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In the current study, the recrystallization behavior of 75% cold-rolled Fe-22Mn-10Al-1.4C
steel during annealing at 750, 770, 790, 810, and 830°C was studied. X-ray diffraction patterns
and optical microscopy were used to characterize microstructures. The Vickers Micro-hardness
test was used to characterize recrystallization kinetics during annealing. Johnson-Mehl-
Avrami-Kolmogorov (JMAK) model was used to evaluate the experimental data. The as-
homogenized microstructure illustrated only austenite with a high fraction of annealing twins,
and austenite to martensite phase transformation was not observed after quenching at a high
temperature and also until high thickness reduction. Avrami exponent was decreased from 0.76
to 0.42, with increasing the annealing temperature from 750 to 830°C. The activation energy
value was determined to be ~175 kJ/mol, which was slightly higher than the diffusion
activation energy of carbon in austenite.

© Shiraz University, Shiraz, Iran, 2020

1. Introduction

(TRIP) [7], twinning induced plasticity (TWIP) [8], and
microband induced plasticity (MBIP) [9] are the best

Lightweight steel alloys, based on the Fe-Mn-Al-C
alloying system, have shown an excellent combination
of strength and ductility due to the high values of
manganese and aluminum, and have a wide range of
industrial application predictions, such as automotive
body applications, owning to their low-density and low
price of manufacturing. Density reduction of up to 17%
[1], tensile strength of higher than 1.2 GPa [2], ductility
of about 77% [3], are some of their unique properties that
prepare them for the cryogenic system [4], oxidation
resistance in high temperatures [5], and impact-resistant
[6] industrial applications. According to the stacking

fault energy (SFE), the transformation induced plasticity
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deformation mechanisms, for their low, medium, and
high values of the SFE, respectively.

Much of the literature review focus on the texture and
mechanical properties of Fe-Mn-Al-C alloys, and only a
few essays are associated with the recrystallization
kinetics of cold-rolled lightweight steels during the
annealing at high temperatures [10-12].
Recrystallization is primarily controlling the nucleation
and growth of free strain grains. Meanwhile,
recrystallization kinetics is defined by the Johnson-
Mehl-Avrami-Kolmogorov (JMAK) model, which
characterizes  the  recrystallization and  phase
transformations, that has been shown in Eq. (1):
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Where X is phase volume recrystallized fraction, t is
annealing time, k is a temperature-dependent rate
constant, and n is the Avrami exponent.

The theoretical value of n is considered 4 if the
nucleation rate is constant, while all nuclei are formed at
the initial stage of the annealing process. In most metal
transformations, induced by diffusion, the Avrami
exponent is considered ranging from 0.5 to 2.5 [12]. Lu
et al. [10] showed that, in Fe-Mn-C alloy, depending on
the annealing temperature, n value changed from 0.7 at
560°C to 1.3 at 700°C. Torabinejad et al. [13] have
probed the effect of annealing temperature on the
austenite grain boundary migration rate and showed that,
by increasing annealing temperature, the grain boundary
migration rate decreased at the early stage of
recrystallization.

However, the recrystallization of austenite at the
early stage of annealing time and various temperatures
differs from previous studies. Nevertheless, the present
study aims at clarifying the recrystallization Kinetics of
Fe-Mn-Al-C alloy during different annealing times, and

temperatures, carried out by the IMAK model.

2. Experimental Procedure

2. 1. Material and processing

The chemical composition of the lightweight steel, in
the current study, is presented in Table 1. The alloy was
made from high purity iron, manganese, aluminum, and
carbon by inducing melting in an argon atmosphere. The
schematic of the thermomechanical process applied to
the investigated alloy is shown in Fig. 1. After casting,
the ingot was homogenized at 1200°C for 120 min, and
water quenched, subsequently. Samples were cold-rolled
up to a thickness reduction of 75%. To investigate the
recrystallization kinetics, under different annealing
conditions, samples were heated at 750, 770, 790, 810
and 830°C for 30, 60, 120, 240, 360, 600, 1200, 1800,
3600 s in a furnace, and were cooled in the water.
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Table 1. Chemical composition of the investigated steel
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Fig. 1. The schematic of the thermomechanical process
applied to the investigated alloy.

2. 2. Analysis techniques

The surface morphologies of the samples, according
to the conventional metallographic preparation, and
etched with 5-10% nital solution, were analyzed by
optical microscopy (OM). The X-ray diffraction
characterization was carried out by using Cu ko radiation
(A = 0.15406 nm) generated at 40 kV and 30 mA, with
scanning step of 0.01 degree and time per step of 1 s. The
phase volume fractions were determined by XRD
patterns. Commonly, Rietveld refinement is used for
quantitative phase analysis. In a texture strain-free
sample, the intensity of the phase peak is divided by
material scattering factor Rna and it is compared with
that of the standard phase peak. In the current study,
MAUD software has been used for quantitative phase
fraction determination. The microhardness of annealed
samples was investigated by using a Vickers hardness
test machine, under a load of 300 g for 15 s, representing

an average of 3 indentations.
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3. Results and Discussion
3. 1. Microstructure

The optical micrograph of Fe-22Mn-9Al-1.4C, after
homogenizing, is shown in Fig. 2(a). As can be seen, the
as-homogenized microstructure contained a full
austenite matrix. During the homogenized annealing, a
high fraction of annealing twins (yellow arrows) was

revealed in some austenite grains.

Fig. 2. Optical micrograph after (a) homogenizing and (b)
cold-rolling.

The average grain size of austenite was determined
by about 1112 um. The microstructure of cold-rolled
samples contained lamellar structures (Fig. 2(b)). As is
evident, some grains were recrystallized by the dynamic
recrystallization (DRX) phenomenon (dotted yellow
circles). The occurrence of DRX during high-
temperature deformation, which is known as geometric
DRX, has been recognized for some time. However,
recent research has shown that severe cold-working of a
metal can also result in a microstructure which consists
almost entirely of high-angle grain boundaries, and may
undergo continuous DRX (CDRX). Therefore, CDRX of
metals deformed at ambient temperatures is considered
as the possible mechanism in the formation of such
microstructures [14].

The progress of the annealing process is shown in
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Fig. 3. At the first moment of the annealing process, on
the cold-rolled samples, grain nucleations were
generated immediately, on such high energy places as
grain boundaries or shear bands. By increasing
annealing time, some of the elongated grains parallel to
the rolling direction, were replaced by equiaxed
recrystallized grains with distinct boundaries. As it is
clear, by increasing annealing time, the size of the
recrystallized grains increased, consequently. X-ray
diffraction patterns were used to provide phase
transformation during homogenizing, cold-working, and
recrystallization on the investigated alloy (Fig. 4). As
can be seen, only austenite peaks were observed after
homogenizing and cold working. The SFE of a current
alloy was estimated by SFE maps [11] to be about 85
mj/m?. Due to the high value of the SFE of Fe-Mn-Al-C
alloys, y—¢ phase transformation did not occur during
quenching at high temperatures and also until high
thickness reduction. Tian et al. [15] showed that if SFE
increases and passes 45 mj/m?, y—& phase
transformation does not occur. In the Fe-Mn-Al-C
alloying system, austenite is not a stable phase, and any
thermal treatment could lead to the decomposition of this
phase [16]. The main cause of this phenomenon is
related to the decreasing distance between partial
dislocations and easy cross slip. By increasing SFE, the
deformation mechanism changes the transformation
induced plasticity (TRIP) to the twinning induced
plasticity (TWIP), and finally, in high SFE values, the
microband induced plasticity (MBIP) becomes the
primary deformation mechanism [17]. Therefore,
Austenite is decomposed after recrystallization at 770°C
for 4 min, and ferrite appears. The ferrite volume
fraction was determined by XRD patterns. The volume
fraction of ferrite was about 10%, and it went up by

increasing annealing time.
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Fig. 3. Optical micrograph of recrystallized samples at 770°C for (a) 30, (b) 240 and (c) 3600 s.
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Fig. 4. X-ray diffraction patterns after homogenizing, cold-
rolling, and recrystallizing.

3. 2. Recrystallization kinetics

Figure 5(a) illustrates the decrease of hardness vs.
annealing time at different temperatures. After 120 s,
hardness decreases significantly at all temperatures. By
increasing annealing temperature, hardness decreases
gradually. After 20 min of annealing, hardness shows a
downward trend with a few changes. After that time,
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recrystallization is complete; and hardness decreases due
to grain growth. The recrystallized volume fraction vs.
annealing time, at different temperatures, is exhibited in
Fig. 5(b). As it is clear, a significant recrystallized
volume fraction occurs before 30 s of annealing. It could
be due to fast recrystallization behavior, especially at
high annealing temperatures.

Considering the fact that austenite transformation is
induced by diffusion, and only this phase recrystallizes
before 30 s, the recrystallized volume fraction could be
introduced by Eq. (2) [18]:

Xrec = (Hinitial- Htime) / (Hinitiai- Heinar) 2

Where H initiat, H time, @nd H final represent hardness after
cold rolling, in a specific annealing time, and after full
recrystallization, respectively. In order to characterize
the Kkinetics of austenite recrystallization, the JMAK
model was applied (Eq. (1)). The Avrami exponent n can
be achieved from the slope of In (In (1/(1-Xrec))) vs. In
(t) (Fig. 6). It is clear that the plots were approximately
linear, and the slopes of the lines went down by
increasing annealing temperature.
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Fig. 5. (a) microhardness as a function of annealing time and
(b) recrystallized volume fraction after 75% cold-rolling vs.
annealing time.

Table 2 summarizes the value of the Avrami
exponent at different temperatures. The theoretical value
of the Avrami exponent for random nucleation is
estimated from 0.67 to 1 [19]. The formation of austenite
in dual-phase steel, studied by Mazaheri et al. [20] based
on the intercritical annealing temperatures, showed that
the Avrami exponent after 50 and 80% cold-rolling
could change into 1.253 and 1.093, respectively. It
should be noted that the nucleation of austenite, in the
present study, was distributed entirely randomly, and it

was controlled by diffusion.
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Table 2. Avrami exponent values at different annealing

temperatures
Annealing temperature (°C) Avrami exponent
750 0.76
770 0.7
790 0.61
810 0.51
830 0.42
0.5
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Fig. 6. The variation of In (In (1/(1-Xrec))) with In t at
different annealing temperatures.

As mentioned earlier, k-constant depends on
temperature, and its value is obtained from Eqg. (3):

Ink =In A (Q/RT) @)

Where A is the constant, Q is the activation energy,
R is the universal gas constant (8.314 j/mol K), and T is
temperature. By combining equations (1) and (3), the

following equation is achieved:

InIn (1/(1-Xeeo)) = IN A +nIn t— (Q/RT) 4)

At constant annealing time, In A+ n Intis a constant.
Thus the plot of In (In (1/(1-Xrec))) vs. 1/T is roughly
linear, and the Q value will be extracted from the slope
of the curve. The experimental austenite formation
kinetics after 75% cold working after 30 s of annealing
is shown in Fig. 7. The activation energy value is
estimated to be 175 kJ/mol, which is slightly higher than
the diffusion activation energy of carbon in austenite
(157 kd/mol) [21]. This phenomenon could be attributed
to the effects of alloying additions, such as manganese

and aluminum.
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Fig. 7 The variation of (a) X rec with T and (b) In In (1/(1-
Xrec)) with 1/T, after 75% cold-rolling and 30 s annealing.

4. Conclusions

The recrystallization kinetics in the 75% cold-rolled
Fe-22Mn-10Al-1.4C alloy was
experimentally at temperatures ranging between 750 and

investigated

830°C. The effect of annealing time and temperature on
the recrystallization kinetics constant values were
studied. Based on the measurements the following
conclusions can be made:

1. The microstructure after homogenizing showed
only austenite with a high fraction of annealing twins.
y—¢ phase transformation was not detected during
quenching at high temperatures and also not until high

thickness reduction.

2. After 120 s of annealing, hardness decreased
significantly, and after 20 min, hardness did not change
much due to the complete recrystallization and grain
growth.
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3. The kinetics of austenite recrystallization was
characterized by the JMAK model showing the Avrami
exponent to be 0.76 and 0.42 at 750 and 830 °C,
respectively. The activation energy Q of the
recrystallization was recorded ~175 kJ/mol that is
slightly higher than the diffusion activation energy of
carbon in austenite.
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