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Abstract

The purpose of this study is to investigate the deformation property, under a high
strain rate, of high strength steel sheets. The influence of strain rate on the
Bauschinger effect is clarified, and the relation between the mechanical property
and this influence is formulized. In this study, three kinds (590MPa, 780MPa,
980MPa) of high strength steel sheets of the Dual Phase type were applied. Both
the rolling direction and the transverse direction specimens are created, and the
compressive-tensile tests are conducted on three conditions of strain rate 7.0x107,
10 and 100/s. As a result, it is shown clearly in Dual Phase steels that the
dependence of strain rate on the Bauschinger effect exists. In addition, with the
transformation of material into high strength, it is demonstrated that
consideration of the influence of the Bauschinger effect becomes increasingly
important; however, the need for consideration of the dependence of the strain
rate and the influence of strength anisotropy on the Bauschinger effect decrease
for a material model in a numerical simulation.

Keywords: sheet metal forming, mechanical property, compression test, tensile
test, high speed deformation, dual phase steel, Bauschinger effect, strain rate
dependence, strength anisotropy.

1 Introduction

In recent years, in connection with the motion in the low carbon society towards
earth’s environment protection, the improvement in fuel consumption of the
automobile has been required strongly. Therefore, adopting high strength steel
sheets as the composition material of the automobile body contributed to both
the weight reduction of the body and the improvement in safety. It has been
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recognized that Dual Phase steels have more advantages for crash performance
than high strength steels, which has same material strength [1].

However, although high strength steel sheets have increasing application in
the automobile by the development of material and forming technologies, these
steels still present difficulties for processing. The serious problem in press
forming was that a spring back occurs. As a solution to this problem, when the
forming die was designed, the predicted value of the amount of spring backs by
the numerical simulation technique was used. When bending in press forming,
sheet metal is influenced by the Bauschinger effect, so, a material model that can
consider the Bauschinger effect has been developed in order to improve
simulation accuracy [2]. Although consideration of strain rate is important for
improvements in productivity, in this model, the influence that it has on the
Bauschinger effect is not taken into consideration.

It has been reported in a past study that the dependency of strain rate and
strain rate history exist in pure iron and carbon steels [3]. With regard to Dual
Phase steels, many data on the Bauschinger effect has been reported [4, 5], while
the dependency of strain rate on the effect has been reported in the condition of
strain rate from 0.001 to 0.01/s only [6], which has not been clarified in higher
strain rates.

Then, the purpose of this study is to investigate the Bauschinger effect under
a high strain rate with regard to high strength steel sheets of the Dual Phase type
used due to expectations of weight reduction. To evaluate the Bauschinger effect,
re-load tensile tests are conducted after pre compression on conditions of strain
rate 7.0x107, 10 and 100/s; the first load process is compression and the second
load process is tension. In this paper, the dependence of strain rate on the
Bauschinger effect is reported, in addition to the relation between the mechanical
property and the scale of the effect.

2 Bauschinger effect

When metal materials are applied resulting in stress in a different direction to
pre-deformation, yield stress and flow stress decrease significantly compared
with the case of stress in the same direction to pre-deformation. This effect has
been called the Bauschinger effect. In the case of single phase metal, the back
stress arises resulting in long range obstacles, for example piled up dislocation in
the cell wall and grain boundary or sessile dislocation; in the reverse stress path,
the Bauschinger effect occurs because this back stress helps reversal
deformation. In addition, it has been recognized on metal materials containing a
hard secondary phase, such as Dual Phase steels, that the Bauschinger effect
occurs due to the early yield phenomenon, which is attributed to local strain
gradient resulting from the strength differential between the primary and
secondary phases [7, 8].

Deformation resistance considers two components separately that are
independent and dependent on the direction of the stress path. The former is
resistance by forest dislocation and yield stress decided by the metal structure,
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and the latter is the back stress. The mean back stress is derived from the
following equation [9].

) (1)

In this study, in order to represent a scale of the Bauschinger effect directly,
the ratio of the Bauschinger effect (B.E.R.) is calculated from the following
equation [6]. So, the ratio of the Bauschinger effect decreases the rate of the
yield point, and is an evaluation indicator in which back stress is made
dimensionless by the mechanical property.
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Figure 1 depicts the stress values that are used in eqns. (1) and (2). The
Bauschinger effect is observed by compressive-tensile tests in this study, and the

strain-stress relationship in the tensile process is obtained. ;.. is the yield

stress in the tensile process, as yield is evaluated at the point at which there is
residual plastic strain Ag is indicated in. O, 1S the intersection point of the

uniaxial tensile history, O'tensﬂe(e), with the elastic unloading of compression

force history O-unload(g)7 which is calculated as pre-strain ¢,,, and Young’s

pre
modulus E .

B.E.R. as defined eqn. (2) shows the scale of the Bauschinger effect. If
B.E.R. equals zero, the Bauschinger effect does not occur; the Bauschinger
effect occurs more as the value of B.E.R. grows. So, in this study, the evaluation
point corresponds to 0.2% proof stress as yield stress (Ag =0.002).
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Figure 1: Description of the Bauschinger effect.
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Table 1: The mechanical property of steels. Yield stress is identified as 0.2%
proof stress; n value is calculated as a point of 2% and 5% total
strain. These data are obtained from the result of a quasi-static
tensile test.

Rolling Direction
| Yield stress Tensile strength n value
i [MPa] [MPa] (2, 5% total strain)
RD ™D
RD 360 609 0.193
DP3590 TD 291 585 0.222
RD 518 853 0.153
DP780 TD 446 806 0.168
RD 716 1064 0.146
DP980 D 553 1032 0.176
4.3 t=1.4
% p4u) ]
- ¥
n |
90
Figure 2: Configuration of specimen.

3 Experimental

3.1 Material and specimens

The material is cold rolling high strength steel sheets of the Dual Phase type,
which contain ferrite and martensite. Dual Phase steels of 590, 780 and 980MPa
classified for strength (DP590, DP780 and DP980) are used. The mechanical
property of the steels is listed in table 1. The configuration of the specimen is
shown in fig.2 [10]. The specimen axis is cut along the rolling direction (RD
samples) and along the transverse direction (TD samples) by a wire electrical
discharge machine. The constricted part of specimens is called the parallel part.

3.2 Compression test

Quasi-static (0.007/s) and dynamic (10, 100/s) compression tests were
conducted. A universal testing machine was used for the quasi-static test, and an
electro hydraulic high speed compression testing machine was used for the
dynamic test. To avoid buckling of the specimen at compression, a compression
test jig, which has been developed in this study, was used for the specimen
shown in fig.3. The compression test jig is made up of a main part (fig.3(a)) and
a support part (fig.3(b)). A specimen is fixed by bolting the support part on to the

WIT Transactions on The Built Environment, Vol 112, © 2010 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



High Performance Structures and Materials V. 123

main part, while the specimen fits in the channel of the support part. Then, the
specimen is compressed from above with a T-pusher. The amount of pre-strain is
1~9%, which is adjusted by pusher dimensionl. So, for the dynamic
compression test, the impact power is cushioned by setting the compression test
jig in the base with a damper.

We measured the size of the specimen parallel part (widthw,,w and

thickness ¢ ,# ) by micrometer before and after compression, respectively. One

of the measurement results after compression is shown in fig.4. Specimens are
nearly constant in cross sectional dimensions in the axial direction as shown in
fig.4, therefore, it is confirmed that compression strain can be applied equally
using the developed test jig. The compression pre-strain is calculated from the
following equation.
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Figure 3: Configuration of the compression jig, which is separated three

parts: (a) main part; (b) support part; (c) pusher.
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Figure 5: The method for the dynamic tensile test: (a) dynamic tensile test

machine; (b) the position of the strain gauge on the specimen.
3.3 High speed tensile test

Quasi-static (0.007/s) and dynamic (10, 100/s) tensile tests were conducted after
compression. The universal testing machine was used for the quasi-static test,
and the electro hydraulic high speed tensile testing machine was used for the
dynamic test. A schematic diagram of the dynamic tensile test machine is shown
in fig.5(a). This machine’s actuator was controlled by an electro hydraulic high
speed servo valve as an upper chuck run up at the slider part, therefore,
specimens have caused strain at the expectant speed [11].

The most important issue revealed in the high speed tensile test is that wave
shapes by the load-cell, including vibration noise, were detected. Vibrations
occur from the inertial force of system, including load-cell, chuck and a
specimen. So, to reduce the noise effect by the reflected wave, it is necessary that
loads at high speed deformation are measured by a strain gauge adapting grip
part of a specimen in both sides as shown in fig.5(b) [10]. In addition, to measure
the conversion factor from strain to load, we compared data from loads cell to
the output of the strain gauge in the quasi-static tensile test.

Strain can be measured by the strain gauge, adapting the parallel part up to
about 5%. Strain exceeding this measurement range was calculated from the
mean strain rate, measured by analyzing a motion picture recorded with a high
speed camera.

4 Results and discussion

4.1 The dependence of strain rate history on the Bauschinger effect

Strain rate history dependence on the Bauschinger effect is considered from the
result of compressive-tensile tests under the condition that strain rate differs in
compressive and tensile processes. The true stress-true strain diagram for RD
samples in the tensile process is shown in fig.6.

WIT Transactions on The Built Environment, Vol 112, © 2010 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



High Performance Structures and Materials V. 125

There are differences in flow stress from differing tensile strain rate; it is
considered that these differences occur from the strain rate dependence of stress.
On the other hand, it is demonstrated that there are no differences in flow stress
if the tensile strain rate is the same, allowing that the pre-compression strain rate
is different. In addition, the relation between the compression pre-strain and
stress when producing 0.2% plastic strain is shown in fig.7. Considering 0.2%
proof stress, differences in differing compression pre-strain rate are very small,
as is flow stress. Therefore, it is demonstrated that the dependence of strain rate
in pre-deformation, or strain rate history dependence, on the Bauschinger effect
in Dual Phase steels is negligibly small.

Assuming that the Bauschinger effect occurs by evolution of dislocation
substructures, such as cell structure, it is expected that back stress is different,
because the configuration of these formed structures differs depending on the
strain rate at pre-strain [12]. However, it is considered in this discussion that the
influence of cell structure as a factor that causes the Bauschinger effect is small,
and cells do not evolve in the pre-compression condition of this study.

4.2 The dependence of strain rate on the Bauschinger effect

Strain rate dependence on the Bauschinger effect is considered from the result of
compressive-tensile tests under the condition that strain rate is equal in both
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Figure 7: Re-yield stress at the various test condition: (a) DP590, (b) DP780,
(c) DP980 for RD samples. The results indicate a tendency similar
to that shown in fig.6.
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tension: (a) DP590, (b) DP780, (c) DP980 for RD samples.
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compressive and tensile process. The true stress-true strain diagram and the
added 0.2% proof stress point for RD samples in the tensile process is shown in
fig.8.

Flow stress and 0.2% proof stress resulting from re-load tensile test decrease
significantly compared with the result of the uniaxial tensile test, and as the
strain rate increases, these stresses rise at the same compression pre-strain. These
suggest occurrence of the Bauschinger effect and the strain rate dependence of
stress.

To evaluate the Bauschinger effect quantitatively, the ratio of the Bauschinger
effect is calculated from the result of the re-load tensile test and the uniaxial
tensile test by eqn. (2). In each material and strain rate, the relation between
compression pre-strain and the ratio of the Bauschinger effect is shown in fig.9;
approximate curves fitted to this relation by the following equation is added in
fig.9.

BER. =kppg & """, &, 2 A& =0.002 4)

Figure 9 indicates that the ratio of the Bauschinger effect decreases with the
increase in strain rate for all materials. Therefore, it is demonstrated that the
dependence of strain rate on the Bauschinger effect exists in Dual Phase steel
and is correlated negatively with strain rate.

So, it is considered that the ratio of the Bauschinger effect is expressed as a
function of compression pre-strain and strain rate. As coefficients kp;p and

ngpg of eqn. (4) are considered as a function of strain rate &, the relation
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Figure 9: The ratio of the Bauschinger effect: (a) DP590, (b) DP780, (c)
DP980 for RD samples. Notice that the Bauschinger effect has the
dependence of strain rate.
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Figure 10:  Correlation between strain rate & and (a) kgy or (b) nggp for
RD samples.

Table 2: Coefficients of eqns. (4) and (5).

RD samples ay a, b, b,
DP590 -5.6x1072 -7.3%107 0.64 0.14
DP780 -5.2x1072 -1.6x1072 0.63 0.046
DP930 -3.2x1072 -7.9%107 0.67 0.033

between strain rate and these coefficients is shown in fig.10(a), (b), respectively.
kppgr, ngpg is found to correlate with strain rate & logarithmically as shown

in fig.10. Therefore, the dependence of strain rate on the Bauschinger effect is
expressed in the following equation by fitting coefficients of eqn. (4).

kppr =a;logé+b; (5)

ngpg =a,10gy&+b, (6)

New coefficients using eqns. (5) and (6) are constants specific to the material.
The constants of each material are listed in table 2. So, according to eqns. (4), (5)
and (6), yield stress is expressed in the following equation when materials are

applied to re-load after deforming total pre-strain ¢ on the stress path of the first
and second load process to become in the opposite direction.

(a, logjo+b,)
|O-reverse | \]

O-reyieldAa |Ureverse | (7)

= 1—(ak log,o+ b, {|5| -

4.3 The influence of strength anisotropy on the Bauschinger effect

Specimen materials are as received in this study; strength anisotropy exists as
shown in table 1. So, the influence of strength anisotropy on the mechanism of
the Bauschinger effect is considered. The quasi-static tensile test is conducted
after pre-deforming in the compression strain rate of three conditions for RD and
TD samples; the ratio of the Bauschinger effect is calculated from the result by
eqn. (1) and the relation between that and pre-strain is shown in fig.11.
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Figure 11:  The ratio of the Bauschinger effect in the case of 0.007/s tensile
strain rate: (a) DP590, (b) DP780, (c) DP980. Notice that the
Bauschinger effect is influenced by material anisotropy.

Distinctions of the ratio of the Bauschinger effect stress occur by the
difference in loading axial direction as shown in fig.11. It has been recognized
that strength anisotropy is induced by a mixture of elongated metal structures
along the rolling direction, formed crystal texture by controlling crystal lattice,
and so on. It is demonstrated in this experimental result that the mechanism of
the Bauschinger effect is influenced by these geometric deviations of material
texture, which cause strength anisotropy.

4.4 The relation between material strength and the Bauschinger effect

The influence of material strength on the Bauschinger effect is considered. In
Dual Phase steels, transforming materials into high strength has been controlled
by an increase in martensite volume fraction, grain refinement, and so on. In
addition, RD samples are stronger than TD samples for strength anisotropy as
shown in table 1, it is suggested that the strength increase due to strength
anisotropy is apparent in a reduction in strength differential between the soft
ferrite phase and the hard martensite phase resulting from the strength increase of
each phase and non-uniformity of the grain size. Coefficients of eqn. (4) are
calculated from the results shown in fig.11 toward compression pre-strain; the
relation between these and material strength is shown in fig.12.

It is indicated that kg p » is the scale of the Bauschinger effect, and ng 5 5 is

the dependence of the pre-strain amount on the Bauschinger effect. With
increasing material strength by transforming materials into high strength or
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Figure 12:  Correlation between k value or n value and the mechanical property
of steel in the case of 0.007/s tensile strain rate.

strength anisotropy, it is demonstrated that the dependence of the pre-strain
amount decreases, as shown in fig.12. In addition, it is demonstrated that the
scale of the Bauschinger effect increases with transforming materials into high
strength and on the other hand decreases with increasing material strength by
anisotropy. In addition, with transforming materials into high strength, it is
demonstrated that the dependence of strain rate and the influence of strength
anisotropy on the Bauschinger effect decrease.

The Bauschinger effect occurs because back stress arising as a result of piled
up dislocation in the grain boundary helped reversal deformation in the reverse
stress path. Furthermore, the Bauschinger effect in Dual Phase steels occurs due
to the early yield phenomenon attributed to the local strain gradient, resulting
from the strength differential between the primary and secondary phases. The
trend of experimental results as referred to above can be explained with these
mechanisms of the Bauschinger effect.

5 Conclusion

In this study, to clarify the influence of strain rate on the Bauschinger effect on
high strength steel sheets of the Dual Phase type, the method of compressive-
tensile testing for sheet metal under high speeds has been developed. To evaluate
the Bauschinger effect, a compressive-tensile test has been conducted in a wide
range of strain rates from quasi-static to dynamic in the case of experimental
conditions in which compressive and tensile axial directions were the same and
along the RD or the TD in Dual Phase steels. The results indicate that the
dependence of strain rate is correlated negatively with strain rate. In addition, the
reduction of strength resulting from the Bauschinger effect is formulized to pre-
strain and strain rate.

In the future, it has been expected that further application into high strength
steels will be promoted. In order to apply high strength steels, it is demonstrated
that consideration of the influence of the Bauschinger effect becomes
increasingly important, but the need for consideration of the dependence of strain
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rate and the influence of strength anisotropy on the Bauschinger effect decrease
for the material model in a numerical simulation. In addition, even for the same
strength of material, it is estimated that the mechanism of the Bauschinger effect
is different due to the difference in microstructure of the materials.
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