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Abstract

The elastic behaviour of TRIP 700 steel under plastic deformation is anal-
ysed. The analysis is carried out by means of classical tensile test and loading-
unloading cyclic tests. These tests have been performed using high deforma-
tion strain gages, which enable an accurate and continuous measurement of
strain.

An elastic modulus reduction of 20% is observed for 12% plastic deforma-
tion. Furthermore, non-linear unloading and loading paths have been found
in this work. This is an important difference with respect to other authors
and opens new possibilities for the development of new material models to
improve the prediction of the post forming springback of industrial parts,
which is an important issue for the automotive industry.
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1. Introduction and objective

Fuel consumption diminution and car safety improvement have been the
last decade drivers in the automotive industry. In this context, new material
families and forming processes have been introduced in workshop, advanced
high strength steels (hereafter AHSS) being a clear example. These steels
present high yield strength, poor formability and a common problem of sub-

sequent springback after forming.

In the last decade, both experimental techniques and numerical models have
improved aimed at representing more accurately the prediction of spring-
back. As example Cleveland and Ghosh experimentally analysed both the
hardening and the inelastic behaviours of the GP50XK60 high strength steel
concluding the importance of an accurate material modelling for a correct
stamping simulations. Eggertsen and Mattiasson on the other hand, stud-
ied the influence of the yield criteria and hardening model selection on the
springback prediction of an U-channel test. They showed that not only the
model selection but the characterization method as well were found to be

crucial for an accurate springback prediction.

A widely used AHSS is the TRIP 700 steel, which consists in a ferritic ma-
trix, containing bainite, martensite and a fraction of metastable retained
austenite. Under plastic deformation, the transformation induced plasticity
(hereafter TRIP) effect is triggered, which signifies that retained austenite

is transformed into martensite. This phenomenon induces advantageous me-



chanical properties due to strain hardening making it interesting for critical

structural body parts.

When a TRIP steel is plastically deformed, Morestin and Boivin (1996)
found that elastic modulus decreases more than 10% with only 5% of plastic
strain. Perez et al. (2005) and more recently Yu (2009) and Mendiguren
et al. (2012) performed elastic unloading characterisation of different TRIP

steels by means of loading-unloading cyclic tests.

Due to the important impact that elastic modulus reduction has on spring-
back simulations, different authors have implemented this variation into finite
element codes improving the springback prediction accuracy. Gelin et al. in-
troduced the elastic modulus degradation of a TRIP steel function of the
martensite volume fraction on a cylindrical cup drawing process while Fei
and Hodgson implemented the reduction of the elastic modulus function of
plastic strains for V-bending test modelling. Recently, Sun and Wagoner in-
troduced the concept of a quasi-plastic-elastic strain to explain the non-linear
elastic recovery characteristic of the AHSS while Mendiguren et al. made an
extension of the classic elastic law using fractional derivatives to be able to

represent these non-linear behaviours.

In this work, the elastic behaviour of TRIP 700 steel has been studied, strain
being measured more accurately than in previous works by means of large
deformation strain gages. This allows continuous measurement of strain dur-

ing the whole test avoiding the stop of the test at each cycle.



Through this new proposed strain measurement method, some conclusions
drown in previous works have been validated, while different data have been
obtained on others. The characterization tests have been carried out by
means of conventional tensile test and loading-unloading cycles (Mendiguren
et al., 2012). The loading-unloading cyclic tests have been performed up to
near 20%.

The paper is structured as follows:

e Firstly, the materials and experimental procedures are presented

e Next, the results of a tensile test and the loading-unloading cycles are

shown

e Then, the results are discussed analysing the micro-phenomena in-

volved in the macro-elastic behaviour

e Finally, conclusions about the elastic behaviour of the TRIP 700 steel

are pointed out

2. Experimental procedure

2.1. Material and specimens

TRIP 700 steel 1.5 mm thickness has been studied in the present work.
The chemical composition obtained by optical emission spectroscopy is shown
in Table 1.

The testing specimens have been cut from a flat sheet at 0°, 45° and 90°

rolling directions following the EN 10 002-1 standard (see Fig. 1). Three
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Table 1
Chemical composition (wt%) of the analysed TRIP 700 steel.

0.22 0.29 1.82 0.012  0.002  0.03 0.02 0.04 0.86 0.03

specimens for each direction have been produced by means of wire EDM in
order to minimise the influence of the cutting process on the microstructure

and behaviour of the material.
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Figure 1: Dimensions (in mm) of the testing specimens following the EN 10 002-1

standard.

A complementary DC04 mild steel material has been used in this study
as a lower carbon content comparative material. The chemical composition

obtained by optical emission spectroscopy is shown in Table 2.



Table 2
Chemical composition (wt%) of the analysed DC04 mild steel.

0.06 0.02 0.22 0.15 0.007 0.03 0.02 0.05 0.01

2.2. Experimental technique

In order to obtain an accurate and continuous measurement of the strain,
high deformation Vishay-EP-08-250BF-350 strain gages have been used. These
special gages are assembled using fully annealed constantan foils with high
elongation polyimide backing. A properly bonded and wired gage is able to
measure deformations up to 20%. Experimental set-up is shown in Fig.2.
Two strain gages can be observed, in the longitudinal direction and the
transversal direction. Only the longitudinal one is used in the present work,
the latter one being used for a parallel work to characterize the anisotropy
coefficients in function of the plastic strain. Additionally, an extensometer
has been used for the machine control.

Conventional tensile tests and cyclic tests have been carried out for the
elastic behaviour characterisation. The conventional tensile tests have been
carried out according to the EN 10 002-1 standard in an Universal 5 t Instron-
Zwick /Roell machine. The tests have been performed at 3 mm/min velocity,
which gives an approximate strain rate of 1 x 1073571,

Using the same machine, cyclic tests have been performed, where the spec-

imen is stretched until a defined specific strain, called hereafter pre-strain e,



| g

Figure 2: Experimental set up for the different tensile tests.

and then unloaded to the relaxed state (zero stress). Once the first loading-
unloading cycle is finished, the specimen is reloaded again until a higher pre-
strain and subsequently unloaded. This procedure is repeated several times.
The influence of the pre-strain levels have been studied by the authors in
a previous work (Mendiguren et al. (2012)) concluding the invariability of
the elastic behaviour of the material due to the elastic unloading-loading cy-
cles. Therefore, as the elastic behaviour of the material is not affected by the
number of experimental cycles or their pre-strain, non-equispaced pre-strain

levels €, have been selected in this work as shown in Table 3.



Table 3

Pre-strain levels e, for the loading-unloading cyclic tests.

Cycle 1 2 3 4 5 6 7 8

€ps 0.015 0.030 0.045 0.060 0.090 0.120 0.160  0.190

3. Experimental results

3.1. Conventional tensile tests

The flow curves of the TRIP 700 material for the three different rolling
directions are shown in Fig. 3. From these data, Young modulus has been
obtained by curve fitting following the ASTM-E111-97 standard. The ob-
tained Young modulus is very similar in the three directions. The average

value of 204 £ 5.25 GPa is considered in this work as initial modulus .

3.2. Loading-unloading cyclic tests

Figure 4 shows the mean flow curve of the 0° specimens after loading-
unloading cyclic test, the conclusions derived from the analysis of the other
two directions being equivalent. The maximum strain is 18.5%, because no

gage resisted a higher deformation.

By comparing this curve with the 0° curve of Fig. 3, it can be concluded
that the global mechanical behaviour of the material remains the same and
hardening is not affected by the cyclic loads (less than 1.5% difference be-

tween the conventional and cyclic flow curve). However, from Fig. 4 two
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Figure 3: True stress-true strain curves for the three rolling directions.

particularities can be drawn. On the one hand, the upper yield point in-
creases every loading-unloading cycle. On the other hand, it can be observed
that the slope of the loading-unloading paths diminishes as strain is higher.
Besides, by means of a thorough comparison between an unloading path and
its corresponding loading one, it can be concluded that both paths are non-

linear and slightly different, originating a tight loop.

In order to deeply analyse the elastic behaviour of this material, the curves
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Figure 4: True stress-true strain curve for 0° specimens loading-unloading cyclic

test.

are minutely analysed next. Four different studies are carried out:

e The evolution of the elastic modulus in loading paths
e The non-linear behaviour of loading paths
e The evolution of the elastic modulus for unloading paths

e The non-linear behaviour of unloading paths
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3.2.1. Fvolution of the elastic modulus in loading paths

In this section each loading phase has been assumed to be linear. In this
context, the elastic modulus has been obtained according to the same strategy
followed for calculation of the Young modulus. At this point, it is important
to highlight that in this paper Young modulus is refereed to the slope of the
first loading path, when the material is not plastically deformed, whereas
for the slope of all other loading paths, it is used the term elastic modulus.
Three specimens have been tested for each orientation. The mean value and
standard deviation of elastic modulus at each cycle pre-strain is presentd in
Fig. 5. The maximum pre-strain is 12%, as only one gage resisted higher
strains. From these results it can be concluded that the elastic modulus

decreases 15 — 20% with plastic a deformation of 12%.

3.2.2. Non-linear behaviour of loading paths

If the loading phases are meticulously analysed, it can be remarked that
they are non-linear. In order to characterise this non-linearity, the instanta-
neous elastic modulus do/de is computed and represented in Fig. 6, only for
the 0° direction. The conclusions derived from the other two directions are
very similar.

It can be concluded that the instantaneous elastic modulus decreases from
around 200 GPa to 90 GPa as stress grows, which illustrates the assertion of

the non-linearity of the loading paths.

3.2.3. FEvolution of the elastic modulus for unloading paths
Figure 7 shows a representative unloading phase, the one of the 16% of

pre-strain. The unloading stress-strain curve is not a straight line but a curve.
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Figure 5: Loading elastic modulus at different pre-strains for the three material

directions.

The slope of the straight line that links the first and the last stress-strain
points is defined as the chord modulus E, and it represents a characteristic
parameter for springback simulations. As it is shown in Fig. 7, the chord
modulus is lower than the Young modulus previously obtained.

From the three specimens tested for each material direction, the average
chord modulus is computed and represented in Fig. 8. The chord modulus
decreases as the plastic strain grows. In the first unloading cycle, after 1.5% of
strain, it is around 180 GPa while after 12% of pre-strain this value decreases

down to 150 GPa. This data reveals the importance of such a characterization

12



~ |
Qq i + IS} — 0015 i
G220, . Epg = 8.820
\; 1::%;++ A g — V. 5 i
R AEHIT . eps = 0.060
DL RN v Eps = 0.090
5 xxﬁ**lﬁséip €ps = 0.120
= 160} ey, | - eps = 0.160)
'8 Xxxtxxxxii:‘o

2 1407 i *
£ 120+t : iﬁgxgx

a PN 25

@ 100 | AA ..Vvv****xxxxx .
Z 80} ‘ ‘ ‘ v
= 200 400 600 800

True stress o (MPa)

Figure 6: Loading instantaneous elastic modulus for each loading phase. Results

from the 0° RD specimen.

for a reliable process simulation.

3.2.4. Non-linear behaviour of unloading paths

As for the loading case, in order to analyse the non-linearity of the elastic
unloading, the instantaneous elastic modulus do/de is computed for the 0°
direction specimen. The results are shown in Fig. 9. Two conclusions can
be obtained. On the one hand, it can be pointed out that the bigger the
pre-strain e, is the lower the instantaneous elastic modulus becomes. On
the other hand, for each unloading phase, the instantaneous elastic modulus

decreases as stress goes down. For the seven tested pre-strains, the instan-
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Figure 7: Unloading stress-strain curve obtained by experiment and curves

calculated with chord modulus and Young’s modulus when strained to 0.16.

taneous elastic modulus decreases with an approximate slope equal to 50

GPa/GPa .

4. Discussion

4.1. About the elastic behaviour

In the present work the reduction of the elastic modulus reaches the
15 — 20% for a 12% of pre-strain.
Yu in 2009 arrived to a similar conclusion for the TRIP 600 steel, mea-

suring a reduction of a 20% for 30% of plastic strain. On the other hand,
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Figure 8: Chord modulus evolution at different pre-strains for three material

directions.

Perez et al. in 2005 analysed this phenomenon for the TRIP 700 and they
concluded that the elastic modulus for the TRIP 700 diminishes quickly in
the first stage of deformation, followed by a slight and constant drop as strain
grows, where the final decrease in the elastic modulus at 20% of pre-strain
was about 5 — 6%.

The disagreement between the results presented by Perez et al. and those
presented in this work can be due to the different techniques used to measure
the strain. Perez et al. measured the strain with one strain gage at each cycle

while in the present work a unique strain gage has been used along all the
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Figure 9: Unloading instantaneous slope for each unloading phase. Results from

the 0° RD specimen.

test avoiding in this way the manipulation of the sample during the test.

In the literature two different theories can be found to explain why the
elastic modulus decreases with the plastic deformation. On the one hand,
the theory relating the elastic modulus diminution with the TRIP effect (i.e.
the retained austenite is transformed into martensite as plastic deformation
increases), based on the fact that the elastic properties of austenite and
martensite are quite different (Doege et al., 2002). In this context, Thibaud
et al. (2002) proposed an exponential relationship between the elastic mod-

ulus and the martensite volume fraction.
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On the other hand, the second theory, Perez et al. (2005), states that
elastic modulus reduction is related with the dislocation behaviour instead
of the martensite volume fraction. Perez et al. (2005) concluded that during
the first part of the deformation process the total amount of transformed
austenite is high. The transformation rate decreases as the strain increases
reaching an untransformed austenite therefore around 2—3 %. Consequently,
the TRIP effect cannot explain the modulus evolution at higher strains. Due
to previous facts, they concluded that the microplastic stains are the the
main reason for which the elastic modulus decreases with the pre-strain. Mi-
croplastic strains are related with the dislocation movement though the grain
and their pile-ups on the grain boundaries, see the original work for more

details.

Concerning the non-linearity of the unloading path, it must be mentioned
that this phenomenon has been already shown in previous works, Perez et al.
analysed this phenomena for some TRIP steels while as previously mentioned
Sun and Wagoner and Mendiguren et al. developed a new modelling tech-
niques to represent this unloading path. This non-linear unloading path can
be explained in terms of microplastic strain (Perez et al., 2005). During
plastic deformation, dislocations move through the grain and at the same
time new dislocations are created (Foreman, 1967). Under stress conditions,
despite these dislocations are repellent one to another, they form pile-ups
into the grain boundaries. When the stress is removed, unloading disloca-
tions tend to adopt a new configuration corresponding to an equilibrium

state. The going back of dislocations produces an extra strain resulting in a
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non-linear unloading path. Apart from the microplastic strain recovery, the
unloading recovery is governed by the classical interatomic plane relocation

and the bended dislocations unbending too.

If the loading and the unloading behaviours are compared, two conclusions
can be drawn. Even if the unloading and subsequent loading phases do not
follow the same path, both of them start and finish approximately at the
same point. Therefore, the chord moduli obtained from the unloading and
the elastic modulus of the loading phases are very closed to each other.

The second observation is that, around the zero stress state, in the loading
phases all the loading instantaneous elastic moduli start between 180 GPa
and 220 GPa. However, for the unloading behaviour, each unloading phase
reaches the zero stress state with different instantaneous elastic modulus
between 120 GPa and 160 GPa. Likewise, around the yield stress in the
loading behaviour all the loading phases reaches the range of 140-120 GPa
(further than this starts the elastoplastic behaviour).

4.2. About the upper yield point

As it has been previously mentioned, an increase of the upper yield point
is shown when the specimen is reloaded after an unloading phase (see Fig.
4). This phenomenon could be explained by the strain ageing process. Strain
ageing is divided into three main stages in time. In the first stage, the short
time Snoek rearrangement process is activated, which is an effect of the
stress-induced rearrangement of the interstitial atoms in the stress field of
dislocations (Farfas, 2006). The medium time dislocation pinning governed

by the Cottrell effect composes the second stage. The last stage of the ageing
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process, long time process, is the precipitation of carbides at dislocation re-
gions. At this work the loading-unloading cycle tests are performed at room
temperature and long time is required for the diffusion of the carbon atoms
towards the dislocations lines at this temperature. Thus, the short time
Snoek rearrangement process is supposed the main mechanism responsible

for the increase of the upper yield limit during reloading.

In order to prove that the increasing of the upper yield point phenomenon is
related with the iteration between carbon atoms and the dislocations, Snoek
phenomenon, the loading-unloading cycle tests have been repeated with a
DCO04 mild steel. The carbon content of this mild steel is much lower than
that of the TRIP 700. Therefore, the increase of the upper yield limit in
the mild steel has to be lower than the one of the TRIP 700 and therefore a

lower upper yield limit effect should be observed for this material.

In Table 2 the chemical composition of the tested mild steel, obtained by
optical emission spectroscopy, is shown. In Fig. 10 the increase in the upper
yield limit of both TRIP 700 steel and mild steel are shown (Fig. 10(b) and
Fig. 10(a)). The hypothesis that the upper yield point is due to the Snoek

short time rearrangement process is confirmed.
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Figure 10: Snoek phenomenon comparative: a) the increase in the upper yield
limit for the TRIP 700 and b) the increment in the upper yield limit for the
DC04 mild steel.
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5. General conclusions

The elastic behaviour of the TRIP 700 steel has been analysed using
conventional tensile tests and loading-unloading cyclic tests. From the ex-

perimental results the following general conclusions have been obtained:

e Both conventional tensile tests and loading-unloading cyclic tests ex-
hibit a similar hardening behaviour. Therefore, global hardening is not

affected by the cycles

e The elastic modulus during loading as well as the chord modulus dur-
ing unloading decrease as the pre-strain increases. This diminution in

modulus is about 15-20% at 12% of pre-strain

e The non-linearity of the unloading phases can be explained by the
dislocation bending phenomenon, whereas the unloading non-linearity
is governed by different mechanisms being the microplastic strains the

main one

e The reduction of the unloading elastic modulus is related to both phase
transformation and dislocation rearrangement, but the latter is the

main reason of the elastic modulus decrease

e The increment of the upper yield point shown in the loading phases

could be explained by the Snoek short time rearrangement process

The understanding of the elastic modulus evolution of AHSS with the
plastic strain and the experimental data shown in this article are a valu-
able source of the future reliable springback numerical models of industrial

processes.
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