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The effect of Al addition on the static softening behavior of C-Mn steels was investigated.
Double-hit torsion tests were performed at different deformation temperatures ranging from
1198 K to 1338 K (925 �C to 1065 �C) with pass strains of e = 0.2 and 0.35. It was found that
solute Al produced a significant delay on the static softening kinetics. Additionally, at the lowest
temperatures [1198 K to 1238 K (925 �C to 965 �C)] and highest Al level (2 wt pct), austenite to
ferrite phase transformation was found to be concurrent with softening, leading this to higher
softening retardation. The softening kinetics of the steels investigated were analyzed using a
physically based model which couples recovery and recrystallization mechanisms. The main
parameters of the model were identified for the present alloys. An expression for the grain
boundary mobility of the base C-Mn steel was derived and the retarding effect of Al in solid
solution on the static recrystallization kinetics was introduced in the model. Reasonable
agreement was obtained between model and experimental results for a variety of deformation
conditions.
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I. INTRODUCTION

IN the past decades, extensive research on the effect
of processing parameters on the microstructures and
mechanical properties of hot rolled steels has been
carried out and several models based on semi-empirical
equations have been developed.[1–3] However, recently
there has been a trend to develop more physically based
models. The latter present several advantages compared
to empirical equations: they are not limited to the
conditions they were developed for, and in addition,
they can provide valuable insight into the processes that
occur during hot rolling. Nevertheless, there are also
some limitations related to physical models, such as
uncertainty in the values of some of the parameters
involved in the equations employed or how alloying
elements can affect softening processes.

Several authors have investigated the application of
physical models to the microstructural evolution of
steels during and after hot deformation. During defor-
mation, the internal energy of the austenite is increased
through the storage of dislocations. After deformation,
the energy stored in the material can decrease due to two
different mechanisms: recovery, defined as the continu-
ous rearrangement and annihilation of dislocations, or
through recrystallization, which consists of the nucle-
ation and growth of new grains free of dislocations into
the deformed matrix. Since the driving force for both
mechanisms is the stored energy of deformation, the

progression of recovery may reduce the driving force
available for recrystallization, leading to retardation in
recrystallization progression.[4] As a result, in order to
model microstructural evolution of austenite, physical
models must consider the coupled effect of these two
processes.
In addition to the effect of deformation and annealing

parameters, the effect of microalloying elements on
recovery and recrystallization must be taken into
account. The effect of conventional microalloying ele-
ments, such as Nb, Ti, V or Mo in solid solution on the
static softening kinetics of the austenite has been widely
studied and it has been shown that they lead to a
significant retardation on static softening processes.[5,6]

Retardation on recrystallization kinetics has usually
been attributed to a reduction in grain boundary
mobility due to the solute drag effect. Although less
studied, works which indicate that elements in solid
solution can also retard recovery kinetics are as well
found in the literature.[7] However, most of these studies
have been carried out from an empirical point of view,
and as a result, it is difficult to extrapolate the results to
different conditions.
Moreover, these studies all concentrated on conven-

tional microalloying additions. However, in recent
years, new steel alloying concepts have been developed.
An example of this new steel design trend is TRIP-
assisted steels, which are currently considered as good
candidates for maintaining steel as a leading material in
the automotive industry due to the good strength and
ductility balance and excellent formability that they
exhibit. These grades present a multiphase room micro-
structure consisting of ferrite and bainite and a smaller
volume fraction of high-C retained austenite (~10 pct),
which during deformation transforms into martensite
resulting in high uniform elongation levels. Usually, in
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order to obtain the desired microstructure, a two-step
thermal cycle and alloying with high Si levels (~1.5 pct)
are employed. However, high Si levels also impair the
steel surface quality and galvanizability, and as a
consequence, partial or complete substitution of Si by
Al has been proposed.[8,9]

Studies of the microstructures and mechanical prop-
erties of CMnAl and CMnAlSi TRIP-aided steels have
been carried out and have been shown to be comparable
to those obtained in conventional Si-alloyed steels.[9–11]

However, much less attention has been paid to the hot
working mechanism characterization of high Al steels.
Some data which indicate that Al has an influence on the
stress levels and the dynamic softening kinetics have
been reported.[12] More recently, Suikkanen et al.[13]

have found that Al has a more significant retardation
effect on static recrystallization than Si. The aim of this
work is to investigate the effect of Al addition on the
static softening behavior of these steels. In order to do
so, torsion tests were carried out with a base C-Mn and
two steels alloyed with Al levels similar to those
employed in TRIP-assisted steels. The static softening
kinetics were determined experimentally at different
temperatures and deformation conditions, and several
specimens were quenched in order to determine the
different microstructural events occurring after defor-
mation. The experimental data obtained were then used
to fit the parameters of a physically based model, which
takes into account the interaction between recrystalli-
zation and recovery.

II. EXPERIMENTAL

Three steels with compositions representative of
TRIP-assisted grade steels were studied. The three casts
were produced in the laboratory with the chemical
compositions listed in Table I. Two levels of Al addi-
tion, 1 pct (C2Mn2Al1) and 2 pct (C2Mn2Al2), and a
reference steel (C2Mn2) were considered. The ingots
were rolled in the laboratory to 25-mm-thick plates from
which torsion samples were machined.

Double and single hit torsion tests were carried out to
characterize the softening behavior of the steels. The
gage section of the torsion specimens was 16.5 mm in
length and 7.5 mm in diameter. The specimens were
soaked at 1523 K (1250 �C) during 15 min and cooled
down to the selected deformation temperature.

In the case of the double deformation tests, once the
temperature was stabilized the specimen was prestrained
at a constant strain rate of 1 s�1, unloaded and held for
increasing times to enable softening processes to occur.
After the interruption, the specimens were reloaded to

e = 0.1 at the same temperature and strain rate condi-
tions. From the flow curves, the fractional softening was
determined using the 2 pct offset method.[14] According
to this method, the softening corresponding to each
interpass time can be calculated as follows:

XSOFT ¼
rm � rr

rm � r0
; ½1�

where rm is the maximum stress of the first flow curve,
and r0 and rr are the offset yield stresses determined in
the first and second curves, respectively, using a plastic
strain of 2 pct. The values of rm, r0, and rr represent the
flow stresses for the work hardened, completely soft-
ened, and partially softened material, respectively. In the
tests, pass strains of e = 0.2 and 0.35 and deformation
temperatures ranging from 1338 K to 1198 K (1065 �C
to 925 �C) were employed.
The Thermo-Calc software (TCFE 6 database)[15] was

used in order to investigate the effect of Al addition on
the equilibrium phases obtained at different tempera-
tures. Some specimens were quenched directly after the
soaking treatment to characterize the microstructure of
the steels before deformation. In addition, several
specimens were quenched after single-pass deformation
tests and prepared for metallographic analysis. The aim
was to investigate the microstructural evolution of the
steels after deformation at different temperatures and
interpass times and to characterize the statically recrys-
tallized microstructure after deformation at different
conditions.
Metallographic analysis of the quenched samples was

carried out on a section corresponding to 0.9 of the
outer radius of the torsion specimen, R, also known as
the sub-surface section.[16] The specimens were etched
either with a picric-based etchant in order to reveal the
prior austenite grain boundaries or with a solution of 2
pct HNO3 in ethanol (2 pct Nital) in order to identify
the presence of ferrite in the microstructure. The
austenite grain sizes were measured using Leica Qwin
v.5.3.1 Image Analysis software in terms of the mean
equivalent diameter parameter.

III. RESULTS

A. Initial Microstructure

Figure 1 shows the equilibrium austenite and ferrite
mole phase fractions calculated by the Thermo-Calc
software at different temperatures for the three steel
compositions studied in this work. From the figure it
can be observed that Al addition leads to a significant
increase in the ferrite phase equilibrium stability and in
the Ae3 temperature, which is in good agreement with
the trends reported in other works.[8,9] According to the
calculations, 1 pct Al addition (C2Mn2Al1 steel) raises
the Ae3 temperature from 1053 K to 1173 K (780 �C to
900 �C), while 2 pct Al addition results in a further
increase of up to 1303 K (1030 �C). It must be noted
that the deformation temperature employed during
some of the torsion tests for the C2Mn2Al2 steel is
below the predicted Ae3 temperature.

Table I. Composition of the Steels Studied (Wt pct)

Steel C Si Mn P S Nb Al N

C2Mn2 0.195 0.011 1.98 0.01 0.001 0.001 0.028 0.005
C2Mn2Al1 0.210 0.010 2.04 0.02 0.001 0.001 1.060 0.005
C2Mn2Al2 0.200 0.020 1.99 0.02 0.001 0.001 2.010 0.005
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It must be mentioned that Thermo-Calc also predicts
the presence of AlN phase in the range of temperatures
investigated. This could be of interest regarding the
softening behavior of the steels, firstly because AlN
precipitation could lead to a decrease in the amount of
Al in solid solution, and secondly because strain-
induced precipitation of second phase particles is known
to influence the softening behavior of microalloyed
steels. However it must be taken into account that the
maximum AlN mole fraction which can be formed is
limited by the N content and as a result the Al amount
which can be tied up in the form of AlN is the same and
very low (<0.01 wt pct) for the three steels. The
calculations also indicate that for the two highest Al
contents (1 and 2 pct), nearly all the AlN present in the
microstructure remains undissolved during the reheat-
ing treatment. The analysis of the C2Mn2Al1 and
C2Mn2Al2 steel specimens quenched after the soaking
treatment by means of Scanning Electron Microscopy
(SEM) confirmed the presence of very coarse (>1 lm)
Al and N bearing particles, which are not expected to
affect the softening behavior of the steels investigated.
Therefore, for these steels an effect of Al in solid
solution can be expected after deformation only.

In Figure 2, several micrographs corresponding to the
microstructures obtained for the three steels after the
soaking treatment at 1523 K (1250 �C) etched with a

picric-based solution are shown. In the case of the
C2Mn2 and C2Mn2Al1 steels, fully austenitic micro-
structures, with austenite average sizes of 69 ± 4 lm
and 100 ± 3 lm, respectively, were obtained. In the case
of the C2Mn2Al2 steel, the micrograph denotes that
there are two different constituents, each with very
different grain sizes, present in the microstructure. After
etching with a 2 pct Nital solution (2 pct HNO3 in
ethanol), the coarse grains were identified as martensite,
a product of the quenched austenite, and the smallest
grains were identified as ferrite. The results indicate that
after soaking at 1523 K (1250 �C), the C2Mn2Al2 steel
presents a duplex microstructure with an austenite
average grain size of 65 ± 2 lm and a small amount
of ferrite. Although this finding differs from the ther-
modynamic predictions shown above (single austenite
phase is predicted to be present at 1523 K (1250 �C) in
Figure 1), it must be mentioned that the ferrite percent-
age found in the quenched specimens was very small,
~2 pct, and could be due to the fact that the time spent
in the reheating treatment, 15 min, was not long enough
to achieve thermodynamic equilibrium. On the other
hand, it was also observed that the ferrite grains
appeared in bands and aligned with the rolling direction
in the plates, which suggests that Al microsegregation in
the original slab could also be in part cause of the
presence of the ferrite in these areas. The amount of
ferrite found in the microstructure, ~2 pct, was consid-
ered too small to have any effect on the softening
kinetics of the deformed C2Mn2Al2 specimens.

B. Softening Kinetics

In Figure 3, the fractional softening results obtained
for the three steels at different deformation temperatures
and pass strains are shown. In all the cases, the
experimental data can be well fitted to an Avrami type
equation:

XSOFT ¼ 1� exp �0:693 t

t0:5

� �n� �
; ½2�

where XSOFT is the fractional softening corresponding to
a time t, t0.5 is the time to reach 50 pct softening, and n is
the Avrami exponent.

Fig. 1—Equilibrium austenite and ferrite mole fractions predicted by
the Thermo-Calc software (TCFE 6 database) for the steel composi-
tions studied in this work.

Fig. 2—Microstructures obtained after soaking for the (a) C2Mn2, (b) C2Mn2Al1, and (c) C2Mn2Al2 steels.
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As it is usually reported in the literature, increasing
the pass strain or the deformation temperature leads
to faster softening kinetics in every case. From the
figures, it can also be noted that for the C2Mn2 and
C2Mn2Al1 steels, the n Avrami exponent is approx-
imately constant, taking a value of n ~ 0.8, which is

not affected by the change in pass strain or deforma-
tion temperature. In the case of the C2Mn2Al2 steel,
however, decreasing deformation temperature results
in a significant reduction of the n Avrami exponent,
from n = 0.73 at 1338 K (1065 �C) to n = 0.32 at
1198 K (925 �C).

Fig. 3—Softening curves obtained for steels (a) C2Mn2, (b) C2Mn2Al1, and (c) C2Mn2Al2 at different deformation temperatures and for
(d) C2Mn2Al1 and (e) C2Mn2Al2 at different pass strains.
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In order to evaluate the effect of Al addition on the
softening kinetics, a normalized time, which excludes the
effect of deformation conditions and initial microstruc-
ture, s0.5, was calculated based on the equation pro-
posed by Fernandez et al.[2] for the 50 pct softening time
as follows:

s0:5 ¼
t0:5

D0 � e�5:6D
�0:15
0 � _e�0:53

; ½3�

where D0 is the initial austenite grain size (lm), e and _e
the applied strain and strain rate (s�1), respectively. The
values obtained for the three steels at different defor-
mation temperatures are plotted in Figure 4. The figure
shows that Al addition produces retardation in the
normalized 50 pct softening s0.5 time. This effect is more
important for the highest Al content (2 pct), especially at
the lowest deformation temperatures of 1238 K and
1198 K (965 �C and 925 �C).

In order to investigate the mechanisms leading to
softening retardation, several specimens were quenched
after deformation and their microstructure analyzed.
Figure 5 shows the microstructures obtained for the
C2Mn2Al1 steel after deformation at 1338 K (1065 �C)
(e = 0.35) and at different holding times (etching with
the picric acid agent). At early softening stages
(t = 2 seconds, Figure 5(a)), small nuclei start to

develop in the microstructure, which indicates static
recrystallization onset. As recrystallization progresses
(Figure 5(b)), these grains grow until a completely
recrystallized microstructure is obtained (Figure 5(c)),
with an average grain size that is slightly refined
compared to the initial austenite grain size.
In the figure caption, both the recrystallized fraction

determined by metallographic means and the fractional
softening levels obtained from the double-hit torsion
tests are also indicated. It must be mentioned that the
similar size of the initial and the recrystallized grains
makes it quite difficult to detect the recrystallized grains,
and therefore the metallographic measurements must be
considered as an approximation. In order to carry out
these measurements, parameters such as the elongation
in the deformation direction and the grain boundary
curvature were taken into account. It is interesting to
note that at initial softening stages (t = 2 seconds),
there is a significant difference between the recrystallized
fraction, 2 pct, and the fractional softening level, 31 pct.
As time increases (t = 5 seconds), the difference is
reduced, 35 pct recrystallized for 55 pct softened
fraction, and both values finally converge when soften-
ing reaches completion (t = 30 seconds). The difference
between softening and recrystallization levels at the first
softening stages has also been observed by other
authors,[17,18] and it is generally attributed to the effect
of recovery.
Specimens corresponding to the C2Mn2Al2 steel

quenched after deformation were also analyzed. Micro-
graphs corresponding to some of these specimens
deformed at 1198 K (925 �C) (e = 0.35) and quenched
after different holding times, etched with 2 pct Nital, are
shown in Figure 6. In the pictures, dark areas corre-
spond to martensite phase coming from quenched
austenite. Figure 6(a), which shows the microstructure
obtained just after deformation, indicates that it con-
tains a very low ferrite fraction similar to that found in
the initial microstructure. However, by increasing the
holding time after deformation to 270 seconds, which
corresponds to approximately 50 pct fractional soften-
ing, a substantial increase in the ferrite percentage is
detected, from 1 pct to 33 pct. This indicates that c fi a
phase transformation is taking place concurrently with
mechanical softening after deformation. Moreover,

Fig. 4—Normalized 50 pct fractional softening time for the steels
studied in this work at different temperatures.

Fig. 5—Microstructures of specimens corresponding to steel C2Mn2Al1 after straining at 1338 K (1065 �C) (e = 0.35) and quenched after differ-
ent holding times (a) t = 2 s, XREX ~ 2 ± 1 pct, FS = 31 pct, (b) t = 5 s, XREX ~ 35 ± 2 pct, FS = 55 pct and (c) t = 30 s, XREX ~ 100 pct.
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Figure 6(c) shows that the microstructure corresponding
to 90 pct fractional softening (t = 10200 seconds) is
mainly constituted by very coarse ferrite grains, indi-
cating that as the mechanical softening progresses, phase
transformation has nearly been completed and ferrite
grain growth has also occurred.

In order to investigate whether the microstructure
evolution for the C2Mn2Al2 steel followed a similar trend
at other temperatures specimens quenched after deforma-
tion at higher temperatures were also analyzed. In the case
of the specimen quenched after deformation at 1238 K
(965 �C) for a time corresponding to 50 pct softening
(t = 60 seconds), a significant ferrite fraction was also
measured (fa = 0.18), meaning that at 1238 K (965 �C)
austenite to ferrite phase transformation is also taking
place concurrently with mechanical softening. At 1273 K
(1000 �C) or above, conversely, no evidence of phase
transformation was observed, which is in good agreement
with the thermodynamic calculations (see Figure 1).

The recrystallized grain sizes obtained after complete
softening were also measured in those cases where fully
austenitic microstructures were obtained. The resulting
values are summarized in Table II. From the data, no
significant effect of temperature on the recrystallized grain
size is observed. However, decreasing the applied strain
leads in all cases to an increase in the austenite grain size.
This behavior is in good agreement with that reported by
other authors who only have found an effect of the initial
grain size and strain, but none for temperature.[1,19,20]

The above results indicate that for the C2Mn2Al2
steel at temperatures above 1238 K (965 �C), the

microstructural events operating in the austenite are
recrystallization and recovery, with both mechanisms
contributing to austenite softening after deformation,
whereas at 1238 K and 1198 K (965 �C and 925 �C)
austenite to ferrite phase transformation also occurs
simultaneously with mechanical softening. As previously
shown in Figure 4, this increase in the ferrite fraction is
accompanied by significant retardation in the softening
kinetics and a high decrease in the n Avrami exponent. A
similar trend was observed in a previous work, in which a
high increase in the Tnr was observed in multipass torsion
tests carried out with C2Mn2Al2 steel also related to the
occurrence of austenite to ferrite phase transforma-
tion.[21] Bearing in mind that for both, phase transforma-
tion and recrystallization processes, the main nucleation
sites are the austenite grain boundaries, a possible
explanation of the observed softening retardation is that
when phase transformation initiates, recrystallization is
nearly prevented. If the sites available for nucleation of
new recrystallized grains are first occupied by ferrite
grains, further softening of the austenite by recrystalliza-
tion would be practically avoided, and only recovery
could take place in this phase. As a result, all the softening
occurring after deformation might be mainly attributed
to phase transformation.
The results indicate that the softening data deter-

mined for the C2Mn2Al2 steels at temperatures below
1273 K (1000 �C) cannot be considered representative
of static recrystallization occurrence. However, the
results obtained at higher temperatures for both Al
bearing steels show that this alloying element produces
noticeable retardation in the softening kinetics of the
austenite. In order to evaluate this effect, the applica-
bility of a physically based model, which takes into
account the simultaneous effect of recrystallization and
recovery, was investigated.[4]

IV. MODELING APPROACH

Recrystallization evolution is modeled based on the
JMAK approach. Assuming a random distribution of
nuclei and site-saturation conditions, the evolution of
the recrystallized fraction with time can be expressed
as[22]:

Fig. 6—Microstructure of specimens corresponding to the C2Mn2Al2 steel after deformation at 1198 K (925 �C) and quenched at different hold-
ing times: (a) t = 0 s, (b) t = 270 s, FS = 50 pct, fa = 0.33, and (c) t = 10200 s, FS = 90 pct, fa � 1.

Table II. Recrystallized Grain Sizes Measured After
Deformation at Different Conditions

Steel T [K (�C)] D0 (lm) e DREX (lm)

C2Mn2Al1 1338 (1065) 100 ± 3 0.2 95 ± 5
1338 (1065) 0.35 62 ± 3
1198 (925) 0.35 53 ± 2

C2Mn2Al2 1338 (1065) 65 ± 1 0.2 68 ± 2
1338 (1065) 0.35 60 ± 2
1273 (1000) 0.35 52 ± 2

C2Mn2 1338 (1065) 69 ± 4 0.2 67 ± 2
1338 (1065) 0.35 56 ± 2
1198 (925) 0.35 62 ± 3
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XREX ¼ 1� exp �NREX

Z t

0

MðtÞFREXdt

0
@

1
A

3
2
64

3
75; ½4�

where NREX is the initial number of recrystallization
nuclei, FREX the driving force for recrystallization, and
M(t) the grain boundary mobility. The FREX can be
related to the instantaneous dislocation density, q(t),
through a relationship of the type:

FREX ¼
1

2
qðtÞlb2 ½5�

In this equation l is the temperature (T) dependent
shear modulus of the matrix (l ¼ 81� 109 � 0:91�½
TðKÞ � 300ð Þ=1810�Pa[24]) and b is the Burgers vector.

q(t) is related to the flow stress of the austenite
through a forest type hardening relation[23]:

rðtÞ ¼ ry þMaTlb
ffiffiffiffiffiffiffiffi
qðtÞ

p
; ½6�

where ry is the yield stress, M the Taylor factor
(M = 3.1 for FCC metals), and aT a constant of the
order of 0.15.[4]

The recovery kinetics is modeled using the approach
of Verdier et al.[25] In their model, the rate of change of
internal stress due to the dislocations is expressed as:

d rðtÞ � ry

� �
dt

¼ �
64 rðtÞ � ry

� �2
md

9M3a2TE
exp �Ua

kT

� �

� sinh
rðtÞ � ry

� �
Va

kT

� �
; ½7�

where E is Young’s modulus (E = 2l(1+0.33)
Pa[24]), md is the Debye frequency, and Ua and Va are
the activation energy and activation volume for the
recovery process. Following Reference 26, the activa-
tion volume can be expressed as:

Va ¼ b2la; ½8�

where la is an activation length which varies depending
on the recovery controlling mechanism. If either climb
of edge dislocations or glide of jogged screw disloca-
tions are the recovery rate controlling mechanisms, the
activation length can be approximately described by
Reference 27:

la ¼
K1ffiffiffi

q
p ; ½9�

where K1 is a constant. Combining equations [6], [8],
and [9] yields a value for the activation length due to
dislocations of:

la ¼
K1MaTlb

r� ry
½10�

The initial dislocation density and the recrystalliza-
tion driving force can be calculated from the experi-
mental flow curves through Eqs. [6] and [5], respectively.
Recrystallization progression after deformation is

evaluated by the numerical integration of Eq. [4]. At
each time interval, the dislocation density diminution
due to recovery is calculated using Eqs. [6] and [7]. The
instantaneous dislocation density is then used as input
for Eq. [5], thus taking the effect of recovery on the
driving force for recrystallization into account.
Several works have discussed the application of phys-

ical models in order to predict the softening kinetics of
austenite. However, there are still uncertainties concern-
ing the values of some of the parameters involved, and
some of them can vary depending on steel composition. In
the case of recrystallization, the number of recrystalliza-
tion nuclei, NREX, the driving force for recrystallization,
FREX, and grain boundary mobility M(t) can be affected
by steel composition. In the case of recovery, both the
activation energy and volume, Ua and Va, have also been
reported to be dependent on both steel composition and
deformation conditions.[27]

V. DISCUSSION

A. Calculation of Model Parameters

1. Base C-Mn steel
First, modeling of the softening evolution in the base

C-Mn steel was undertaken. To allow a comparison
with the experimental softening data, a simulated
fractional softening value is calculated (see Eq. [1]).
The yield stress of the initial softened material, r0, and
of the deformed material, rm, are obtained from the
experimental flow curves for each test condition. The
value of the partly softened material, rr, varies with
interpass time and can be calculated using a mixture rule
that combines the recrystallized fraction at each time,
XREX (obtained from the recrystallization model (Eq.
[4]) coupled to the recovery model), with the stress
present in the unrecrystallized material at each step, r(t),
which is calculated from the recovery model (Eq. [7]):

rr ¼ XREXrREX þ ð1� XREXÞrðtÞ ½11�

In the above equation, rREX is the value of the yield stress
of the fully recrystallized matrix. In the absence of precip-
itation, only the effectof the grain sizedifferencebetween the
initial undeformed and recrystallized material on the stress
level should be taken into account in determining rREX. In
order to do so, the following dependence proposed by
Yoshie et al.[28] has been considered:

rREX ¼ r0
DREX

D0

� ��0:07
; ½12�

where D0 is the initial grain size and DREX the grain size
of the recrystallized microstructure.
In this work, the number of nuclei, NREX, was

estimated through the experimentally measured recrys-
tallized grain size, DREX (Table II), as:

NREX ¼
4

3
p

DREX

2

� �3
" #�1

½13�
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The recrystallization driving force, FREX, was calcu-
lated from the experimental flow stress curves by
applying equations [5] and [6].

The activation energy for the recovery process, Ua, is
expected to lie between 0.6 and 1Qdiff, where Qdiff is the
activation energy for self-diffusion or solute-diffusion,
depending on the recovery rate controlling process.[27]

The self-diffusion activation energy of the austenite
~286 kJ/mol is higher than the activation energy for the
diffusion of the alloying elements commonly considered
to retard softening processes in austenite (~260 to
270 kJ/mol for Nb or Mn), and therefore values close
to 286 kJ/mol have been employed in different
works.[4,29] In terms of the determination of the activation
volume for recovery, Va, several authors have used stress
relaxation tests.[30,31] However, there is a considerable
spread within the determined values, ranging from 15 b3

to 45 b3[32] or 230 to 690b3,[31] with b the Burgers vector.
Bearing in mind that steel composition and deformation
conditions can have an influence on t-he mechanisms
affecting recovery, the values determined by Smith
et al.[30] were considered in the present study. The
test conditions [e = 0.2 to 0.5, _e = 0.1 to 1 s�1,
TDEF = 1123 K to 1223 K (850 �C and 950 �C)] and
the steel composition (0.16 pct C-1.46 pct Mn-0.4 pct Si-
0.03 pct Al) used by these authors were similar to those
employed in the present work. They obtained a value of
Ua = 314 kJ/mol and a value of K1 = 0.31 in Eq. [10].
This value is then used for the determination of Va from
Eqs. [8] and [9]. It should be noted that in Reference 30 a
constant value of Va during softening was assumed,
considering the initial internal stress due dislocations,
(r(t) � ry) at t = 0, to perform the calculations. The
same approach has been taken in the present study.

A commonly used approach for estimating the grain
boundary mobility for C-Mn steels is to consider a
fraction of Turnbull’s pure mobility[33]:

MPure ¼
dDGBVM

b2RT
; ½14�

where d is the grain boundary width (assumed 1 nm),
DGB is the grain boundary self-diffusion coefficient
[DGB ¼ 7:5� 10�5 exp �159000

RT

� �
(m2/s)], R is the gas

constant, VM is the molar volume of the austenite
[6.85 9 10�6 (m3/mol)], and T is the absolute temper-
ature. This equation, which ignores all possible attach-
ment kinetics, provides an upper estimate for the grain
boundary mobility.

In the present work, the value ofM(t) in Eq. [4] for the
base C-Mn steel was calculated by fitting the t0.5 softening
time predicted with the model to the experimental value
measured at each test temperature. The obtainedmobility
values are summarized in Table III, together with the
ratio to the MPure given by Eq. [14]. The resulting values
are in the range of those considered in other works.[4,32]

However, it must be mentioned that in this case taking an
average value of this ratio for the three test temperatures
leads to a significant error between the experimental
results and the predictions of the model, which indicates
that theremight be an additional effect of the temperature
on this parameter. An increase in this ratiowould indicate

an enhanced effect of temperature on reducingmobility as
the temperature decreases.
The temperature dependence of the grain boundary

mobility calculated for the C2Mn2 steel is shown in
Figure 7. As it can be seen, the values can be well fitted
to an Arrhenius type relationship of the form
M ¼M0 exp �Q=RTð Þ; with M0 = 5.03 m4/J Æ s and
Q = 264800 J/mol. This type of relationship is usually
found to be valid for pure materials, with Q values close
to the grain boundary diffusion coefficient. However, in
this case, the calculated exponential factor is consider-
ably higher than the grain boundary diffusion coefficient
of iron being more closely related to the diffusion
activation energies of solute Mn (264 kJ/mol) or to the
activation energy for Fe self-diffusion (286 kJ/mol). The
supposition implied in the Turnbull estimation, i.e., that
during grain boundary migration the atoms transfer in a
way that is similar to the elementary action involved in
atom transport during grain boundary self diffusion,
seems to fail in this case. The relatively high Mn content
of this steel (2 pct) could have an effect on retarding
mobility as well. As a consequence, the mobility of
recrystallizing boundaries would be better explained by
solute drag due to manganese atoms.
Therefore, the following equation was used for

modeling grain boundary mobility for the base steel:

MINT ¼ 5:03 exp � 264800

RT

� �
½15�

Figure 8(a) shows the softening evolution predicted by
the model (solid lines) compared to measured softening
data (symbols). In Figure 7(b), the predictions of the

Table III. Calculated Grain Boundary Mobilities for the
C2Mn2 Steel and the Ratio with Respect to the Mobility

Calculated by Eq. [14] for a Pure Material

T [K (�C)] e Mobility (m4/J Æ s) Mpure/Mobility

1338 (1065) 0.35 2.26 9 10�10 1.9
1273 (1000) 0.35 8.86 9 10�11 2.4
1198 (925) 0.35 1.43 9 10�11 6.3

Fig. 7—Temperature dependence of the grain boundary mobility for
the C2Mn2 steel.
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softening and recrystallization models for temperatures
of 1338 K and 1198 K (1065 �C and 925 �C) are plotted.
From the figure, it can be observed that the softening
curves predicted by the model fit reasonably well the
experimental results. It can also be noted that the model
predicts that the fractional softening levels are of 27 to 30
pct when recrystallization is predicted to start (5 pct),
while fractional softening levels of 50 pct correspond to
recrystallized fractions of ~27 to 30 pct. These values are
in the range of the metallographic measurements above
shown for the C2Mn2Al1 steel (see Figure 5).

2. Al-alloyed steels
The above experimental results denote that 1 to 2 pct

Al addition leads to noticeable retardation in the
softening kinetics in the steels investigated. In order to
take into account the retarding effect of solute atoms on
the recrystallization kinetics, the model proposed by
Cahn[34] is usually employed. In the model, the steady
impurity composition profile of a grain boundary
moving at a constant velocity is calculated, and then
the composition profile is used to formulate the force
exerted by the impurity atoms. By assuming a constant

solute cross-boundary diffusion coefficient and an edge-
shaped interaction energy profile, two approximated
limiting laws for the drag force can be obtained for high
and low boundary velocities (low and high driving
forces). In the case of recrystallization after deformation
at high temperatures, relatively low driving forces are
obtained. In this regime, the model predicts a linear
relationship between the driving force and the grain
boundary velocity, which allows the following effective
mobility for the solute affected grain boundary to be
calculated:

Ms ¼
1

MINT
þ aCs

� ��1
; ½16�

where MINT is the intrinsic mobility of the impurity
free material, calculated in this case with Eq. [15], Cs

is the impurity concentration and a can be calculated
from:

a ¼ dNV kTð Þ2

EbD
sinh

Eb

kT

� �
� Eb

kT

� �� �
½17�

d is the grain boundary width (assumed as 1 nm), Nv is
the number of atoms per unit volume [Nv = 1/
VM = 1.46 9 105 (m�3)], Eb is the binding energy of
solute atoms to grain boundaries and D is the cross-
boundary diffusion coefficient. According to the model,
the main compositional parameters affecting the drag
force are the cross-boundary diffusivity, D, and the
interaction energy of the solute with the grain bound-
aries, Eb. The equations shown above indicate that in
the low driving force case, impurities with larger
absolute Eb values lead to higher drag effects while
faster diffusing impurities result in lower drag effect.
The value of Eb can be calculated by assuming that

the grain boundary is built up of dislocations from
Cottrell’s formula[35,36]:

Eb ¼
4

3
r3Fel

1þ m
1� m

rFe � r

rFe

����
���� ½18�

where m is the Poisson’s ratio for iron and rFe and r are
the atomic radii of iron and of the solute, respectively
(Table IV).
Estimating the cross-boundary diffusivity is difficult in

general, and it has been approximated as the diffusivity
of the solute atoms in the bulk as impurity, DBulk,

[4] or
as a multiple of this value, with values ranging from
10DBulk

[37] to 100DBulk.
[38] Regarding to Al diffusivity

(DBulk), it must be mentioned that there are significant
differences within the diffusion coefficients found in the
literature. In the present work, the diffusion coefficient
indicated in Table IV[39] was chosen for the calculations.
The values of DBulk and Eb determined for Al by

applying equation [18] have been plotted against the
inverse of the absolute temperature in Figures 9(a) and
(b). The values determined for other alloying elements
have also been included for comparison in the figure. All
the parameters employed in the calculations are listed in
Table IV.

Fig. 8—(a) Comparison between the model predictions and the
experimental softening data obtained at different temperatures for
the C2Mn2; (b) softening and recrystallization model predictions at
1198 K and 1338 K (925 �C and 1065 �C).
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The values shown in these graphs agree well with the
trends usually reported in the literature for the effect of
solutes on the recrystallization kinetics of hot worked
austenite. Figure 9(b) shows that Nb, V, Si, and Mn
have similar diffusivities, whereas the Eb values are
significantly higher for Nb than for the other elements,
which is in good agreement with the larger solute
retardation potential usually reported for Nb.[6,43] It can
also be noted that the highest binding energy is
predicted for C. However, the diffusion coefficient is
also the highest. In the case of Al, the Eb values
predicted by Eq. [18] range from 16.6 kJ/mol at 1223 K
(950 �C) to 14.3 kJ/mol at 1373 K (1100 �C), and they
are only slightly lower than those obtained for Nb.
However, the reported diffusivity is also significantly

higher for Al than for Nb or V, Si and Mn. This agrees
well with the smaller solute retardation effect assigned to
Al relative to Nb for similar additions.[44] However, it
must be remembered that the Al addition levels consid-
ered in this work, 1 and 2 pct, are significantly higher
than the typical Nb additions found in steels (0.03 to
0.07 pct).
In order to apply the model to the C2Mn2Al1 and

C2Mn2Al2 steels, the solute drag retardation effect due
to Al addition was estimated through Eqs. [16] and [17]
by fitting the calculated 50 pct softening times, t0.5, to
the experimental data, taking the value of the cross-
boundary diffusivity (D) as a fitting factor. An average
value of D = 7DBulk, was obtained. This value is in the
range of the values obtained for other microalloying
additions.[37]

In Figure 10, the experimental softening and recrys-
tallized fraction data corresponding to the C2Mn2Al1
steel deformed at 1338 K (1065 �C) and e = 0.35 are
compared to the model’s predictions. The figure shows
fairly good agreement between the experimental and
predicted softening data as well as with the metallo-
graphic measurements of the recrystallized fraction at
these conditions.
Figure 11 shows the comparison between the exper-

imental and predicted softening data for both Al steels
at different deformation conditions. Figure 11(a), which
corresponds to the C2Mn2Al1 steel deformed with
e = 0.35 at different temperatures, shows very good
agreement with model. However, in Figure 11(b), which

Table IV. Bulk Diffusion Coefficients and Atomic Radius of Different Alloying Elements

Al[39] Mn[40] Nb[4] Si[40] C[41] V[40]

Diffusion coefficient in c D0 exp
�Q0

RT

� �
D0 (m

2/s) 5.9 9 10�4 1.78 9 10�5 8.3 9 10�5 7 9 10�6 3.7 9 10�5 2.8 9 10�5

Q0 (kJ/mol) 241 264 266 243 148 264

Fe Al Mn Nb Si C V

Atomic radius (nm)[35,42] 0.127 0.1432 0.1312 0.1437 0.1319 0.0916 0.1346

Fig. 9—(a) Bulk impurity diffusion coefficients and (b) calculated
binding energies for different alloying and microalloying elements.

Fig. 10—Comparison between the experimental softening/re-
crystallization data and the model (D = 7DBulk) predictions at dif-
ferent temperatures for the C2Mn2Al1 steel.
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corresponds to the similarly deformed C2Mn2Al2 steel,
although the fit cannot be considered bad, there is a
slight tendency for the model to overestimate the
softening, mainly at the highest temperature. On the
other hand, for both steels and lower deformation
e = 0.2, the model clearly overestimates the experimen-
tal softening results (Figures 11(c) and (d)).

Model deviations, which are mainly observed for the
highest Al content and lowest strain, suggest a possible
overestimation of the calculated recovery kinetics. In the
model it is assumed that the recovery rate is only
controlled by dislocation glide or climb; however, in the
presence of solutes, solute drag could also play a role in
recovery. This means that in addition to the retarding
effect produced by Al on recrystallization kinetics
(modified mobility term), a retardation effect of Al on
the recovery rate should also be considered in modeling.
Although the effect of solute atoms on recovery has been
less studied than their effect on recrystallization, data
that indicate that elements like Nb or Mo in solid
solution may retard the recovery kinetics of austenite
have also been reported.[7,27] Taking this into account,
the effective activation length for the calculation of the
activation volume in Eq. [9] should include contribu-
tions from both the solute atoms and dislocations. A

simple model, which considers the two contributions
added in parallel, is considered here, leading to an
equation of the form[32]:

1

la
¼ 1

lDisloc
þ 1

lSD
¼

ffiffiffi
q
p

K1
þ Cn

s

K2
; ½19�

where Cs represents the atomic concentration of the
solute. The constant K2 was adjusted by taking the
values of K1 = 0.31 and Ua = 314 kJ/mol,[30] as previ-
ously used for the C-Mn steel, and n = 2/3.[27] The best
fit was achieved with a value of K2 = 1 9 10�8 and
D = 5DBulk. The results obtained with the modified
model at different conditions are shown in Figures 12
and 13. It can be observed that in most cases the
predictions improve when using the second approach.
Finally, it can be noted that although the model

predictions are significantly improved using this
approach, the fit tends to be worse at the highest
softening levels both for the C-Mn (Figure 8) and for
the Al steels (Figures 12 and 13). In several cases, at
long interpass times, the mechanical softening tends to
deviate from the predicted curve and the model overes-
timates the experimental softening. This type of behav-
ior, in which the softening shows retardation at high

Fig. 11—Comparison between the experimental softening data and the predictions of the model (D = 7DBulk) at different deformation condi-
tions: (a) and (c) for C2Mn2Al1 steel at e = 0.35 and e = 0.2, respectively; (b) and (d) for C2Mn2Al2 at e = 0.35 and e = 0.2, respectively.
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softening levels, has also been observed in other cases[45]

and has been attributed to the heterogeneity of the
stored energy of deformation. This suggest that the fit

might be improved by assuming a non-uniform stored
energy distribution, however, within the simplicity of the
model a good fit is obtained for the data considered. It
should be taken into account that in the present study,
all analyzed microstructures correspond to quenched
specimens where the austenitic phase transforms into
martensite; therefore, a direct analysis of the strain
distribution in the austenite phase cannot be easily
performed.

VI. CONCLUSIONS

1. The effect of Al addition on the static softening
behavior of C-Mn steels has been characterized. It
has been found that Al leads to retardation of the
static recrystallization kinetics in C-Mn steels.

2. It has been observed that for the highest Al level
and the lowest deformation temperatures, 1238 K
and 1198 K (965 �C and 925 �C), austenite to fer-
rite phase transformation occurred concurrently
with mechanical softening, leading to significant
retardation of the softening kinetics.

Fig. 12—Comparison between the experimental softening/
recrystallization data and the modified model (D = 5DBulk,
K2 = 1 9 10�8) predictions at different temperatures for the
C2Mn2Al1 steel.

Fig. 13—Comparison between the experimental softening data and the predictions of the modified model (D = 5DBulk, K2 = 1 9 10�8) at dif-
ferent deformation conditions: (a) and (c) for C2Mn2Al1 steel at e = 0.35 and e = 0.2, respectively; (b) and (d) for C2Mn2Al2 at e = 0.35 and
e = 0.2, respectively.
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3. The softening kinetics were analyzed using a physi-
cally based model from the literature that couples
the effect of recovery and recrystallization mecha-
nisms on austenite softening. The main parameters
of the model were identified for the present alloys.

4. For the base C-Mn steel, the activation volume for
recovery, Va, was considered to be inversely propor-
tional to the initial internal stress due to disloca-
tions. The addition of Al not only produces
retardation in recrystallization, but also reduces the
recovery rate. In order to capture this effect, the
contributions from both the solute atoms and dislo-
cations were considered for the calculation of the
activation volume for recovery in the model. Va

was assumed to be inversely proportional to the sol-
ute concentration of Al, which resulted in reason-
able agreement between the model and the
experiment for a variety of deformation conditions.
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NOMENCLATURE

b magnitude of the Burgers vector
Cs solute concentration
D cross-boundary diffusion coefficient
D0 initial austenite grain size
DBulk bulk diffusion coefficient of the solute in

austenite
DGB grain boundary self-diffusion coefficient
DREX recrystallized austenite grain size
E Young’s modulus
Eb binding energy of solute atoms to grain

boundaries
FREX driving force for recrystallization
k Boltzmann’s constant
K1 constant in Eqs. [9] and [10]
K2 constant in Eq. [19]
la activation length for the recovery process
lDisloc activation length for the recovery process due

to dislocations
lSD activation length for the recovery process due

to solutes
M Taylor factor
MINT grain boundary mobility for the base steel
MPure Turnbull’s estimate for the mobility of a pure

material
MS grain boundary mobility for the solute

containing material
M(t) grain boundary mobility
n Avrami exponent
NREX number of recrystallization nuclei
NV number of atoms per unit volume
r atomic radius of the solute
rFe atomic radius of iron
R gas constant

T temperature
t0.5 time for 50 pct softening fraction
Ua activation energy of the recovery process
Va activation volume of the recovery process
m Poisson’s ratio for iron
md Debye frequency
VM molar volume of the austenite
XREX recrystallized fraction
XSOFT fractional softening
a interaction parameter in Cahn’s solute drag

model
aT constant of the order of 0.15 (Eq. [6])
d grain boundary width
e strain
_e strain rate
l austenite shear modulus
q(t) instantaneous dislocation density
r0 flow stress of the completely softened material
rm flow stress of the work hardened material
rr flow stress of the partially softened material
rREX yield stress of the fully recrystallized matrix
ry yield stress
r(t) flow stress of the unrecrystallized material
s0.5 normalized 50 pct softening time
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