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Static recrystallization characteristics
and kinetics of high-silicon steels for direct
quenching and partitioning

In the direct quenching and partitioning (DQ&P) process,
tough ultra-high-strength steel is made by combining thermo-
mechanical processing with quenching and partitioning to ob-
tain martensite toughened by thin films of retained austenite.
The hot rolling stage with deformation and recrystallization
between the rolling passes affects the state of the austenite be-
fore quenching and partitioning. This paper describes the stat-
ic recrystallization kinetics of two steels with compositions
suited to DQ&P processing, viz. (in wt.%) 0.3C-1Si-2Mn-
1Cr and 0.25C-1.5Si-3Mn. The stress relaxation technique
on a Gleeble thermomechanical simulator provided recrystal-
lization times over a wide range of temperature, strain, strain
rate and initial grain size. The higher levels of Si and Mn
made the recrystallization kinetics less sensitive to strain,
strain rate and temperature. The equations derived to describe
the recrystallization kinetics can be used in the design of the
rough rolling part of thermomechanical processing.

Keywords: Recrystallization; Flow stress; Stress relaxa-
tion; Austenite; Direct quenching and partitioning

1. Introduction

In recent years, extensive efforts have been directed to the
development of ultra-high-strength steels with excellent

combinations of mechanical properties such as high
strength, good ductility, low-temperature toughness and rea-
sonable formability. This, however, requires optimal design
of new, inexpensive compositions besides developing inno-
vative thermomechanical processing (TMCP) routes to meet
the new challenges. Conventionally, quenching and temper-
ing is used to obtain high-strength structural steels with
good impact toughness. The ductility of these steels in terms
of their elongation or reduction of area to fracture in uniaxial
tensile testing is generally acceptable, but their uniform
elongation, i. e. work hardening capacity is relatively low.
This deficiency is an important factor limiting the wider ap-
plication of such steels because strain localization during
fabrication or as a result of overloading in the final applica-
tion can be detrimental to the integrity of the structure.

A novel concept of quenching and partitioning (Q&P)
has been proposed as a potential processing route for im-
proving the balance of elongation to fracture and tensile
strength for advanced high-strength steels [1–3]. In the
Q&P processing, the steel is austenitized, quenched to a
temperature between the martensite start (Ms) and finish
(Mf) temperatures and held at a suitable temperature for a
suitable time to allow the partitioning of carbon from mar-
tensite to austenite, which can thereby be partly or fully sta-
bilized down to room temperature. Unlike in the case of
tempering, the formation of iron carbides and the decompo-
sition of austenite are intentionally suppressed by the use of
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Si, Al or P alloying [1–6]. A martensitic matrix has the po-
tential to provide the required high strength, while a small
fraction of finely divided austenite stabilized between the
martensitic laths provides the desired uniform elongation
and improved work hardening via transformation induced
plasticity (TRIP). Based on the principles of the Q&P pro-
cess, a novel processing route comprising thermomechani-
cal rolling followed by direct quenching and partitioning
(TMR-DQP) has recently been developed with the aim of
achieving yield strength ‡1100 MPa combined with good
ductility and impact toughness [7–11]. This, however,
requires that the thermomechanically controlled rolling is
optimized with respect to both recrystallization above the
recrystallization limit temperature (RLT) as well as con-
trolled rolling in the narrow range between the recrystalli-
zation stop temperature (RST) and Ar3 temperatures. There
are only a few papers dealing with the DQP process, though
reporting promising strength and ductility combinations
[12, 13].

In the course of developing the TMR-DQP process, a
two-pronged approach was adopted in order to first opti-
mize the TMCP parameters with the aid of physical and la-
boratory rolling simulation studies and then to design ap-
propriate direct quenching and partitioning schedules to
achieve the desired properties [7–11]. The chosen ap-
proach was to design suitable chemical compositions based
on high silicon contents and find appropriate TMCP proces-
sing conditions with the aid of physical simulation on a
Gleeble simulator. In addition, dilatation measurements
and electron microscopy studies were combined with pub-
lished information to understand the possible microstruc-
tural mechanisms operating during Q&P processes. The
specific aim was to develop a steel with a yield strength of
the order of *1100 MPa combined with good ductility
and impact toughness.

In order to be able to design appropriate thermo-me-
chanically controlled rolling processes for the Q&P steels,
it is important to characterise the recrystallization behav-
iour based on the literature information, such as data in our
previous studies, among others [14–19]. Semi-empirical
relationships have been commonly applied to describe the
static recrystallization (SRX) rates of metals and alloys
since Sellars and Whiteman [20] and Sellars [21] first pre-
sented equations including the process variables strain (e),
strain rate ( _e) and temperature, and the material variables
composition and grain size. Generally, the time for 50% re-
crystallized fraction (t50) can be described by the following
empirical relation [20, 21]:

t50 ¼ A e
p
_e
q ds exp ðQapp=RTÞ ð1Þ

where A is a material constant, e is strain, _e is strain rate,
Qapp is the apparent activation energy of recrystallization,
d is grain size, R is the gas constant and T is absolute tem-

perature. The material dependent constants p, q and s de-
scribe the powers of strain, strain rate and the grain size, re-
spectively. Using t50 in combination with an Avrami-type
equation, the recrystallized fraction can be predicted as a
function of temperature and time.

Many regression equations for SRX that have been deter-
mined over the years are listed e. g., by Kwon [22], Li et al.
[23] and Lenard et al. [24] Unfortunately, most of them are
only valid for the specific steel grade used in the experi-
ments so that any quantitative effect of separate alloying
elements is difficult to determine from these equations.

Somani et al. [15–19] developed a unique linear regres-
sion model to predict the activation energy (Qrex) and ki-
netics of static recrystallization (SRX) for hot-deformed
austenite based on the stress relaxation test results of over
40 different carbon steels. The model is able to predict sa-
tisfactorily the SRX kinetics of common carbon steel
grades including microalloyed steels and also several spe-
cial steel grades. In the course of the development of this
model, the influence of alloying with Mn in the range
0.02–2% and Si up to 1.5% alloying was also considered
by including the instances of a couple of dual-phase and
TRIP steels. Data for the SRX of high-Mn twinning in-
duced plasticity (TWIP) type austenitic steels have been
published [25, 26], but very little SRX data are available
for medium-Mn (3–5% Mn) steels apart from the data of
Grajcar et al. [27, 28] for 3%Mn-Al(-Nb) and 5%Mn-Al(-
Nb) steels and Cabanas et al. [29] for binary Fe–Mn alloys.
Medina and Mancilla [30] and Medina and Quispe [31] ear-
lier determined the kinetics as a function of chemical com-
position accounting for the effects of Si and Mn in addition
to the microalloying elements of Nb, Ti and V. Increasing
Si up to 0.4% in some TRIP steels was found to decrease
the SRX rate and increase the activation energy of recrys-
tallization (Qrex) [15, 16] Suikkanen et al. [32] showed that
increasing Si beyond 0.4% up to 1.5% has only a small re-
tarding effect on SRX, i. e. the influence of Si appeared to
saturate towards 1.5%.

In this study, the SRX characteristics of two Si-alloyed
Q&P steels with the compositions (in wt.%) 0.3C-2Mn-
1Cr-1Si and 0.25C-3Mn-1.5Si were evaluated and kinetics
modelled using a fractional softening approach together
with metallography to determine the time for 50% recrys-
tallization as a function of strain, strain rate, grain size and
temperature by applying SRX tests using a Gleeble 3800
thermomechanical simulator. SRX fractional softening
equations were developed including the determination of
strain and strain rate exponents and the activation energy
of recrystallization, in accordance with the regression mod-
elling performed previously by Somani et al. [15, 16] for
various steels. Some examples of verification of the regres-
sion equations and comparisons with other steels including
C–Mn, Nb-microalloyed, austenitic stainless steel and
TWIP steels are also presented.
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Table 1. Chemical compositions of the high-Si Q&P steels. (Fe balance; wt.%).

Steel code C Si Mn Al Cr Mo Ni A3 ( 8C) A4 ( 8C)

2Mn-1Si 0.296 0.985 1.86 0.0073 1.01 0.002 0.0034 786 1432

3Mn-1.5Si 0.25 1.45 2.91 0.024 0.01 0.002 0.0044 827 1422



2. Experimental procedures

2.1. Approach and materials

Two Si-alloyed C–Mn steels intended for Q&P processing
were used as experimental materials. The analysed chemical
compositions of the two steels, measured using hot rolled
samples, are given in Table 1. While one of the high-Si steel
compositions, coded 2Mn-1Si, was cast as a 70 kg slab, the
other steel, coded 3Mn-1.5Si, was received in the form of a
homogenized and hot rolled 11 mm thick plate. Both were
procured from OCAS, Belgium. The 2Mn-1Si steel casting
was cut into two halves along the mid-thickness in order to
circumvent the problem of centreline segregation. A
200 · 80 · 60 mm piece of this casting was soaked at
1200 8C for 2 h and hot rolled to a 11.2 mm thick plate.
11 · 10 mm rods cut from the 3Mn-1.5Si plate were given a
homogenization treatment in a furnace at 1250 8C for 2 h
prior to preparing the specimens for stress relaxation testing.

1 8 mm · 10 mm cylindrical specimens for axisym-
metric compression and stress relaxation testing were ma-
chined from the two steel plates with the axis of the cylin-
ders transverse to the rolling direction in the rolling plane.
The tests were carried out in a Gleeble 3800 thermomecha-
nical simulator. A graphite foil was used as lubricant be-
tween the specimen and the tungsten carbide anvils and a
tantalum foil to prevent sticking.

2.2. Stress relaxation tests

The specimens were heated at a rate of 10 K s–1 to the re-
heating temperature 1200 8C and 1250 8C for 2Mn-1Si and
3Mn-1.5Si steels, respectively, held for 2 min, followed by
cooling at 2 K s–1 to the deformation temperature and then
compressed up to a prescribed strain after stabilizing the
temperature for 15 s at the deformation temperature. The
idea of using the higher reheating temperature for 3Mn-
1.5Si steel was to provide further homogenization of any
Mn-rich segregation bands as far as possible, though the
sample was homogenized prior to hot rolling at OCAS, Bel-
gium. Using the stroke mode, the strain was held constant
after the deformation while the compressive force relaxed
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(a))

(b)

Fig. 1. Test schedules used in stress relaxation tests of (a) 2Mn-1Si,
and (b) 3Mn-1.5Si steels. (Abbreviations: RT = room temperature;
AC = air cool; Relax = stress relaxation stage).

Table 2. Stress relaxation rest schedules for the experimental high-Si Q&P steels.

Steel Reheating

conditions

Temp.( 8C)/Time

(min)

Grain size

(lm)

Test temp.

( 8C)

Strain Strain rate

(s–1)

2Mn-1Si 1200/2 115 850–1100 0.2 0.1

1200/2 115 1000 0.125–0.4 0.1

1200/2 115 1000 0.2 0.01–5

1150/2 80 1000 0.2 0.1

1250/10 400 1000 0.2 0.1

3Mn-1.5Si 1250/2 480 900–1200 0.2 0.1

1250/2 480 1050 0.125–0.3 0.1

1250/2 480 1050 0.2 0.001–2

1200/2 80 1050 0.2 0.1

1200/2 80 1050 0.2 1



in the course of time. The stress relaxation data were then
fitted to the Avrami-type (JMAK) equation at around 50%
recrystallization to enable an estimation of the SRX fraction
as a function of holding time t:

X ¼ 1� exp½�0:693 � ðt=t50Þ
n� ð2Þ

where t50 is the time for 50% recrystallization, which is de-
pendent on the composition of the steel and the deformation
conditions, and n is the Avrami exponent. In this way, a sin-
gle experiment can give a complete curve showing recrystal-
lized fraction vs. time for a given set of conditions [33–35].
Stress relaxation tests were carried out in the temperature
range 850–1100 8C and 900–1200 8C for 2Mn-1Si and
3Mn-1.5Si steels, respectively. Table 1 also contains the
equilibrium A3 and A4 temperatures for the two steel compo-
sitions as calculated using Thermo-Calc� software in combi-
nation with the TCFE7 database. These demonstrate that all
the austenitization treatments as well as deformation and re-
laxation tests used in this work are in the austenite phase.
Both the strain and strain rate were suitably varied at specific
temperatures in order to achieve a broad range of deforma-
tion parameters for evaluating the SRX characteristics of
the two steels. For the 2Mn-1Si steel, these were strain range
0.125–0.4 and strain rates 0.01–5 s–1 at 1000 8C, and for the
3Mn-1.5Si: 0.125–0.3, 0.001–2 s–1 at 1050 8C. Typical test
schedules for the two steels are shown in Fig. 1a and b and
the details of the experiments are presented in Table 2.

Austenite grain size was measured using the linear inter-
cept method on specimens directly quenched from the re-
heating temperature with a water spray and etched in satu-
rated picral/teepol solution. Segregation bands, presumably
Mn-rich regions, were noticed in the 3Mn-1.5Si steel, de-
spite the homogenization treatment given prior to hot rolling
and also reheating at a higher temperature (1250 8C) in the
Gleeble simulator. Even the 2Mn-1Si steel showed some
segregation bands signifying the inadequacy of soaking at
1200 8C prior to rolling and subsequent reheating at this
temperature.

As seen from Table 2, some specimens were reheated at
different reheating temperatures prior to stress relaxation

testing in order to produce relatively coarser or finer grain
structures in order to help understand the influence of grain
size on SRX kinetics and check the validity of the empirical
equations for fractional softening. In addition to the tests
listed in Table 2, confirmation tests were also carried out
by varying the deformation parameters (strain, strain rate
and temperature) randomly to validate the fractional soften-
ing equations developed for the two high-Si steels, as dis-
cussed later.

3. Results and discussion

3.1. Flow stress behaviour

Examples of typical true stress – true strain curves obtained
on the 2Mn-1Si and 3Mn-1.5Si steels compressed prior to
stress relaxation to a true strain of *0.2 at a constant true
strain rate of 0.1 s–1 in the temperature range 850–1100 8C
and 900–1200 8C respectively, are shown in Fig. 2. The
flow stress behaviour displayed the presence of work hard-
ening and dynamic recovery at all deformation tempera-
tures. Hence, subsequent relaxation following hot com-
pression should exhibit static restoration (recovery and
recrystallization) processes, except presumably at 1100 8C
in the case of 2Mn-1Si steel (Fig. 2a) and at 1150–
1200 8C in the case of 3Mn-1.5Si (Fig. 2b) steels, where
the critical strain for the initiation of dynamic recrystalliza-
tion (DRX) ecmight be exceeded (ec is about 0.8 times peak
strain ep [21, 36]). The peak strain was, however, not deter-
mined. In these cases, the conditions are perhaps at the bor-
derline between static and metadynamic (MDRX) recrys-
tallization. Similarly, the flow stress behaviour of samples
tested at higher strains and lower strain rates were carefully
examined to identify the test conditions where deformation
exceeded, or might have exceeded, the critical strain (ec), in
order to exclude these cases from the modelling of the frac-
tional softening equations for SRX.

Comparing the flow stress levels, it seems that there are
no significant differences between the two steels. Similar
observations were made for 3%Mn and 5%Mn steels tested
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(a) (b)

Fig. 2. True stress – true strain curves following hot compression to 0.2 strain at 0.1 s–1 in the temperature ranges 850–1100 8C and 900–1200 8C
for (a) 2Mn-1Si, and (b) 3 Mn-1.5 Si steels, respectively, revealing work hardening and dynamic recovery behaviour.



at the strain rate of 0.1 s–1 in the range 850–1150 8C by
Grajcar et al. [27, 28], who found no effect of Mn on the
flow stress behaviour. They observed the peak strain at
1150 8C to be about 0.25.

3.2. Stress relaxation behaviour

Examples of typical stress relaxation curves for the two
steels, recorded during 600 or 1000 s, corresponding to
the compression tests shown in Fig. 2a and b, are pre-
sented in Fig. 3a and b. In this instance, the stress relaxa-
tion curves are quite flat, but they display essentially three
stages on the logarithmic time scale. It has been presented
earlier that the initial and final linear stages on the stress
relaxation curves correspond to the occurrence of static re-
covery and the intermediate faster drop in the stress level
indicates the SRX or MDRX process [33–35]. Stress re-
laxation curves were carefully analysed to determine the
kinetics of the SRX process as a function of deformation
parameters. The degree of softening at a given time can
be determined from recrystallized fraction vs. time curves
computed from the stress relaxation data. Examples of
these curves fitted with the sigmoidal Avrami-type curves
are shown in Fig. 4a and b, illustrating the effect of tem-
perature on the kinetics of SRX, for instance. More details
and analysis of experimental parameters on the SRX ki-
netics are discussed in subsequent sections.

3.3. Effect of temperature and grain size on SRX rate

Referring to Fig. 3a, the stress relaxation curves of the
2Mn-1Si steel reveal the influence of temperature on the
SRX kinetics after deformation to 0.2 strain at 0.1 s–1 at dif-
ferent temperatures in the range 900 8C to 1100 8C in steps
of 50 8C. It can be seen that with an increase in temperature
from 850 8C to 1100 8C, the SRX rate increases signifi-

cantly. Complete softening was obtained in most cases, ex-
cept at the lower temperatures (£ 900 8C). At 850 8C, the fi-
nal flow stress remained clearly higher than for the other
temperatures indicating a lack of recrystallization. The ef-
fect of temperature on the Avrami exponent is quite dis-
tinct; it varies from 1.0 at lower temperatures (900–
1000 8C) to 1.4 at higher temperatures (1050–1100 8C).
The time for 50% recrystallization, t50, decreases from
68 s at 900 8C to about 3.7 s at 1100 8C, Fig. 4a. So far as
the influence of grain size is concerned, stress relaxation
data obtained on specimens reheated 10 min at 1250 8C
(Table 2) to produce coarse grains (*400 lm) and tested
at 1000 8C/0.2/0.1 s–1 clearly revealed the retardation of
SRX rate (t50 = 24 s) in comparison to that of the finer-
grained structure (115 lm; t50 = 13 s).
The stress relaxation curves for the 3Mn-1.5 Si steel, as

presented in Fig. 3b, show that the SRX rate increases with
increasing temperature and the softening was complete in
most cases. However, the flow stress remained relatively
high at the lowest temperature of 900 8C, indicating incom-
plete recrystallization in the time span used. Unlike in the
case of the 2Mn-1Si steel, the Avrami exponent varied in
a narrow range between 1.3–1.5 (mostly 1.4) irrespective
of the test temperature, as can also be discerned from the
nearly parallel Avrami curves fitting the relaxation data
(Fig. 4b). The time t50 increases from 2.1 s at 1150 8C to
about 37 s at 950 8C. The effect of grain size on SRX ki-
netics was evaluated by including a finer grain structure
(80 lm) obtained by reheating at a somewhat lower tem-
perature of 1200 8C for 2 min prior to compression at
1050 8C to 0.2 strain at 0.1 s–1 (Table 2). The correspond-
ing acceleration of the recrystallization rate (t50 = 2.6 s) in
comparison with that of the coarse-grained structure
(480 lm; t50 = 12 s) further confirmed the significant influ-
ence of grain size on the SRX rate.
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(a) (b)

Fig. 3. Typical stress relaxation curves obtained on specimens deformed to a true strain of 0.2 at 0.1 s–1: (a) 2Mn-1Si, and (b) 3Mn-1.5Si steels.



3.4. Apparent activation energy of recrystallization (Qapp)

The temperature dependence of the SRX kinetics for the
2Mn-1Si and 3Mn-1.5Si steels are shown in Fig. 5a and b,
where the times for 5%, 50% and 95% recrystallization
(t5, t50 and t95 respectively) are plotted against the inverse
absolute temperature. The times were estimated at different
temperatures for specimens deformed to 0.2 strain at 0.1 s–1

based on both the relaxation data and corresponding Avra-
mi type fits at about 50% recrystallization. As seen from
Fig. 5a, the data at 50% recrystallization (t50) and the effec-
tive end of recrystallization (t95) are reasonable, but there is
a scatter in the start of the recrystallization (t5), as is also ap-
parent in the relaxation curves (Fig. 3a). The slope of the t50
data plotted vs. the inverse absolute temperature (1/T) was
used in estimating the apparent activation energy for recrys-
tallization (Qapp). When doing this, the cases of incomplete
recrystallization (at low temperatures) and MDRX (at high
temperatures) were carefully excluded. As explained in a

publication of Karjalainen [33], it can be concluded that re-
crystallization is only partial, if the stress relaxation curve is
still declining in the final stage of the test or if it remains at
a relatively high stress level for the temperature concerned.
In Fig. 3 it is seen that the relaxation curves approach each
other at all temperatures other than 850 8C (Fig. 3a) and
perhaps at 900 8C (Fig. 3b). On the other hand, the data for
1100 8C and 1150–1200 8C for the 2Mn-1Si and 3Mn-
1.5Si steels, respectively, were not included in the analysis
because of the possibility of MDRX. The estimated Qapp

values for the 2Mn-1Si and 3Mn-1.5Si steels were about
225 and 241 kJ mol–1, suggesting that an increase in Si and
Mn contents increases Qapp.

The observed Qapp values for the two steels fall in the
177–283 kJ mol–1 range of values reported for other steels,
i. e. for C–Mn 184 kJ mol–1 [15, 16], 9SMn28 free cutting
steel 177 kJ/mol [37], 0.2C-2Mn-0.6Cr-(0-1.5)Si 193–
227 kJ mol–1 [32], C–Mn–Nb 230 kJ mol–1 [15, 16], 12Cr
stainless 265 kJ mol–1 [38], ordinary Fe-20Mn-1.5Al TWIP
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(a) (b)

Fig. 4. Fraction recrystallized vs. time data fitted with Avrami type curves for (a) 2Mn-1Si and (b) 3Mn-1.5Si steels.

(a) (b)

Fig. 5. Estimation of Qapp for the SRX process: (a) 2Mn-1Si steel, and (b) 3Mn-1.5Si steel.



218 kJ mol–1 and Nb-microalloyed Fe-20Mn-1.5Al-
0.026Nb TWIP steel 273 kJ mol–1 [26] and Type 304 stain-
less steel 283 kJ mol–1 [38].

3.5. Powers of strain and strain rate

The effects of strain and strain rate on t50 times for the two
steels are displayed in Fig. 6a and b. The powers of strain
(p) and strain rate (q) have been estimated based on the
plots of (i) t50 vs. strain at 0.1 s–1 and a given temperature
1000 8C and 1050 8C for the 2Mn-1Si and 3Mn-1.5Si
steels, respectively) (Fig. 6a), and (ii) t50 vs. strain rate fol-
lowing compression to 0.2 strain at the deformation tem-
perature (Fig. 6b).

As can be discerned from Fig. 6a, the slopes of the line
fits are fairly reasonable despite some scatter and the corre-
sponding powers of strain (p) were estimated to be about
–2.8 and –2.35 for the 2Mn-1Si and 3Mn-1.5 Si steels, re-
spectively. The power of strain (p) for the 3Mn-1.5Si steel
(–2.35) is slightly lower than that of 2Mn-1.5Si (–2.8). The
strain exponent for C-Mn steels has been reported to be in
the range –2.5 to –4 [14–19, 39, 40]. Values between –2
and –3 were measured by the stress relaxation technique
for some microalloyed steels [14–16, 35, 41]. Values of
–2.8 and –2.5 for the strain exponent have been used by So-
mani et al. [15, 16, 19] for C/C–Mn/Nb/Ti/Nb–Ti and Mn–
V steels, respectively. Lang et al. [42] and Suikkanen et al.
[32] obtained a value of –2.1 for p in the case of a 0.2C-
2.0Mn-1.48Si-0.6Cr steel. Hence, all these values are of
the same order and any distinct dependence on alloying
can hardly be seen.

Similarly, the slopes of the line fits in Fig. 6b show the
powers of strain rate (q) to be –0.23 and –0.14 for the
2Mn-1Si and 3Mn-1.5 Si steels, respectively. The limited
data for 0.1C-1.2Mn-1.15 Si steel has been included in

Fig. 6b for comparison [16]. It gives the same power of
strain rate (–0.23) as that of the 2Mn-1.5Si steel. Lang et al.
[42] determined the SRX kinetics for a 0.21C-1.48Si-
2.04Mn-0.6Cr composition, also tested by Suikkanen et al.
[32], and found q to be –0.18. It is noteworthy that the
2Mn-1.5Si steel contains 1% Cr in solution, and the steel
studied by Lang et al. [42] and Suikkanen et al. [32] con-
tained 0.6% Cr. The Cr alloying, however, might not have
any significant influence on the power of strain rate (nor
the power of strain), as Cr (like Ni) in low concentrations
has hardly shown any discernible influence on the SRX ki-
netics of C-Mn steels [15–17]. Also, lower values of q of
–0.11 and –0.12 have been reported for C/C–Mn and Ti-mi-
croalloyed steels, respectively [14–16, 19, 43]. For Nb and
Nb–Ti and also Mo-steels, q has been estimated to be of the
order of –0.23 [15, 16, 19]. In summary, all these values of
q fall within a reasonably narrow range (–0.11 to –0.23) in-
dicating a weak dependence of SRX on strain rate irrespec-
tive of the steel alloying.

3.6. Effect of Si and Mn on Qrex

The activation energy of SRX (Qrex) is dependent on the
Qapp, the power of strain rate q, and the activation energy
of deformationQdef. Somani et al. [15–18] adopted theQdef

of 340 kJ mol–1 for C–Mn steels in the development of the
regression model for the Qrex in hot deformed austenite. In
good agreement, Suikkanen et al. [32] reported Qdef values
increasing in the range 324 to 353 kJ mol–1 for 0.2C-
2.0Mn-0.6Cr-Si steels with Si content increasing from
0.04 to 1.48%. The influence of Si was not linear, however,
as an increase in Si content from 1.0 to 1.5% only changed
Qdef from 348 to 353 kJ mol–1, i. e. by only 5 kJ mol–1. Ca-
banas et al. [29] determined Qdef values for various Fe–Mn
binary alloys and reported that Mn generally caused an in-
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(a) (b)

Fig. 6. (a) Dependence of t50 on strain in the SRX (<0.35 strain) regime for 2Mn-1Si and 3Mn-1.5 Si steels deformed at 1000 8C/0.1 s–1 and
1050 8C/0.1 s–1, respectively, and (b) estimation of the power of strain rate for the two steels deformed to 0.2 strain in the SRX regime. Data for
0.1C-1.2Mn-1.15Si steel [16] is also included in Fig. 6b for comparison.



crease of Qdef at Mn contents below 10%. However, the
maximum Qdef of 350 kJ mol–1 was measured for an Fe-
3%Mn alloy.

Using a constant Qdef of 340 kJ mol–1 for both the 2Mn-
1Si and 3Mn-1.5Si steels gives Qrex values of 303 and
289 kJ mol–1, respectively. The low value of Qrex for the
3Mn-1.5Si steel results from its less negative q (–0.14 as
opposed to –0.23), even though itsQapp was higher than that
of the 2Mn-1Si steel, as expected from its higher alloy con-
tent.

A linear regression analysis [15–18] showed thatQrex for
C–Mn and microalloyed steels is given by:

QrexðkJ mol�1Þ ¼ 3803CF þ 109418 ð3Þ

Here CF, the composition factor, is given by:

CF ¼ 2Crþ 10 ¼ Cuþ 15Mnþ 50Moþ 60Siþ 70V

þ230Tiþ 700Nb ð4Þ

where the elements are in wt.% and the effects of Si and Nb
are considered to saturate at 0.4% Si and 0.044% Nb.
These equations lead to Qrex values of 314 and 366 kJ mol–
1 respectively for the 2Mn-1Si and 3Mn-1.5Si steels. The
former value is only marginally higher than the experimen-
tal value 303 kJ mol–1, but for the 3Mn-1.5Si steel the mod-
el prediction far exceeds the experimentally observed value
of 289 kJ mol–1. This suggests that the regression model
breaks down here perhaps due to a saturation in the effect
of Mn on CF at concentrations beyond the 2%, which was
the highest Mn content of the steels used to develop the re-
gression equation above. Assuming such a saturation effect,
the above equations would predict essentially the same Qrex

values for both steels, *315 kJ mol–1.
In a study of Karjalainen et al. [44], two TRIP steels

1.15Mn-1.1Si and 1.5Mn-1.5Si were tested as well as sev-
eral C–Mn steels with lower Si contents. The experimental

Qrex values determined were 240 and 275 kJ mol–1 for
those two 1.15Mn-1.1Si and 1.5Mn-1.5Si steels, respec-
tively [44]. Based on the data for the C–Mn–Si steels with
Mn < 2%, it was suggested that the effect of Mn on Qrex is
low in comparison to Si and that the entire data could be
approximately fitted with a logarithmic dependence of
Qrex on the Si concentration, namely Qrex(kJ mol–1)
= 260 + 26.7ln(wt.%Si).
Suikkanen et al. [32] reported Qrex values between 229

and 291 kJ mol–1 for a 0.2C-2.0Mn-0.6Cr-Si steel with the
Si contents varying between 0.04 and 1.48%. They also
pointed out that the influence of Si seems to saturate to-
wards the higher contents, increasing more slowly beyond
about 0.5% Si. The saturating tendency is consistent with
our previous observations on the influence of Si concentra-
tion suggesting that beyond a certain level, an element may
lose its efficiency to retard recrystallization any further,
presumably due to occupation of lattice sites at the moving
grain boundaries leading to a saturation of the solute drag
effect [16]. According to the work of Suikkanen et al.
[32], an increase in Si content from 1.08 to 1.48% will
raiseQrex by about 6 kJ mol–1. Ignoring any possible effects
of other alloying elements, this is the difference in Qrex ex-
pected between the 2Mn-1Si and 3Mn-1.5Si. The mea-
sured difference is marginally negative at –14 kJ mol–1,
however.

3.7. Fractional softening equations for SRX

The power of grain size described by the relation s =
2.13d–0.105 has been previously determined based on mea-
sured SRX data for a large number of carbon steels, with
and without microalloying [15, 16]. Hence, it has now been
extended to the current high-Si 2–3% Mn steels, too. Tak-
ing the power of grain size to be described by the above re-
lation, together with the above values for the other parame-
ters (Qapp, p and q) in Eq. 1 gives the constant A for the two
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Fig. 7. Plots of predicted vs. experimental t50 data for (a) 2Mn-1Si, and (b) 3Mn-1.5Si steels. The diamond, triangle and circle symbols represent
predictions obtained using Eqs. (5) and (6), which are based on the diamond data points. The square points are obtained using the regression model
[15–19].



steels. The SRX rate, therefore, can be reasonably described
by the following SRX equations:

2Mn-1Si steel: t50 = 1.17 · 10–13 e –2.8
_e
–0.23 d s

exp(224600/RT) (5)

3Mn-1.5Si steel: t50 = 5.73 · 10–14 e –2.35
_e
–0.14 d s

exp(240600/RT) (6)

In order to check the reliability of the fractional softening
equation (Eq. (5)) derived for the 2Mn-1Si steel, a few con-
firmation experiments were carried out by randomly varying
the deformation parameters, (for example, 1075 8C/0.17/0.5
s–1, 1025 8C/0.25/0.3 s–1, etc.) and/or using a coarse or fine
grain size (400 or 80 lm; see Table 2) followed by deforma-
tion at 1000 8C to 0.2 strain at 0.1 s–1. Figure 7a presents ex-
amples of the plots of experimental vs. predicted t50 values
for all deformation conditions. Data from confirmation tests
for validation are also included in the figure. It can be seen
that the agreement between the experimental and predicted
values (pred/exp ratio in the range 0.79–1.29) is quite satis-
factory, except for one test at 1000 8C/0.01 s–1, which shows
nearly half the predicted t50 value (pred/exp ratio: 1.8). This
indicates that the above fractional softening equation gives
a reasonable prediction of the SRX kinetics for the 2Mn-1Si
steel. Also, the equation describing the power of grain size
(s) was found to be reasonable for this steel, too.

Confirmation experiments were also carried out for the
3Mn-1.5Si steel by varying the deformation parameters, such
as 1025 8C/0.3/0.07 s–1, 1075 8C/0.175/0.3 s–1, etc. and also,
using a fine grain size (80 lm; see Table 2) followed by de-
formation to a strain of 0.2 at 1050 8C at two different strain
rates (0.1 and 1 s–1). Figure 7(b) presents the plots of experi-
mental vs. predicted t50 values for all deformation conditions,
in addition to the data from confirmation tests. The figure
suggests that the agreement between the experimental and
predicted data (pred/exp ratio in the range 0.78–1.65) is satis-
factory, except for one test at 950 8C, which shows nearly
one-third the predicted t50 value (pred/exp ratio: 2.73). Any-
how, the equation describing the power of grain size (s) was
found to be acceptable for this steel, too. Thus, the fractional
softening equations (Eqs. (5) & (6)) developed for the two
steels are reasonable and the equations can be used in design-
ing the industrial rolling scheme during thermo-mechanical
processing prior to quenching and partitioning.

The predictions resulting from the previously developed
regression model are also included in Fig. 7a and b. It can
be seen that the model predictions are acceptable for both
steels, provided an upper saturation limit of 2% Mn is used
when calculating Qrex from Eqs. (3) and (4). Despite con-
sidering the saturation of the effect of Mn at around 2%, it
is also possible that the effect of Mn is non-linear, with a
maximum retardation effect at some intermediate concen-
tration between 2 and 3%. For example, Grajcar et al. [27,
28] observed that increasing Mn content from 3 to 5% ac-
celerated the SRX kinetics. Thus, the effect of Mn on SRX
behaviour seems somewhat complex. Notwithstanding
these incongruities, the predictions were found to be rea-
sonably good suggesting the usefulness of the model in pre-
dicting the SRX kinetics for the 3Mn-1.5 Si steel (Fig. 7b),
though the data are somewhat scattered (pred/exp ratio in
the range 0.17–2.84; average ratio =*1.31; SD = 0.59).

Two experiments (1065 8C/0.215/0.3 s–1/3 s relaxation
and 940 8C/0.23/0.13 s–1/25 s relaxation) were carried out
to quench the 2Mn-1Si test specimens in water after relax-
ing for times corresponding to 50% recrystallized fraction
following different deformation conditions, as calculated
using Eq. (5). Metallographic analysis, however, was in-
conclusive because of the difficulties in etching the samples
and distinguishing between the strained (unrecrystallized)
and recrystallized areas. Attempts to analyze the micro-
structures using scanning electron microscopy – electron
back scatter diffraction (SEM-EBSD) are equally challen-
ging and were not tried in this study. However, validity of
the stress relaxation technique in the study of recrystalliza-
tion has been demonstrated metallographically in our pre-
vious studies, c.f. references [14, 38].

3.8. Comparison of SRX kinetics of various steel types

The t50 times estimated for the present steels by using the
fractional softening equations (Eqs. (5) and (6)) derived
above are compared with other steels for a strain of 0.2 at
0.1 s–1 and a grain size of 140 lm (computed using the rela-
tion for s), as shown in Fig. 8. The plots are based on various
equations/data generated at the University of Oulu: 304SS
[38], Nb-TWIP and TWIP [26], C–Mn–Nb and C–Mn [15,
16]. The SRX kinetics of the present high-Si steels are quite
similar despite the different levels of Si and Mn alloying.
As expected, C–Mn steel exhibits the fastest SRX rate, while
Type 304 stainless steel is the slowest. On the other hand, the
SRX kinetics of present high-Si steels have been found to be
marginally faster but close to that of 0.03%Nb-microalloyed
C–Mn (C–Mn–Nb) steel as well as an ordinary TWIP steel
(Fe-20Mn-1.5Al), but much faster than the SRX rate of a
Nb-microalloyed TWIP steel (Fe-20Mn-1.5Al-0.026Nb).
Clearly, Nb significantly slows down the rate of SRX in both
C–Mn and high-Mn TWIP steels. However, the addition of
1–1.5% Si in the high-Si steels seems to have a potent effect,
but weaker than that of Nb in C–Mn steel and that of highMn
in TWIP steel. Mn, on the other hand, is shown to have a
weaker effect on the SRX kinetics of steels compared to that
of Si [15, 16, 19]. Cr present in 2Mn-1Si steel might not have
any discernible effect on the SRX kinetics, as established
earlier during the development of the unique regression mod-
el [15–19], but its possible influence on q is yet to be estab-
lished through further study.
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Fig. 8. Plots of t50 vs. inverse absolute temperature for the present
high-Si steels in comparison with other steels.



4. Summary and conclusions

In this study, the recrystallization characteristics of two ex-
perimental high-Si Q&P steels containing 0.25–0.30% C
together with 2%Mn-1%Si and 3%Mn-1.5%Si under hot
deformation conditions have been evaluated using the stress
relaxation technique on a Gleeble 3800 thermomechanical
simulator. Deformation temperatures ranged from 850 to
1200 8C, strains from 0.125 to 0.4 and strain rates 0.001 to
5 s–1. Initial grain sizes were from 80 to 480 lm. For both
steels, the time for 50% recrystallization was exponentially
proportional to the inverse of temperature and directly pro-
portional to the product of strain, strain rate and grain size
all raised to various powers.

Data analysis resulted in the estimation of the powers of
strain (–2.8 and –2.4) and strain rate (–0.23 and –0.14) and
the recrystallization activation energies (303 and 289 kJ
mol–1) for the 2Mn-1Si and 3Mn-1.5Si steels, respectively.
This suggests that increasing the contents of Mn and Si
made the recrystallization kinetics less sensitive to strain,
strain rate and temperature, i. e. the powers of strain and
strain rate became less negative and the activation energy
of recrystallization was reduced. The power of grain size
was the same for both steels, following that found earlier
for low-alloy steels.

Equations are given that can be used to predict recrystal-
lization times for the two steels thereby avoiding partial re-
crystallization and ensuring fine grain sizes during the
rough rolling stage of thermomechanical rolling.

An equation developed earlier on the basis of tens of C–
Mn and microalloyed steels has been shown to describe the
recrystallization times of the present steels with reasonable
accuracy if it is assumed that the effect of Mn on the activa-
tion energy of recrystallization saturates at the level of
2 wt.%.

It is shown that the SRX rates of the present steels are ty-
pically lower than those of ordinary C–Mn steels, but mar-
ginally higher than those of C–Mn–Nb steel and an ordinary
TWIP steel (Fe-20Mn-1.5Al).

The funding of this research activity through the RFCS Grant Agree-
ment RFSR-CT-2014-00019 is gratefully acknowledged. Authors
would like to thank Mr. Juha Uusitalo for meticulously conducting the
Gleeble tests.
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