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Abstract

The problem of determination of the flow stress of sheet material for larger strains was investigated. Plastometric
tests for the sample made as a pile of disks cut from the strip were performed. In order to avoid sliding the discs were
placed in a tube made of the IF steel and CuCr alloy. Flow stress of the IF steel and CuCr alloy was determined on the ba-
sis of compression tests for cylindrical samples. With the data obtained it was possible to perform the analysis to identify
the model for TRIP steel using inverse analysis for the compression of the assembled samples. The developed model was
used in two case studies. The first was simulation of stamping of the automotive part. The second was simulation of
strength of the anchor-concrete joint, in which the expansion sleeve was made of the TRIP steel.

Key words: sheet metal, compression tests, inverse analysis

1. INTRODUCTION

The problem of identification of flow stress
model for metallic materials is well studied in the
scientific literature. In bulk forming processes plas-
tometric compression tests are used and inverse
analysis is applied for an accurate interpretation of
the results. The authors’ algorithm for the inverse
solution was described by Szeliga et al. (2006). Flow
stress model for sheet forming is usually built on the
basis of tensile tests. More advanced experimental
techniques like bi-axial tension test are recently
used, see for example (Vegter & van den Boogaard,
2006). Apart from the flow stress, these tests gener-
ate information regarding the anisotropy and allow
to formulate the flow rule (Banabic, 2010). Small
strains that can be applied to the samples are the
main limitation of these tests. Beyond this, present

" This paper was presented at the 21st Conference
KomPlasTech, which was held on January 19-22, 2014 in Wista
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work was done for the TRIP steels. TRIP steel mi-

crostructure is obtained in the continuous annealing

process after cold rolling, when the thickness of the
strip is small. It is not possible to cut from the strip
standard cylindrical samples for compression on the

Gleeble simulator.

Intensive search for experimental methods,
which allow to determine mechanical properties of
strip material to larger strains, has been recently
observed. Such a need results from both:

— the specific character of sheet forming in which
local strains can exceed those achieved in tensile
tests,

— extensively developing metal forming methods
of bulk-sheet forming (Schneider & Merklein,
2011; Merklein et al., 2012; Merklein et al.,
2013).

The objectives of the present work were formu-
lated with the above remarks in mind. To obtain
larger strains compression tests of a pile of discs
made of the investigated strip were performed. To
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avoid slipping of discs the pile was put in a tube
made of a material with known flow stress. Inverse
analysis was applied for interpretation of the results
accounting for the influence of the external tube
material. The developed flow stress model was ap-
plied to simulations of the stamping process of an
automotive part and deformation of the expansion of
a sleeve used to connect an anchor with a concrete
plate.

2. EXPERIMENT

2.1. Material and test conditions

Compression tests for a pile of roundels cut from
the strip were performed. Since roundels during
compression were sliding against each other, the pile
was put in a tubes made both of the IF steel and
CuCr alloy (Fig. 1). Two kinds of the tube material
with various flow stress were used to determine the
extent to which the results can be affected. Com-
pression of bulky cylindrical samples made of IF
steel and CuCr alloy was performed first to deter-
mine the flow stress model for these materials in the
temperature range 20-200°C and the strain rate in the
range 0.001 — 1 s™. Following this, piles of disks in
IF steel tube were compressed to the total strain of 1
with the same deformation conditions.
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Fig. 1. Schematic illustration of the sample collected of TRIP
steel disks in the sleeve made of the IF steel or CuCr alloy.

The tested material was TRIP steel strip contain-
ing 0.22%C, 1.50%Mn, 0.09%Si, 0.014%P,
0.005%S, 0.03%Cr, 0.02%Ni, 0.01%Mo, 0.004%T1,
1.7%Al. TF steel used for the sleeve, which prevents
disks sliding, contained 0.003%C, 0.15%Mn,
0.023%Si, 0.017%P, 0.012%S, >0.028%Ti,
0.003%N. CuCr alloy contained 0.81%Cer,
0.026%Fe and balance Cu. Thickness of the TRIP
steel strip was 1.45 mm. Solid samples dimension
was ¢8x4.35 mm for the IF steel and ¢7x4.35 mm
for the CuCr alloy. Disks with ¢7x1.45 mm were cut
from the TRIP steel strip and put into IF steel or
CuCr tube with ¢8x(7x4.35 mm. These samples
were compressed on the Gleeble 3800 simulator at

temperatures of 20°C, 100°C and 200°C and at strain
rates of 0.001 s, 0.1 s" and 1s™.

2.2. Results

The selected results of force measurements in
the compression tests for the assembled samples are
shown in Fig. 2. The results analysis shows that the
difference between loads obtained for IF steel and
CuCu sleeve is very small.
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Fig. 2. Selected results of measurements of compression force
for the pile of TRIP steel in IF steel tube and CuCr alloy tube,
temperature 20°C (a) and strain rate 0.001 (b).

For all tests the temperature was measured with
thermocouple spot welded to the side of the sample.
The results of the temperature measurements are
shown in Fig. 3. Analysis of the measured tempera-
tures shows that in case of tests with low strain rate
the control system was capable of compensating heat
generation due to plastic work and friction, as well
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as the heat transfer to the surrounding, and reasona-
bly stable temperature was maintained. In fast tests
(1 s the temperature increase was observed. To
compensate the influence of the temperature varia-
tions, the inverse analysis was applied. In case of
the direct problem model the measured temperatures
in the inverse analysis were used as Dirichlet bound-
ary condition.
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Fig. 3. Results of the temperature measurements during com-
pression tests.

3. IDENTIFICATION OF THE FLOW
STRESS MODEL

3.1. Inverse algorithm

Interpretation of the results of compression tests
was based on the inverse analysis capable of elimi-
nating, or at least minimizing the influence of such
disturbances as inhomogeneity of strains, stresses
and temperatures, see (Gavrus et al., 1996; Gelin &
Ghouati, 1994, Szeliga et al., 2006) and allows flow
stress to be determined independently of the method
of testing. Capabilities of the inverse analysis to
improve interpretation of the results of plastometric
tests were confirmed by Gawad et al. (2005). The
two-step algorithm described in details by Szeliga et
al. (2006) was used in the present work. The quad-
ratic norm of the error between measured and calcu-
lated compression loads was used as the objective
function:

1 Nt 1 Ns F’"_F‘
b= [—S | V| i 1
Ntz st F W

i=1 j=1

where: Nt — number of tests, Ns — number of load
measurement sampling points in one test, F", F°, -
measured and calculated load, respectively.

Direct problem model is used to calculate F, in
the objective function (1). This model is based on
the FE thermal mechanical solution for metal form-
ing problems. Details of this solution are given by
Pietrzyk (2000) and are not repeated here. Friction
coefficient of 0.04, determined ecarlier for the cold
compression tests performed on Gleeble 3800, was
used in the present work.

In the present work the inverse analysis had an
additional task, which was to account for the influ-
ence of the IF steel and CuCr alloy sleeve. There-
fore, inverse analysis for the compression test of the
solid IF steel and CuCr alloy cylindrical samples
was performed in the first place and the flow stress
model for this material was determined. This model
was implemented in the FE code, which was used to
simulate compression of the sample assembled of
TRIP steel roundels and IF steel or CuCr alloy
sleeve.

3.2. Inverse analysis for the IF and CuCr
samples

The selected results of the inverse analysis for
the IF steel and CuCr alloy are shown in figure 4.
These curves represent flow stress as a function of
strain and they can be considered a property of the
material for isothermal, constant strain rate condi-
tions. The functions introduced in the finite element
program in the tabular form will give perfect agree-
ment between measured and predicted loads.

The flow stress in the finite element simulations
has to be described in a wide range of temperatures
and strain rates. Therefore, the description of this
relation in the form of algebraic or differential equa-
tions is needed. Thus, the next step of the inverse
analysis involved determination of the coefficients
of the function describing the flow stress. The be-
haviour of polycrystals during plastic deformation
depends on many factors, the influence of which
should be accounted for, which is difficult. To over-
come this problem polycrystals are described by
flow (stress-strain) curve, which represents statisti-
cally all mentioned phenomena. Large number of
flow stress models for metal forming were published
in the scientific literature in the last two decades.
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Fig. 4. Flow stress vs. strain in the tabular form determined in
the first step of the inverse analysis for the IF steel and the CuCr
alloy for the strain rate of 0.001 s (@), 0.1 5 (b) and 1 5 (¢).

These models are characterised by various com-
plexity of mathematical formulation and various
predictive capabilities. There were several attempts
to classify these models, see for example (Grosman,
1997; Schindler et al., 1994; Schindler & Hadasik,
2000), but there is still lack of convincing hints for
selection of the most appropriate model for particu-
lar application. However, the results of preliminary
inverse analysis (figure 4) show that the investigated

steel does not soften during deformation at low tem-
peratures. Therefore, the simplest version of the
Hensel and Spittel (1979) equation was selected in
the present work:

0, = Ae" exp(—q€)€" exp(=pT) ()

where: 4, n, g, m and f - coefficients, T - tempera-
ture in °C.

Approximation of the flow stress curves using
equation (2) was applied and the coefficients ob-
tained from the approximation were used as starting
point for optimization of function (1). Coefficients
in equation (2) were determined by searching for the
minimum of the objective function defined as a
square root error between flow stress calculated
from equation (2) and obtained from the preliminary
inverse analysis. It allowed to decrease the compu-
ting times significantly. The coefficients obtained
from optimization for the IF steel and the CuCr alloy
are given in the first and the second row of table 1,
respectively. The final value of the objective func-
tion (1), which can be referred to as the measure of
the accuracy of the inverse analysis, is given in the
last column of this table.

Table 1. Coefficients in equation (2) for the IF steel and TRIP
steel obtained from the inverse analysis.

material A n q m Yij )

IF 641.0 [ 0.3 [0.0153]0.0159 | 0.00153 | 0.0663

CuCr | 684.56 | 0.261 | 0.269 | 0.0224 0. 0.0565

TRIP | 2367.8 | 0.433 | 1.181 | 0.0016 | 0.000762 | 0.0838

3.3. Inverse analysis for the TRIP steel

Similar analysis was performed for the samples
assembled from the TRIP steel disks inserted in the
IF steel tube or the CuCr tube. Knowing the flow
stress of the tube materials the flow stress model for
the TRIP steel was determined. The results of this
analysis in the form of the flow stress are shown in
figure 5. Full inverse analysis gave coefficients of
equation (2) for the TRIP steel. They are presented
in the last row of table 1.
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Fig. 5. Flow stress vs. strain in tabular form determined in the
first step of inverse analysis for the TRIP steel for the tempera-
ture of 20°C (a) and the constant strain rate of 0.1 s (b) and
157 ().

Decrease of flow stress for larger strains is the
inaccuracy of equation (2). Since strains in bulk-
sheet forming processes, as well as in stamping pro-
cesses, can even exceed 1, application of equation

(1) for these processes can lead to erronecous results.
Therefore, simpler model which is an extension of
the Hollomon equation was additionally considered
in the present paper:

0

:A n_m
O A O R T+ 273)

3)
where: Q — activation energy.

As previously, the inverse method was applied
to determine coefficients of equation (2) and these
coefficients for the TRIP steel are given in table 2. It
can be seen that in the investigated range of parame-
ters the TRIP steel shows negligibly small sensitivity
to the strain rate (m = 0.003) and small sensitivity to
the temperature (Q = 663.2).

Table 2. Coefficients in equation (3) for the TRIP steel obtained
from the inverse analysis.

TRIP A, MPa n m 0, J/mol d

S 9613 | 0256 | 0.003 6632 | 0.099

4. VERIFICATION AND VALIDATION OF
THE MODEL

4.1. Verification of the model

Verification of the models was made by compar-
ison of forces measured in the tests and calculated
using the FE code with equations (2) implemented in
the constitutive law. Figure 6 shows the comparison
results for the IF steel. The results analysis shows
that good accuracy was reached for the whole range
of strain rates and temperatures.

Similar comparison of measured and calculated
forces for the samples made of the TRIP steel disks in
the IF steel sleeve was then performed and the results
are shown in figure 8. Again equation (2) with coeffi-
cients in table 1 was used to describe flow stress of
the IF and TRIP steels in the constitutive model. The
analysis shows that accuracy is not as good as for
solid IF steel samples but it is still acceptable.

4.2. Validation of the model

Flow stress values for the TRIP steel obtained
from the tensile and compression tests are compared
in figure 8. Apparently, for strains below 0.25 very
good agreement between the results obtained from
both tests is observed. Compression test gave realis-
tic results up to the strain of 0.4. Above this value
the strain lost its capability to constrain relative flow
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of the disks, see cross section of the sample with the
strain value of 0.9 (figure 10).
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Fig. 6. Comparison of measured vs. calculated forces (solid
lines) using the FE code with equation (2) implemented in the
constitutive law (dotted lines), for the strain rate of 0.001 s (a),
0.15"(b)and 157 (c); IF steel.
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Fig. 7. Comparison of measured forces (solid lines) with calcu-
lated using the FE code with equation (2) implemented in the
constitutive law (dotted lines) at the temperature of 20°C for the
strain rate of 0.001 sTand 0.1 s'; TRIP steel disks in the CuCr
steel sleeve.
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Fig. 8. Comparison of measured vs. calculated forces (solid
lines) using the FE code with equation (2) implemented in the
constitutive law (dotted lines), for the strain rate of 0.001 s (a),
0.1 s' (b) and 1 s (c); TRIP steel roundels in the IF steel
sleeve.
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Fig. 9. Comparison of stress-strain curve of compression test
and tension test for the TRIP steel at temperature of 20°C and
strain rate 0.001 s”'. Flow stress in compression was determined
by the inverse analysis for the TRIP steel roundels in the IF steel
sleeve and in the CuCr sleeve.
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Fig. 10. Cross section of the sample assembled of the TRIP steel
disks in the IF steel sleeve after compression with the strain of
0.9.

Flow stress model developed from the compres-
sion tests (equation (3) with coefficients given in
table 2) was implemented in the FE code Abaqus
and two processes were simulated. The first was
stamping of a car body part and the second was or-
bital forming of a disc. The stamping process of a
crash box element (part of the car body) was carried
out in three stages. Cutting a hole in the part was not
simulated. Subsequent steps considered in simula-
tions are shown in figure 11. The results obtained
from the numerical simulations were compared with
the strains measurement in the part manufactured in
one of the stamping company. Assuming the plane
strain deformation, major and minor strains were
measured and then compared with those obtained
from the numerical calculations. The comparison
results are shown in figure 12. The analysis of
strains shows that locally they exceed maximum
strain obtained in the tensile tests but they fall within
the range of strains obtained in the compression of
disks in a sleeve.

Fig. 11. Steps in manufacturing of the car body part a) pre-stamping, b) cutting a hole,

¢) final stamping.

The orbital forming was another process which
was simulated using the material data obtained in the
present work for the TRIP steel. This process con-
sisted in changing the shape of the metal disk using

a rotary punch (Merklein et al., 2012). Reduction in
force during the forming is the main advantage of
the orbital forming, which is schematically shown in
figure 13. Initial thickness of the TRIP steel strip
was 2 mm.

Simulation values

T
g

ol

X

Experimental values

Major strain

Fig. 12. Comparison of measured main strain (Experimental
values) with calculated using the FE code (Simulation values).

initial state process state
()
thickness (2 mm) min ik

Fig. 13. Schematic illustration of the orbital forming of the
TRIP steel (0. = 0.5° ¢ = 0.5°).

The final thickness of the disk
varied between 2.6 mm at the rim
and 1.55 mm in the centre. Calculat-
ed distribution of the effective strain
is show in figure 14. In both consid-
ered processes it is seen that strains
are much larger than in the stamping
process and they exceed also those
obtained in the compression of disks
in a sleeve. It means that extrapola-
tion beyond the experimental data was needed, but
the range of this extrapolation was much lower for
the compression of disks in a sleeve as compared
with the tensile tests.
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Fig. 14. Calculated distribution of the effective strain in the disk
made by the orbital forming.

5. CONCLUSIONS

— Compression tests for a pile of disks cut from
the strip inserted in the IF steel or CuCr alloy
tube sleeve allows to determine flow stress of
the strip material to the strains of about 0.5.

— Test performed for the TRIP steel disks inserted
in the sleeve allows to obtain larger strains as
compared with the sample without a sleeve.

— Inverse analysis allows to eliminate the influ-
ence of the sleeve material and to determine real
flow stress of the disk material.

— Very good agreement between the results from
the tensile and compression tests was obtained
for lower strains. It supports an opinion that,
when the inverse analysis is applied, comparable
results are obtained from different tests.

— In the investigated range of parameters, the
TRIP steel showed negligibly small sensitivity
to the strain rate and small sensitivity to the
temperature.

— Due to its larger flow stress, larger deformations
could be obtained for the CuCr alloy sleeve as
compared with the IF steel sleeve. It is expected
that application of the harder material for the
sleeve would allow the total strain in the tests to
increase even further.
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IDENTYFIKACJA MODELU NAPREZENIA
UPLASTYCZNIAJACEGO DLA MATERIALU
W FORMIE TASMY PODDAWANEGO
ODKSZTALCENIOM OBJETOSCIOWYM

Streszczenie

W pracy rozwazono problem wyznaczenia modelu naprezenia
uplastyczniajacego dla materiatu w formie tasmy poddawanego
duzym odksztalceniom plastycznym. Wykonane zostaly proby
$ciskania probek zrobionych z krazkow wycietych z tasmy. Aby
unikna¢ przesuwania si¢ krazkow wzgledem siebie umieszczono
je w rurkach ze stali IF lub ze stopu CuCr. Naprezenie uplastycz-
niajace stali IF i stopu CuCr wyznaczono na podstawie Sciskania
probek cylindrycznych zrobionych z tych materialow. Znajac to
naprezenie, zastosowano analiz¢ odwrotng do identyfikacji mode-
lu naprezenia uplastyczniajacego stali TRIP na podstawie $ciska-
nia probki z krazkoéw umieszczonych w rurce. Opracowany model
wykorzystano w symulacji dwoch proceséw. Pierwszym bylto
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tloczenie czg$ci nadwozia samochodu ze stali TRIP. Drugim
przyktadem byl proces ksztaltowania elementu wykonanego
z tasmy ze stali TRIP.
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