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A physically based model for bake-hardening (BH) steels is developed suitable to predict the BH
as well as the macroscopic behavior of strain-aged steels in tensile tests, such as the lower yield
stress and the yield point elongation or Lüders strain. A description of the strain aging kinetics
is given by considering two aging steps: Cottrell atmospheres formation and precipitation of
coherent carbides. The modeling includes the effect of solute carbon content, aging time, tem-
perature, and prestrain. Then, a numerical approach of Lüders phenomenon using finite element
(FE) method codes is conducted. The strain aging model is eventually coupled with the previous
numerical study thanks to a local mechanical behavior that schematically describes the local
dislocation behavior. Simulations of tensile tests are performed and agree well with experiments
carried out on aluminum-killed (AlK) and ULC BH steels, in terms of lower yield stress and
yield point elongation. Effects of aging treatment, grain size, and strain rate on the macroscopic
behavior are particularly enlightened.
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I. INTRODUCTION

REQUIREMENTS of increased dent resistance of
steels in the automotive industry have largely contrib-
uted to the development of new bake-hardening (BH)
ultra-low-carbon steels (ULC). These low-strength deep
drawing steels initially offer low yield strength before
forming, but they exhibit an increased yield strength
after forming and paint baking in automotive manufac-
turing. This strengthening is due to work hardening
during sheet forming processes and to BH during paint-
baking processes. The latter phenomenon corresponds
to strain aging, which is the interaction between solute
carbon and dislocations.[1] Recent BH steels initially
present a relatively low dislocation density and a
controlled level of carbon in solution, so that the strain
aging phenomenon only occurs during the paint-baking
process. Diffusion of carbon leads to formation of
Cottrell atmospheres[1] and pinning of dislocations. If
subsequent strain occurs after stamping and baking, the
material exhibits higher yield strength but also the
return of a sharp yield point during tensile tests. In that
case, plastic instabilities called Piobert–Lüders bands
propagate along the testpiece. This corresponds to a
localization of plastic strain, which leads to a plateau on
the macroscopic stress-strain response.

Descriptions of bake hardenability are usually based
on uniaxial tensile tests. First, a specimen is loaded to
2 pct strain, which is a typical amount of strain received
by outer panels during stamping. Then, the specimen is
baked at 170 �C for 20 minutes to simulate the indus-
trial paint-baking process. Finally, the prestrained and
baked specimen is uniaxially tested in the same direction
as the prestrain. The BH is defined as the difference
between the lower yield stress after baking and the final
flow stress after prestraining, as displayed in Figure 1.
This phenomenon has been widely studied in the

literature. From a metallurgical point of view, strain
aging, mainly due to Cottrell atmosphere formation, is
influenced by numerous and often coupled parame-
ters,[2,3] mainly the chemical composition and especially
the solid solution carbon content, the grain size, and the
aging conditions (temperature and time). For instance,
grain size plays a particular role on solute carbon
content, but the resulting effect on BH is not very well
understood.[2]

The Piobert–Lüders phenomenon has also been
investigated from a mechanical point of view. Models
have been developed to explain the rapid mobile
dislocation multiplication occurring after the material
yields.[4–7] The effect of strain rate and grain size was
often taken into account by examining the Lüders band
velocity. Butler[8] particularly focused on grain size and
showed its effect on Lüders plateau characteristics and
bands velocity. The conclusion was that, for small grain
size, band velocity decreases and Lüders stress increases.
Eventually, a detailed understanding of both the

kinetics of strain aging and plastic instabilities propa-
gation is then required to model the behavior of such
complex steels during tensile tests. Moreover, investiga-
tions have to be carried out to study the effect of aging
on strain path changes in order to predict the effect of
BH on dent resistance.
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The aim of the study is twofold: propose a model to
predict the static strain aging behavior of BH steel
during tensile tests and investigate the strain-path
change dependence of BH. Therefore, the present work
is divided into two parts. The first part is devoted to a
physical-based modeling for BH steels suitable to
predict the BH and the macroscopic behavior of
strain-aged steels in tensile tests. The companion arti-
cle[9] deals with BH strain-path dependence and its
modeling in order to simulate dent tests.

This work is based on experiments carried out on two
BH steels. Effects of solute carbon content, grain size,
aging treatment, and prestrain are particularly investi-
gated. Static strain aging is then modeled. First, the
physical phenomenon of strain aging based on Cottrell
atmospheres formation and precipitation of coherent
carbides is studied. A detailed description of the strain
aging kinetics is given based on a generalized form of the
Harper model[10] taking into account the diffusion of
carbon atoms in the stress field of a dislocation,
progressive carbon depletion from the matrix, and
saturation of the available dislocation sites. Then, a
local mechanical model describing schematically the
evolution of dislocation density is introduced in a finite
element (FE) code. Simulations are eventually per-
formed and compared with experiments.

II. MATERIALS AND EXPERIMENTAL
PROCEDURES

Experiments were conducted on two BH steels, an
aluminum-killed (AlK) one and a Ti-stabilized ULC
one. The chemical compositions of the steels are detailed
in Table I. Sheets were received after hot rolling; they
were given 80 pct cold reduction and then annealed at
800 �C for 1 minute. The grain sizes obtained were
12 lm for the AlK grade and 13 lm for the ULC one.
Additional treatments were carried out in order to
control the level of carbon in solution. Three different
solute carbon contents (20, 40, and 60 ppm) were
obtained for the AlK steel and one (20 ppm) for the
ULC one. To investigate the effect of grain size, three
different cold rolling rates (20, 75, and 90 pct) were
performed on the AlK steel in order to get three different
grain sizes (30, 13, and 8 lm) but with the same solute
carbon content (20 ppm). Eventually, all AlK modalities
were temper rolled 1.5 pct and ULC 2 pct in order to
remove any sharp yield point. Typical mechanical
behaviors of both steels widely used in this work are
given in Table II.
Tensile specimens were prepared from the sheets and

prestrained at 2 pct for AlK modalities, 2 and 5 pct for
the ULC modality. Aging treatments were carried out at
120 �C and 170 �C for various aging times. Testpieces
were then restrained in the same direction as prestrain to
failure. Measured BH is defined as the difference between
the lower yield stress after aging and the flow stress at the
end of the prestraining, as displayed in Figure 1.
Additional tests were performed to measure the

carbon content in solution. A thermoelectric power
system was used to check the level of solute carbon
during modalities elaboration and to analyze solute
carbon evolutions after the aging treatments.

III. MODELING

A. Strain Aging Model

In order to describe the physical phenomenon of
strain aging, the formation of Cottrell atmospheres must
be examined. The components of such a model are the
following: (1) prediction of solute carbon content, which
is necessary for dislocation pinning; (2) prediction of

Table I. Chemical Composition (Weight Percent), Solute Carbon Content (ppm), and Grain Size (lm) of the Steels

Steel C Mn P Si S N Al Ti Css (ppm) d (lm)

AlK 0.021 0.173 0.005 0.007 0.007 0.005 0.048 0 20 12
ULC 0.002 0.478 0.006 0.006 0.008 0.003 0.034 0.016 22 13

Table II. Mechanical Properties of the Steels*

Steel YS (MPa) UTS (MPa) YPE (Pct) UE (Pct) TE (Pct)

AlK 183 320 0 21.8 42
ULC 191 312 0 22.5 40.2

YS is yield strength, UTS is ultimate tensile strength, YPE is yield point elongation, UE is uniform elongation, and TE is total elongation.

Bake Hardening (BH)

Work Hardening

Prestrain: 2%

Ageing Treatment: 
170°C for 20 min

St
re

ss

Strain

Fig. 1—Schematic diagram of a standard test and definition of the
BH.
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dislocation density; and (3) determination of strain
aging kinetics.

In the first part, the solute carbon content necessary
for dislocation pinning is predicted by considering the
supersaturation of solute carbon and intergranular
segregation during the annealing following the model
proposed by Mac Lean.[11]

The forest dislocation density qf after prestrain is
evaluated from the competition between accumulation
and annihilation by dynamic recovery, so that

@qf

@ep
¼M

bd
�Mf�qf ½1�

whereM is the Taylor factor, d is the ferritic grain size, b
is the Burgers vector, f is a coefficient measuring the
intensity of dynamic recovery, and ep is the plastic strain.

If qf0 represents the initial dislocation density, that is
to say the dislocation density after skin pass, the
previous equation can be integrated as

qf ¼ qf0 � exp �fMep
� �

þ
1� exp �fMep

� �

bfd
½2�

According to Bergström[12] and Kocks,[13] one can then
relate the flow stress r to the forest dislocation density
and determine the plastic flow behavior of the steel be-
fore aging:

r ¼ r0 þ aGb
ffiffiffiffiffi
qf

p ½3�

where r0 is the friction stress, a a proportionality factor,
and G the shear modulus.

A detailed description of the strain aging kinetics is
given based on a generalized form of the Harper
model.[10] This description takes into account the
diffusion of carbon atoms in the stress field of a
dislocation, the progressive carbon depletion in the
matrix, and the saturation of the available dislocation
sites, as already proposed by Zhao et al.[3] The satura-
tion level of the dislocations dBH is given by

dBH ¼
NðtÞ
N0
¼

1� exp 3� qfx � n0a
� �

� p
2

� �1=3 ADt
kT

� �2=3h i

1� N0

n0
� exp 3� qfx � n0a

� �
� p

2

� �1=3 ADt

kT

� �2=3� �

½4�

where N(t) is the number of solute atoms per unit
volume that have reached the dislocation after a time t
(N in m�3), N0 is the number of initial dislocation sites
(m�3), A is the interaction energy between the disloca-
tion and the carbon atoms, k is the Boltzmann constant,
T is the absolute aging temperature, t is the aging time.
The coefficient a represents the dislocation slip distance
divided by the number of carbon atoms per atom plane,
which is 15 in the model. The term qfx is the dislocation

density after x pct prestrain (Eq. [2]), and n0 is the
number of solute atoms in the matrix so that
N0 ¼ qfx

�
a. The diffusion coefficient of carbon in ferrite

D (m2Æs�1) is given by D ¼ 2�10�6e�84;018=RT, with R
being the gas constant.

It was recently shown by Zhao et al.[3] that, for short
aging treatments, the ratio Dr/Drmax, which represents
the yield strength increase after aging over the maximum
possible strength increase, tends linearly to 1 as the
saturation level dBH approaches unity. This reflects the
reality of strain aging kinetics, because the carbon atom
that arrives at a dislocation first is more effective in
anchoring it than those that arrive later.
For high aging temperatures or long aging times, a

second hardening phenomenon actually takes place.
This phenomenon is characterized by the increase of
both yield strength and yield point elongation. Exper-
iments and literature also show that this second hard-
ening stage tends to increase with solute carbon content
and to decrease with prestrain. Its physical mechanism is
not well known. This second step may be due to a kind
of densification of atmospheres where solute carbon
could aggregate into clusters, but these precipitates have
not been observed.[14–16] Some other explanations are
possible: according to Leslie and Keh,[16] this second
step corresponds to the pinning of new dislocation
sources in the grain boundaries in the same way as the
pinning during the first step by short diffusion of carbon
atoms.
This hardening phenomenon has to be taken into

account, because the classic paint process, 20 minutes at
170 �C, corresponds to the beginning of this second
step. In the present model, it is assumed that the second
stage corresponds to a densification of Cottrell atmo-
spheres by precipitation. The growth of precipitates
depends on the carbon content segregated at the end of
the first step per dislocation unit length. The evolution
of the radius of precipitates is given by

dR

dt
¼ D�

Cat
seg � 0:5� R=Dð Þ3

0:5�R ½5�

where R is the radius of the precipitates, D is the diffu-
sion coefficient of carbon in ferrite, D is the interpre-
cipitate distance, and Cat

seg is the carbon content
segregated at the end of the first step per dislocation
unit length:

Cat
seg ¼ Cat

0 �
ID
qfx

½6�

where Cat
0 is the total carbon content segregated at the

end of the first step, I is the nucleation site density,
and qfx is the dislocation density after x pct prestrain.
The hardening is supposed to be due to the shear of
precipitates by dislocations, which is proportional to
k�Rð Þ1=2, where k is the precipitate volume fraction
(proportional to R3). By normalizing the radius of pre-
cipitates by its maximum value, a saturation level of
dislocations by precipitates can be written, in an anal-
ogous way to the first aging step:

dprec ¼
R2

R2
max

½7�

so that the second hardening can be written as a linear
function of dprec.
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The influence of these two phenomena on the result-
ing BH has been studied quantitatively.[14,17,18] The
result is that BH can be described as a sum of two terms
corresponding to the two steps described previously:

BH ¼ dBH�DrBH
max þ dprec�Drprec

max ½8�

where DrBH
max and Drprec

max are constants to be estimated for
each kind of steel.

The predictions of the model are compared with BH
experimental results. Figure 2 presents the experimental
and modeled evolutions of BH for the AlK steels with 20
and 60 ppm of solute carbon, aged at 120 �C and
170 �C. Once the parameters DrBH

max and Drprec
max of Eq. [8]

are identified, the predictions of the model are in good
agreement with the experimental data. The two stages of
aging are particularly enlightened.

High solute carbon content gives an acceleration of
the kinetics, because more carbon is available to pin the
dislocations. It also leads to an increase of the second
hardening phenomenon, which depends on the carbon
segregated at the end of the first step. The effect of the
BH temperature is also illustrated: high temperatures
accelerate the aging kinetics, but do not have any
influence on the BH saturation level.

The model also takes into account the amount of
prestrain. The first aging stage does not present any
marked dependency with the prestrain level.[19] The
amount of carbon necessary to saturate all the disloca-
tions is, in fact, very small, of the order of a few parts
per million. This finding means that, usually, qfx ¼ n0a

and Zhao kinetics can be substituted by the Harper
model (Eq. [4]). Yet, the prestrain level has an influence
on the second aging stage.[14,18] As the dislocation
density increases, the number of carbon atoms required
to saturate the dislocations increases, leaving fewer
atoms in solution for the formation of precipitates. This
effect is represented in Eq. [6] because the carbon
content segregated at the end of the first step by
dislocation length unit is considered. The effect of
prestrain was confirmed by the measurements of BH
after 2 and 5 pct prestrain on ULC steel.

B. Numerical Approach of the Piobert–Lüders
Phenomenon

The Piobert–Lüders behavior is a propagative plastic
instability that occurs particularly during tensile tests in
aged steels. It leads to the formation of bands on the
sample and gives a plateau on the macroscopic stress-
strain curve, characterized by a lower yield stress and a
yield point elongation. This particular behavior can be
simulated by the FE method.[20,21] Tsukahara and Iung
introduced a local behavior with two straight lines,
decreasing then increasing, to model the physical basis
of the phenomenon. The same idea is used in this work,
but an exponential local behavior is introduced here:

R ¼ R0 þQ1� 1� e�b1�ep
� �

þQ2� 1� e�b2�ep
� �

½9�

with R0 being the yield strength; and Q1, Q2, b1, and b2
being parameters with Q1 > 0 and Q2 < 0. A Voce
classic strain hardening behavior[22] is introduced in the
first part of the equation. An additional softening term
is added with a negative coefficient Q2 to model static
strain aging. The resulting local behavior is shown in
Figure 3(b). Its shape allows describing schematically
the physics of the Lüders phenomenon. The dislocations
are initially locked by solute carbon, and the increase in
yield strength represents the stress that has to be
overcome to unlock or multiply these dislocations. Once
this threshold is overcome, a rapid multiplication of
mobile dislocations occurs, which is represented by the
decrease of the stress.
Simulations were carried out with two FE codes,

Abaqus version 6.34[23] and Z-set,[24] but the choice of
FE code does not affect the results. A rectangular mesh
of 12.5-mm length and 2.5-mm width under plane stress
conditions was considered. A slight defect was intro-
duced in the middle of the left edge in order to initiate
the band formation (Lüders bands usually initiate at the
shoulders of the testpiece that are stress concentration
points). The vertical displacement is fixed to 0 at the
bottom. A displacement of 1 mm along the vertical axis
is imposed to the head of the specimen.
The result of a uniaxial test performed with 500

reduced quadratic elements is shown in Figure 3(a). It
appears that two deformation bands are generated at the
defect and propagate along the sample. The angle with
the vertical axis is close to 55 deg, which agrees with the
theoretical solution under plane stress conditions.[25]

The number and the direction of propagation of the
bands can vary according to the mesh (random or
regular) and to the number of elements, but it does not
affect the macroscopic stress-strain response.
Figure 3(b) shows that the propagation of the bands

is associated with a plateau on the resulting stress-strain
curve, whose length is the Lüders strain eL or yield point
elongation. It can be noted that the macroscopic
response does not follow the local behavior and gives
a sharp yield point due to strain localization. Once the
bands have propagated along the entire specimen, the
deformation becomes homogenous again and the mate-
rial has a classic uniform work hardening behavior.
It has to be noticed that the level of the macroscopic

stress rL of the plateau is not equal to rmax nor rmin but
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Fig. 2—Experimental evolutions of BH and prediction of the model
for AlK steels with 20 and 60 ppm of solute carbon content, aged at
120 �C and 170 �C.
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lies between these bounds (Figure 3(b) for a definition of
these parameters). This level rL determines the Lüders
strain eL, given by the constitutive law. The study of a
band showed that the strain profile in the band is
constant and equal to eL and the stress is close to the
macroscopic Lüders stress rL, which agrees with the
literature.[20]

The influence of rmax, rmin, and emin on the Lüders
variables rL and eL has been investigated. Simulations
were conducted using the same type of local behavior
with an exponential shape. The results show that the
Lüders stress is related to the difference between the
maximum and the minimum of the local behavior:

rL � rmin ¼
1

4
rmax � rminð Þ ½10�

Once the Lüders stress is determined, the Lüders strain
is given by the constitutive law. However, other simu-
lations carried out with a bilinear local behavior in-
stead of a double exponential one lead to a different
relation:

rL � rmin ¼ 0:4� rmax � rminð Þ ½11�

which is close to the value found by Tsukahara et al.[20]

A particular simulation was conducted with triangu-
lar linear elements oriented in the same direction as the
band (i.e., with an angle of 55 deg with the vertical axis),
as shown in Figure 4(a). In that case, the band front is
well delimited by the element edges and corresponds to a
line of elements. Such a simulation does not give a
plateau but oscillations in the macroscopic response
(Figure 4(b)). Each oscillation, which varies between
rmax and rmin, occurs at each time when the band
propagates from a line of elements to another. This

particular behavior is due to the possibility for the FE
code to accommodate the strain discontinuity thanks to
these oriented elements. When using classic elements,
the band front is not clearly defined and the FE code
accommodates the strain discontinuity by creating shear
stresses. As a consequence, the plateau stress only
represents the result of a numerical artifact necessary for
the computation of strain discontinuity.
Thus, the macroscopic responses of simulations are

dependent of both the shape of the local behavior and
the FE type, particularly for oriented triangular ele-
ments. In order to eliminate these numerical depen-
dences, it was decided to always use the same shape of
local behavior and the same kind of elements. An
exponential local behavior was considered in order to
determine the value of the simulated plateau stress as a
function of the parameters of Eq. [10]. Standard square
or triangular elements (but not oriented) were used,
because they do not have any influence on the results.
Simulations do not mark any dependency with the size
of elements either, allowing reproduction of the Lüders
plateau, which is observed experimentally, and simula-
tion of this phenomenon in a predictive way (Eq. [10]).

C. Coupling with the Strain Aging Model

The previous simulations of the Lüders phenomenon
are now coupled with the model of the strain aging
kinetics in order to predict and simulate BH tensile tests.
Standard BH tests correspond to a load to 2 pct strain
in uniaxial tension, aging treatment, and then loading in
the same direction as prestrain. To simulate such a test,
an extra hardening term analogous to the one described
previously is introduced and illustrated in Figure 5.
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Fig. 3—Simulation of the Lüders behavior. (a) Lüders band propagation: three plastic equivalent strain (ep) maps for different macroscopic
strains: e = 0.5, 1, and 2 pct. (b) Local behavior and resulting stress-strain curve. Simulation for R0 = 300 MPa, Q1 = 140 MPa, b1 = 20,
Q2 = –90 MPa, and b2 = 100.
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The equation of the overstress is given by

rBH ¼ RBH þQBH� 1� e�bBH� ep�ep
prestrain

� �	 

½12�

The first parameter RBH determines the value of the
sharp yield point. It is assumed that the dislocation
saturation level will affect the coefficient RBH, because
the longer the aging treatment, the higher the BH level,
as shown by Eq. [10]. The term RBH is then considered
as a linear function of BH determined by Eq. [8], that is
to say proportional to dBH and dprec. The value of this
coefficient is fixed to

RBH ¼ 1:6�BH ¼ 1:6� dBH�DrBH
max þ dprec�Drprec

max

� �
½13�

Experiments and literature show that the existence
and the value of the sharp yield point depends strongly
on the testing procedure, so that the value of the
proportionality coefficient here fixed to 1.6 remains
imprecisely known. However, this is not limitative.
The value of the asymptote is not zero and depends

on the aging treatment. This modification of the classic
hardening behavior after the Lüders phenomenon has
been particularly investigated by Soler.[14] He showed
that the gap between the aged and the classic behaviors
increases with time and temperature of the aging
treatment until a saturation. The evolution of this
phenomenon can actually be correlated with the first
step of the BH mechanisms described previously. The
gap increases linearly with dBH and remains constant
once the first stage of aging saturates, that is to say
when dBH = 1. The second hardening phenomenon due
to densification of Cottrell atmospheres has no influ-
ence on the material behavior after the Lüders plateau.
Soler also showed that the difference between aged and
classic behaviors depends on prestrain; an increase of
prestrain leads to an increase of the gap. It is then
assumed that

Drep¼eL ¼ rBH ep ¼ eL
� �

¼ RBH þQBH ¼ K�qfx �dBH
½14�

where K is a constant. The parameter QBH is then
deduced from the two previous Eqs. [13] and [14].
The effects of grain size and strain rate on BH and

yield point elongation have widely been investigated in
the literature.[8,26,27] It has been shown that small grain
sizes or high strain rates lead to an increase of both
lower yield stress and yield point elongation. Grain size
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Fig. 4—Simulation of the Lüders behavior. (a) Lüders band propagation: three plastic equivalent strain (ep) maps for different macroscopic
strains: e = 0.5, 1, and 2 pct. (b) Local behavior and resulting stress-strain curve. Simulation for R0 = 300 MPa, Q1 = 140 MPa, b1 = 20,
Q2 = –80 MPa, and b2 = 80.
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actually has an influence on the velocity of the Lüders
band front. Grain boundaries act as obstacles to the
front propagation, so that they control the Lüders band
velocity. Thus, a small grain size will make the band
propagation more difficult and lead to a higher value of
lower yield stress and yield point elongation. Quantita-
tive analyses in the literature[8] showed that the effect of
grain size on the lower yield stress can be described by a
Hall–Petch type relation. The explanation of the effect
of strain rate is analogous to the previous one, but no
relation between strain rate and the lower yield stress
has been generally admitted.

To take these effects into account in the model,
grain size and strain rate are introduced in the
definition of coefficient bBH. This coefficient is respon-
sible for the initial slope of the softening branch of the
material behavior law and allows indirect representa-
tion of the grain size and strain rate effects on band
propagation. The following equation is introduced to
determine bBH:

bBH ¼ Kd�d0:8 � S� ln _e
_e0

	 

½15�

where d is the grain size; _e is the strain rate; and Kd, S,
and _e0 are constants. The effect of grain size appears
with d0.8 in order to give a linear relation between the
lower yield stress and d�1/2 when considering BH steel
standard behaviors. The terms Kd and S are fitted to
give, in relation with Eqs. [10] and [13], a good
prediction of the BH level for a standard test. The
strain rate is directly introduced via a logarithmic
relation.

IV. RESULTS AND DISCUSSION

Finite element simulations were performed and com-
pared with experimental macroscopic curves obtained
for AlK and ULC steels. The FE codes and elements
were the same as for the simulation presented in
Figure 3. The ‘‘as-received’’ behavior was fitted with a
Voce type hardening behavior.[22] The influence of the
aging treatment was then modeled with an extra
hardening term, as described previously.

The experimental and simulated behaviors of an AlK
steel aged at 120 �C for different aging times are
presented in Figure 6. Experiments show the increase
in Lüders stress and Lüders strain for an increasing
aging time. It can be noted that the macroscopic
behavior of an aged steel is well reproduced by the
model. The lower yield stress, the yield point elongation,
and their dependence with aging time are particularly
well predicted.

A validation of the implementation of the grain size
effect is also proposed. Tensile tests are performed of the
three AlK steels with different grain sizes (d = 8, 13,
and 30 lm) but with the same solute carbon content
(20 ppm). Thus, the carbon available to pin the dislo-
cations is the same for the three modalities. Figure 7
shows the experimental and simulated macroscopic
responses of these materials after 2 pct prestrain and a

classic aging treatment (170 �C, 20 minutes). The exper-
imental macroscopic behavior is not the same during
prestrain due to the difference of grain size. However, it
can be noted that a small grain size leads to a higher
value of BH and Lüders strain. The effect of grain size in
the simulations was introduced in the initial slope of the
local behavior, as described previously (bBH coefficient
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in Eq. [15]). This effect on yield point elongation is well
reproduced by the model.

The strain rate effect is illustrated in Figure 8, which
shows the local constitutive laws introduced in the FE
code and the simulated macroscopic responses obtained
for three different strain rates. For a given initial
behavior, an increase in strain rate leads to higher yield
strengths and yield point elongations. This effect was
not validated with experimental data, but it agrees
qualitatively well with the literature.[7,27]

V. CONCLUSIONS

A modeling of the behavior of BH steels has been
developed. This model was based on experiments carried
out on two BH steels. The effects of solute carbon
content, grain size, prestrain, and aging treatment have
been particularly studied. A detailed description of the
kinetics of aging has been developed, composed of the
formation of Cottrell atmospheres and precipitation of
carbides. This description was then coupled with a
numerical approach of the Piobert–Lüders phenome-
non. Finite element simulations of tensile tests were
performed and compared with experiments, which led to
the following results.

1. The strain aging model has been validated for two
steels. Both stages of the kinetics are well predicted
and the effect of prestrain on the precipitation of
carbides is taken into account.

2. Simulations predict particularly well the BH, the
yield point elongation, and their dependence with
the aging treatment. The propagation of Piobert–
Lüders bands and the apparition of a sharp yield
point and a plateau on the macroscopic response
are reproduced.

3. The effects of grain size and strain rate are particu-
larly enlightened. The model allows taking into
account the influence of these parameters on band
propagation and reproduction of their effects on the
macroscopic response.
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