-programs. Normally, flow curves 
for sheet metal forming are given by experimental generated uniaxial tensile tests of flat bar tension 
specimen (DIN EN 10002). For the data evaluation of the tensile test the specimen, geometry is set as 
ideal. The cross sectional area above all the parallel length of the specimens is assumed as constant. 
But real cross-sections does not match with the ideal [1, 2]. Already the result of the milling process 
for the sheet metal production is a non constant sheet thickness above the parallel specimen length. 
Hence the determined mechanical measuring data are dependent on the current divergence of the 
specimen geometry to the “ideal” geometry. For a more precise modelling of the material flow the 
investigation of these influences is necessary. 

2. State of the art 

Experimental generation of the mechanical data mostly is obtained by uniaxial tensile tests. At 
present the valid common standard is DIN EN 10002-1. The appendix B.2 shows specimens 
geometries and specimens tolerances for flat bar tension specimen made from sheet metal with 
thicknesses smaller than 3 mm. Appendix D 1 is for specimens with thicknesses higher than 3mm. 
Concurrently the standard DIN 50125:1991-04 is for the shape and the dimensions of tensile 
specimens. The valid tolerance of the parallel finished surfaces of the flat bar specimens (specimens 
width = 12.5 mm, form H) is smaller than 0.35 %. 
The thickness tolerance of cooled milled sheet metal is defined in EN 10140. For widths of the sheet 
higher than 125 mm and sheet thicknesses between 1 mm and 1.5 mm the thickness tolerance for 
precision dimensions are + 20 µm. 
The valid cross section A0 tolerance of the measured parallel length at the beginning L0 to a constant 
value are determined through the variation of the sheet metal thickness. This is caused in the higher 
percental valid variation of sheet thickness than sheet width. 
For FE-simulation programs flow curves are necessary for modeling the forming process. For this a 
mathematical function is adapted to the experimental generated relation between true strengths and 
true strains. With the aid of the function extrapolation of the flow curve is also possible. For most of 
the low alloyed steels the function of Ludwig (Equation (1)) can be used. 
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Here are two parameters, the factor a and the hardening exponent n. These parameters can be 
calculated from the true strain ϕ and the technical stress Rm at maximum tensile force. The criteria of 

 



instability is valid at maximum tensile force (Equation 2). 
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The gradient of flow curves at maximum tensile force is equivalent to value of their flow strain kf. 
This value is given by the experimental data. The values of the parameters are given subsequently by 
Equations (3) and (4). 
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3. Plastomechanical calculations 

The tensile forces F during uniaxial tensile tests can be calculated by multiplying the yield stress kf 
with the actual specimens cross sectional area A (Equation (5)). 

AkF f ⋅=      (5) 
The change of the initial cross sectional area A0 during the test can be calculated using the law of 
volume constancy, expressed by Equation (6). 

     (6) ϕ−⋅= eAA 0

So, force can be calculated with Equation (7). This expression was also used by el-Magd [3]. 
     (7) ϕ−⋅⋅= eAkF f 0

The deformations will differ, if the initial cross sectional area A0(l) is not constant in respect to the 
initial gauge length. The strains will be higher in areas with lower cross sectional areas and vice versa. 
However, tensile force is constant in respect of the specimens length. Differentiating the tensile force 
with respect to the specimens length will give a value of zero (Equation (8)). 
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This leads to the subsequent differential equation (Equation (9)). 
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The variables of differential equation can be separated and the equation is integrable. The solution 
uses the boundary condition, that the highest strain ϕmax  is located at the place of the smallest initial 
cross sectional area A0,min. The result is shown in Equation (10). 
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Equation (10) links the distribution of the initial cross sectional areas A0(l) to the resulting lokal true 
strains ϕ(l). These strains cannot be calculated directly. It is possible to prove, that only the true strain 
at the smallest local cross sectional area A0,min reaches the value of the strain hardening exponent at the 
state of maximum tensile force (Equation (11). 

 (11) n=maxϕ
This condition enables a scaling of Equation 10 (Equation (12). The equation is diagrammed for 
different hardening exponents in Figure 1. 
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The graphs reach their minimum value at ϕ(A0)= n. If the line with the smallest cross sectional area 
reaches this strain, all other places have smaller strains. The strain distribution of specimen varies with 
the hardening exponent for identical distributions of the initial cross sectional areas. For material with 
smaller hardening exponents, the differences in respect of the strains are bigger. However, 
independend from the hardening exponent, even small variations of the initial cross sectional area of 
app. 1 % lead to considerable distributions of the local true strains. 

 



 
Fig. 1: Influence of initial wall thickness distributions on the lokal true strains 

Because strains cannot be calculated directly, a numerical approximation (Equation (13)) may be used. 
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The parameters C , C1 2 and C3 can be calculated with numerical methods. The solution for the true 
strains is shown in Equation (14). 
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The calculation of true strains is possible for mathematical functions of the initial cross sectional area 
as well as for measured distributions. An example will be presented later. The precision of the 
calculation improves with the number of measuring points and proper approximations of the constants 
C , C1 2 and C3. 

4. FE-Simulations 

For adjusting the plastomechanical analysis FE-simulations with the software Abaqus (Version 6.7, 
Abacus Deutschland GmbH, München) have been made. For this a special specimen design has been 
developed. A design with defined and smooth shapes allover the parallel length for stress reduction at 
jags. As reference test an “ideal” shaped specimen was simulated. The differences between the initial 
cross sectional areas ΔA0 in relation to the half of the parallel specimens length is illustrated in 
figure 2. 

 
Fig. 2: deviation of the initial wall thickness for model specimen 

 



5. Practical experiments 

The initial characteristics of the wall thicknesses concerning the initial gauge length of the specimen 
were measured using a device capable of high resolution. This is shown in Figure 3. 

 
Fig. 3: wall thickness measuring device 

The device contains a measuring calliper with an inductive measuring sensor (LVDT-type). This 
calliper is linearly displaceable on a platform. The platform is driven by a stepper motor parallel to the 
length of the specimen. A PC is controlling the unit and does the measuring data acquisition as well. 
The wall thicknesses are logged as a function of the step number of the motor. A measuring diagram 
for a specimen is shown in figure 4. The wall thickness difference between the thickest and thinnest 
location amounts to approx. 17 µm. 
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Fig. 4: measured wall thickness distribution of the initial gauge length 

A measuring grid is applied to the surface of the specimen in order to measure the strains after the test 
procedure. The optical measuring system Autogrid 2.3b from the Vialux GmbH, Chemnitz, was used. 
The uniaxial tensile tests were stopped as directly as possible after the excess of the maximum force. 

6. Results 

The plastomechanical model was applied to the geometries used in FE-simulations in order to check 
the model. The used mechanical properties of the material were identically, the hardening exponent 
has a value of 0,202. The calculated local strains as well as the arithmetically averaged strains ϕm are 
shown in Figure 5. 

 
Fig. 5: calculated strain distributions for model geometries and average true strains 
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The maximum strains were achieved in the center of the specimen at the point of smallest initial cross 
sectional area. Rising initial cross sectional area differences effect rising differences in the strain 
distributions. Even small variations of the initial cross sectional area cause descending averaged 
strains ϕm. The elongation at maximum tensile force also descents and the determined hardening 
exponent as well. Figure 6 show the true strains at maximum tensile force for specimen of the 
geometries A and D obtained by FE-simulations. 

 
Fig. 6: strain distribution for model geometries obtained by FE-analysis 

The strain distribution of the specimen with the geometry A fits very well to the results obtained by 
plastomechanical analysis. The results for geometry D are different in the region of smaller strains. 
However, the qualitative analogy is good. 
The application of the plastomechanical model on the wall thickness data (see figure 4) of a real 
specimen is shown in figure 7. The calculated strain distribution is shown in figure 7A and the 
measured strain distribution in figure 7B. 

 
Fig. 7: calculated (A) and measured (B) strain distributions for real specimen 

The measured maximum strains are significantly higher than the calculated. This can be caused by the 
fact, that the test could not be stopped exactly at maximum tensile force. As before, qualitative 
analogy is quite well. Even the unbalance of the specimen can be seen. 

7. Achieving better flow curves 

Specimen used in uniaxial tensile tests have imperfect geometries. So, mechanical properties are 
properties of specimen in strict sense. Measured stresses and especially measured strains are 
influenced by geometrical imperfections of specimen. Possibilities to achieve mechanical properties 
are: 

1. usage of specimen with very precise geometries. 
This seems to be trivial. The effort to make those specimen can be high. The engineer standards allow 
great tolerances especially concerning the wall thicknesses of sheet material. For this reason, it may be 
necessary to grind the surface. This may be not allowed, if the surface is coated. 

2. Stop the test procedure at maximum tensile force and detect the local maximum true strain. 

 



The course of tensile force may have a plateau in the region of the maximum. So, real time detection 
of the maximum force may be a challenge. Stopping the procedure too late will result in the measuring 
of too high strains. The detection of the maximum true strains can be difficult also. 

3. Corrections with the usage of the plastomechanical model. 
To carry out the analysis, the knowledge of the material hardening exponent is needed. This value is 
not known before the corrections are made. However, approximation procedures can be applied. The 
procedure subsequently described is comparatively easy to apply. 
The wall thickness distribution of the specimen is measured and the tensile test is carried out. The 
hardening exponent ϕspecimen is calculated. This value is used as material hardening exponent for the 
calculation of the strain distribution and the average strain ϕm. The difference between ϕspecimen  and ϕm 
is then added to the measured value ϕspecimen (Equation (15)). This approximation will lead to a 
hardening exponent, that is quite near to the exponent of an ideal specimen. 

  (15) nmspecimen ≈−⋅ ϕϕ2
The result can be checked by using the new exponent for a recalculation of the average strain. 
Further procedures to separate the geometrical influences from the influences of the material are 
existent but not tested by now. 
Tensile strength and maximum force respectively are determined by the smallest cross sectional area. 
If high accuracy is required, it may be necessary to correct these values as well. 

8. Conclusions 

Specimen used in uniaxial tensile tests are usually geometrical imperfect. Distributions of their initial 
cross sectional areas, concerning the initial gauge length, influences the determination of mechanical 
properties. For the investigations, a plastomechanical model of the uniaxial tensile test was developed 
and calibrated using FE-Simulations. The model was also applied to real wall thickness curves, 
measured by a measuring device capable of high resolution. A method to separate influences of 
mechanical properties from geometrical imperfections of specimen was developed and presented. 

9. Forecast 

During the uniaxial tensile test, mechanical energy is dissipated in the specimen. Specimen become 
warmer during the testing procedure. Partly, heat is transported to the air by convection. A further 
amount is transported by thermal conductance to the clamps of the tensile tester. So there will be a 
temperature spreading concerning the initial gauge length of the specimen. The strength of metals are 
depending on temperature. For this reason, a temperature distribution will lead to an strength 
inhomogeneity, leading to imprecise determination of mechanical properties. The thermal 
characteristic of the uniaxial tensile test is in between adiabatic and isotherm, depending on 
mechanical and thermal properties of the material as well as on boundary conditions of the test 
procedure. This will be subject of further investigations as well as the broadening of the presented 
topics. 
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