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Abstract: Hot compression tests were performed to investigate the hot deformation behavior of Fe–27.34Mn–8.63Al–1.03C lightweight steel
and optimize the hot workability parameters. The temperature range was 900–1150°C and the strain rate range was 0.01–5 s−1 on a Gleeble-
3800 thermal simulator machine. The results showed that the flow stress increased with decreasing deformation temperature and increasing
strain rate. According to the constitutive equation, the activation energy of hot deformation was 422.88 kJ·mol−1. The relationship between the
critical stress and peak stress of the tested steel was established, and a dynamic recrystallization kinetic model was thus obtained. Based on this
model, the effects of strain rate and deformation temperature on the volume fraction of dynamically recrystallized grains were explored. The
microstructural examination and processing map results revealed that the tested steel exhibited a good hot workability at deformation temperat-
ures of 1010–1100°C and strain rate of 0.01 s−1.
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 1. Introduction

The increasing demand for  energy savings  and emission
reductions  has  made  lightweight  vehicle  bodies  a  develop-
ment direction in the automobile industry. As a result, an in-
creasing  number  of  researchers  have  focused  on
Fe–Mn–Al–C lightweight steel materials, which can be clas-
sified into four categories based on their alloy content: ferrit-
ic, ferrite-based duplex, austenite-based duplex, and austenit-
ic  steels  [1–6].  Compared  to  traditional  automotive  steels
[7–11], the density of Fe–Mn–Al–C steel is 10%–20% lower
while still offering strain-strengthening characteristics under
the collective effect of various alloys [12–17]. The deforma-
tion mechanism suggests that the presence of nano-sized κ-
carbides  in  the  Fe–Mn–Al–C  steel  matrix  induces  the  mi-
croband-induced  plasticity  mechanism,  which  can  coordin-
ate  the  deformation  degree  of  different  parts  and  signific-
antly improve steel plasticity [18–21].

Dynamic recrystallization occurs when the original coarse
grains  are  replaced  by  new  homogeneously  distributed  re-
fined grains during hot deformation of steels, thus eliminat-
ing  defects  in  the  grains  [22–24].  The  resulting  homogen-
eous microstructure restrains the occurrence of flow instabil-
ity and effectively enhances the hot workability. Therefore, it
is  essential  to  study  the  dynamic  recrystallization  behavior
during hot deformation. Several scholars have evaluated the
hot  deformation  behavior  and  hot  workability  of
Fe–Mn–Al–C steel.  Xu et al. [25] studied the hot deforma-
tion  behavior  of  Fe–26Mn–6.2Al  duplex  steel  and  pointed
out that the recrystallization behavior of δ-ferrite prior to aus-

tenite resulted in abnormal behavior of the flow curves. Liu
et al. [26] analyzed two characteristic flow behaviors and dy-
namic  recrystallization  behaviors  of  multiphase  Fe–
11Mn–10Al–0.9C steel. They found that the deformation-in-
duced α-ferrite  could  slow  down  austenite  recrystallization
through the pinning effect and refine the austenite grain size.
There are also some differences between austenitic steel and
duplex steel. Pierce et al. [27] discussed the hot deformation
behavior of austenitic steel with a large grain size. They re-
ported that the large grains did not provide sufficient nucle-
ation  sites,  thus  resulting  in  changes  in  the  conditions  that
drive dynamic recrystallization.  Hamada et  al. [18] showed
that the newly recrystallized austenite had a “necklace” struc-
ture distributed in the original austenite grain boundaries at a
low deformation temperature and a high strain rate. This ab-
normal structure can easily lead to flow instability. However,
there is still limited insight on the hot deformation behavior
of hot-rolled Fe–Mn–Al–C steels. The effects of dynamic re-
crystallization behavior on the flow stability and hot workab-
ility are unclear.

Here,  a  uniaxial  hot  compression  experiment  was  per-
formed on Fe–27.34Mn–8.63Al–1.03C lightweight steel. To
study the deformation behavior of the tested steel before and
after dynamic recrystallization, the deformation temperature
ranged from 900 to 1150°C. The stress–strain response of the
tested steel under static and dynamic deformation conditions
was explored, and the strain rate ranged from 0.01 to 5 s−1. A
constitutive  equation  and  dynamic  recrystallization  model
were established based on the flow stress analysis. After ana-
lyzing the  microstructure  and processing map,  the  effect  of 

 
✉ Corresponding author: Dazhao Li      E-mail: lidazhao@nuc.edu.cn, dazhaoli@163.com
© University of Science and Technology Beijing 2023

International Journal of Minerals , Metallurgy and Materials
Volume 30, Number 4, April 2023, Page 734
https://doi.org/10.1007/s12613-022-2531-3

https://doi.org/10.1007/s12613-022-2531-3
https://doi.org/10.1007/s12613-022-2531-3
https://doi.org/10.1007/s12613-022-2531-3


deformation temperature  and strain  rate  on the deformation
structure was clarified. Finally, the relationship between peak
stress and critical stress was obtained.

 2. Experimental

The tested steel was smelted in a 50-kg vacuum induction
smelting furnace and its chemical composition is presented in
Table 1. The as-cast specimens were hot-rolled at temperat-
ures ranging from 1000 to 1100°C with a final thickness of
30 mm. After rolling, hot compression specimens were pre-
pared with dimensions of ϕ10 mm × 15 mm. The density of
the tested steel was measured multiple times according to the
drainage  method,  and  the  average  density  value  was  6.77
g·cm−3.

A Gleeble-3800 thermal simulation machine was used to
heat the samples to 1200°C at 10°C·s−1 and the temperature
was held for 180 s. They were then cooled to the relevant de-
formation  temperatures  (1150,  1100,  1050,  1000,  950,  and
900°C) at a rate of 10°C·s−1. The strain rates were 0.01, 0.1,
1, and 5 s−1, and the maximum true strain was 0.7. After de-
formation, the specimens were quenched to room temperat-
ure  within  5  s  to  retain  the  recrystallized  structure. Fig.  1
shows the schematic of the hot compression simulation and
the test process.
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Fig. 1.    Schematic diagram of (a) hot compression simulation and (b) test process.
 

Subsequently, the metallographic structures in the longit-
udinal  section  of  the  hot-compressed  specimens  were  ob-
served.  After  grinding  and  polishing,  the  section  was  cor-
roded with 4% nital. The microstructures were observed with
the Leica MI8 metallographic microscope. X-ray diffraction
(XRD, Bruker  D8 ADVANCE) was performed on the pol-
ished specimens.  The scanning range was between 30° and
90° with a scanning speed of 2°·min−1.

 3. Results and discussion
 3.1. Flow stress behaviour

The true stress–strain curves of the Fe–27.34Mn–8.63Al–
1.03C  lightweight  steel  at  different  temperatures  and  strain
rates are shown in Fig. 2. At the same strain rates, the flow
stress  decreased  with  increasing  deformation  temperature.
The range of flow stress gradually increased with increasing
strain rate.  Therefore,  both the increasing deformation tem-
perature and decreasing strain rate led to a decrease in flow
stress. In other words, the flow stress is sensitive to deforma-
tion temperature and strain rate.

Fig.  2 depicts  the  true  stress–strain  curves  for  the  tested
steel,  which  shows  significant  characteristics  of  work-
hardening and dynamic softening effects. However, it is clear
that  the  flow  stress  in Fig.  2(c)  and  (d)  fluctuates  signific-
antly compared to that in Fig. 2(a) and (b), which is related to
the  massive  formation  and  multiplication  of  dislocations  at
high strain rate [28]. As the strain rate increases, there is an
abnormal flow stress behavior due to blocking and entangle-
ment of dislocations or due to interactions between disloca-

tions and precipitation [21,28].
All of the stress–strain curves could be divided into three

different  stages.  The  deformation  mechanism  of  the  tested
steel that occurred in stage I was dominated by work-harden-
ing (Fig. 2(c)), which resulted in a rapid increase in true stress
until the yield-point-elongation effect occurred [29]. This ef-
fect was prominent in curves with strain rates of 0.1 and 1 s−1

and  deformation  temperatures  of  900,  950,  and  1000°C,  as
shown by arrows in Fig. 2(b) and (c). Sun et al. [28] reported
that the Cottrell atmosphere was formed by the segregation of
interstitial C atom near the dislocation line. The firmly pin-
ning  effect  between  dislocations  and  C  atoms  limited  the
movement  of  dislocations,  thus  leading  to  a  yield-point-
elongation effect. The stress reached a peak value in stage II.
However, the work-hardening effect still played a dominant
role  in  this  process  and  increased  flow  stress.  Dynamic
softening started to occur in stage III. The dynamic balance
between work-hardening and dynamic softening effects con-
tributed to steady stress–strain curves.

During  the  whole  deformation  stage,  the  deformation
mechanism of the tested steel was determined by the interac-
tion between work-hardening and dynamic softening effects.
Meanwhile, the work-hardening effect was mainly related to
dislocation migration [25]. The dynamic softening effect was
primarily associated with dynamic recovery and dynamic re-
crystallization.  At  the initial  deformation stage,  the disloca-
tions  in  the  deformed  grains  began  to  slip  and  accumulate,
thus  contributing  to  the  enhanced  work-hardening.  As  the
strain increased, the interaction between the work-hardening
effect  and  the  dynamic  softening  effect  resulted  in  peak

Table 1.    Chemical composition of the tested steel wt%

Mn Al C Si P S Fe
27.34 8.63 1.03 0.24 0.017 0.001 Bal.
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stress. When dynamic recrystallization became the dominant
deformation mechanism, there were a softening effect from
the  newly  recrystallized  grains  with  lower  density  disloca-
tions  and  a  work-hardening  effect  from  the  original  grains
with higher density dislocations. These two effects reached a
dynamic  balance,  which  made  the  flow stress  of  the  tested
steel reach a steady state [30].

 3.2. Constitutive modeling

The  constitutive  equation  is  widely  used  for  flow  stress
analysis because it directly reflects the effects of deformation
temperature and strain rate on the flow stress. Eq. (1) shows
the usual expression of the constitutive equation [31–32]:

Z = ε̇ exp
(

Q
RT

)
(1)

ε̇where Z is the Zener–Hollomon constant;  is the strain rate
(s−1); Q is the activation energy (J·mol−1); R is the gas con-
stant (R = 8.314 J·mol−1·K−1), and T is the deformation tem-
perature (K). Sellars and Tagert also suggested a method that
can be applied to any stress state to avoid error, as expressed
by Eqs. (2)–(3) [32–33]:

ε̇ = A
[
sinh

(
ασp

)]n
exp

(
− Q

RT

)
(2)

ln ε̇ = ln A+n ln
[
sinh

(
ασp

)]
− Q

RT
(3)

α = β/n1 = 0.0107

where σp is peak stress; A, n, and α are the material constants.
Based on Fig. 3(a) and (b), the slopes after linear fitting are n1

and β,  respectively.  Term α can  then  be  defined  as
,  which is  similar  to  that  in  the  literature

ε̇

(Table  2).  As  mentioned  above, α is  related  chiefly  to σp.
Therefore, the values of α vary with the elementary composi-
tion  and  the  heat  treatment  process,  but  they  all  fluctuate
within a reasonable range. When T and  are constants, Eq.
(3) can be written as Eqs. (4) and (5), respectively:

n =
∂ ln ε̇

∂ ln
[
sinh

(
ασp

)]
∣∣∣∣∣∣∣∣
T

(4)

Q = R

∂ ln
[
sinh

(
ασp

)]
∂(1/T )


ε̇

 ∂ ln ε̇

∂ ln
[
sinh

(
ασp

)]


T

= Rn

∂ ln
[
sinh

(
ασp

)]
∂(1/T )


ε̇

(5)

ε̇

Q = R×n×b

Eqs.  (4)  and  (5)  indicate  that  ln[sinh(ασp)]  has  a  linear
correlation with ln  and 1/T,  as shown in Fig. 3(c) and (d),
the  slopes  are  denoted  as n and b,  respectively.  Term n is
4.2363,  which  is  consistent  with  that  in  the  literature
(Table 2).  Based on Eq. (5),  the activation energy Q of hot
deformation at  various temperatures  and strain rates  can be
obtained  through .  The  average Q value  is
422.88  kJ·mol−1,  which  is  reasonable  when  compared  with
values (290–470 kJ·mol−1) in the literature (Table 2).

Generally,  the  activation  energy  of  hot  deformation  is
mainly influenced by elements addition, phase composition,
and heat treatment. This indicates the deformation resistance
of materials [27,36,39]. Many studies have been carried out
to determine the influencing factors. Khosravifard et al. [36]
examined  the  hot  deformation  process  of  as-cast  steel  with
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different  C  contents.  They  found  that  the  activation  energy
(411  kJ·mol−1)  of  low carbon  steel  was  slightly  lower  than
that (429 kJ·mol−1) of high carbon steel. The hot deformation
activation energy thus increases with increasing C content.

Hamada et al. [18,37] investigated the effect of various Al
contents  on  the  activation  energies  of  hot  deformation  for
Fe–25Mn–xAl–0.1C steel (x = 3,  6,  and 8).  They indicated
that  the  activation  energy  increased  from  397  kJ·mol−1 for
3Al  steel  to  405  kJ·mol−1 for  6Al  steel,  but  it  decreased  to
300 kJ·mol−1 for 8Al steel. This is because the matrix phase
changed from single austenite for 3Al and 6Al steels to dual-
phase (austenite and ferrite) for 8Al steel. The hot deforma-
tion activation energy of austenitic steels is thus higher than

that  of  duplex  steels  (austenite  and  ferrite).  However,  Wu
et al. [38] suggested that the hot deformation activation en-
ergy  of  duplex  steel  (austenite  and  ferrite)  was  higher  than
that of austenitic steel, as shown in Table 2.

The analysis indicates that hot deformation activation en-
ergy of steels is closely related to the phase composition. In
austenite  steels,  the  hot  deformation  activation  energies  are
strongly  affected  by  the  austenite  grain  size  and κ-carbide
precipitation. Pierce et al. [27] noted that the hot deformation
activation  energy  of  austenite  with  large  grains  was  higher
than that of austenite with small grains. Zambrano et al. [35]
noted that the formation of κ-carbide precipitation in austen-
itic steels could reduce the activation energy during hot de-

Table 2.    Data for phase composition, material constants (n, α), and activation energy of hot deformation for lightweight steels

Alloy T / °C ε̇ / s−1 Phase n α Q / (kJ·mol−1) Ref.
Fe–30Mn–9Al–1Si–0.9C–0.5Mo 1000–1200 0.1–7.8 γ + δ 4.95 0.007 470 ± 90 [27]
Fe–30Mn–10Al–1C 850–1150 0.01–10 γ 5.165 0.004 391.572 [28]
Fe–27Mn–11.5Al–0.95C 900–1150 0.01–10 γ + δ 3.9284 0.0035 294.204 [34]
Fe–21Mn–10Al–1.5C–2Si 900–1150 0.01–1 γ 4.8019 0.004 293 [35]
Fe–20.1Mn–2.1Si–0.6Al–0.07C 900–1100 0.01–10 — — — 411 [36]
Fe–21.6Mn–2.7Si–0.8Al–0.49C 900–1100 0.01–10 — — — 429 [36]
Fe–25Mn–3Al 900–1100 0.005–5 γ — — 397 [37]
Fe–25Mn–6Al 900–1100 0.005–0.5 γ — — 405 [18]
Fe–25Mn–8Al 900–1100 0.005–0.5 γ + δ — — 300 [18]
Fe–26Mn–8Al–1C 850–1150 0.001–10 γ 4.9383 0.006 394 [38]
Fe–26Mn–10Al–1C 850–1150 0.001–10 γ + δ 1.9048 0.0125 443 [38]
Fe–27.34Mn–8.63Al–1.03C 900–1150 0.01–5 γ 4.2363 0.0107 422.88 This work
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formation.  In  duplex  steels  (austenite  and  ferrite),  the  in-
homogeneous strain distribution between hard austenite and
soft ferrite could affect the flow stress and activation energy
[25,34].  However,  few  studies  have  reported  the  effect  of
phase volume fraction in duplex steels  on the hot  deforma-
tion activation energy. This needs to be further confirmed in
future work.

Eq. (6) can be obtained based on Eqs. (1) and (2). Fig. 4
shows the lnA is the intercept of the lnZ–ln[sinh(ασp)] curve,
which  is  calculated  as  36.37.  The  fitted  results  in Fig.  4
showed that  the  linear  correlation  coefficient  (R2)  was  0.97
thus  indicating  that  parameter Z well  represents  the  flow
stress. Then the Z equation was obtained as follows:

lnZ = ln A+n ln
[
sinh

(
ασp

)]
(6)

Z = ε̇exp
(

422880
RT

)
= 6.239×1015

[
sinh

(
0.0107σp

)]4.24
(7)

 3.3. Critical condition for dynamic recrystallization

The critical stress σc is the basis for investigating the dy-
namic recrystallization of austenite—this can be obtained by
the work hardening rate (WHR, θ = dσ/dε) curve [40]. σ and
ε represent the true stress and true strain at different deforma-
tion  temperatures  and  strain  rates.  The  curves  of θ–ε and
(dθ/dε)–ε for test steel at a strain rate of 0.01 s−1 and various
temperatures  showed a  similar  trend  (Fig.  5).  According  to
the “double differential method” criterion [34,41], the critic-
al strain can be found based on Fig. 5.

The critical  stress σc at  different  temperatures and strain
rates  could  be  acquired,  and it  gradually  decreased with  an
increase  in  hot  deformation  temperature  and  a  decrease  in
strain rate (Table 3). As the hot deformation temperature in-
creased, a softening effect occurred and the dislocation dens-

ity decreased, weakening the work-hardening effect. In turn,
the critical stress decreased. Mandal et al. [42] found that the
initial  critical  dislocation  density  for  dynamic  recrystalliza-
tion  at  a  certain  temperature  dropped  with  the  decreasing
strain  rate.  The  relationship  between  peak  stress  (σp)–peak
strain (εp) and critical stress (σc)–critical strain (εc) could be
obtained  through  the  linear  fitting  of  the  relevant  data  in
Fig. 6. All of the parameters are shown in Eqs. (8)–(11):
σp = 0.237Z0.16 (8)

σc = 0.214Z0.159 (9)

εc = 4.6×10−3Z0.05 (10)

σc = 0.872σp (11)
According  to  Eqs.  (9)  and  (10),  the Z parameter  of  the

tested  steel  changed  exponentially  with  critical  stress  and
strain. A larger Z value implied a greater critical stress for dy-
namic recrystallization. Meanwhile, the corresponding critic-
al  strain  would  increase  accordingly.  Moreover,  the  occur-
rence of dynamic recrystallization strongly depended on the

Table 3.    Critical stress (σc) values under different deformation conditions MPa

ε̇ / s−1 T / °C
900 950 1000 1050 1100 1150

0.01 107.99 71.91 53.98 42.95 34.64 26.33
0.1 163.17 124 98.47 76.38 59.48 44.36
1 200.99 160.11 115.62 97.27 77.2 70.27
5 264.63 182.18 150.39 116.54 98.79 81.98
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deformation conditions. More strain variables were required
to drive the recrystallization process under a lower deforma-
tion temperature and a higher strain rate.

 3.4. Dynamic recrystallization kinetic

The dynamic recrystallization volume fraction reflects the
degree  of  dynamic  recrystallization  during  hot  deformation
of the tested steel; thus, it is necessary to establish a dynamic
recrystallization dynamic model to characterize the process.
In this study, the matrix phase of the tested steel was austen-
ite, and the dynamic recrystallization volume fraction of aus-
tenite (X) was calculated according to Eq. (12) [34,43]:

X =
σp−σ
σp−σs

(12)

where σp is the peak stress, σs is the steady state stress, and σ
is true stress at different temperatures and strain rates, which
can be obtained from the stress–strain curves. On the basis of
previous studies [44–45], Eq. (12) could also be expressed as
Eq. (13):

X = 1− exp
[
−k

(
ε−εc
εp

)u]
(13)

where εp is the peak strain, εc is critical strain, and ε is the true
strain. The values of k and u were obtained by determining
the relationship between ln{ln[1/(1−X)]} and ln[(ε−εc)/εp], as
shown in Fig. 7. Therefore, the dynamic recrystallization kin-
etics model of the tested steel could be obtained as follows:

X = 1− exp
−0.0467(ε−εc

εp

)3.923 (14)

Based on Eq. (14), the volume fraction of dynamic recrys-

tallized grain of the tested steel can be calculated as shown in
Fig. 8.

Fig.  8 shows  that  the  dynamic  recrystallization  curves
present  an “S” shape  at  different  deformation  temperatures
and strain rates. The volume fraction of dynamic recrystalliz-
ation  grains  increases  with  increasing  strain.  This  suggests
that the volume fraction of dynamically recrystallized grains
increased with increasing temperature and strain (Fig. 8(a)).
An  increase  in  deformation  temperature  can  accelerate  the
migration  speed  of  the  grain  boundaries,  dislocations,  and
other  defects.  This  in  turn  promotes  dynamic  recrystalliza-
tion. Fig. 8(b) shows that the volume fraction of dynamic re-
crystallization grains decreased with increasing strain rate at
the  same  deformation  temperature.  This  is  because  a  low
strain rate can provide sufficient time for dynamic recrystal-
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lization. Therefore, a high temperature and a low strain rate
can  provide  a  suitable  condition  for  dynamic  recrystalliza-
tion to obtain a more homogeneous structure.

 3.5. Microstructure evolution

The hot  compression  deformation  behavior  of  the  tested
steel is affected by the microstructure evolution. Fig. 9(a)−(f)
shows the microstructures of the tested steel at different de-
formation temperatures and strain rates. The data combined
with the XRD patterns in Fig. 10 suggested that austenite was
the  matrix  phase.  Additionally,  the  newly  refined  austenite
recrystallized  grains  arched  and  nucleated  at  the  original
elongated austenite grain boundaries.

The volume fraction of recrystallized austenite grains de-
creased with increasing strain rate at a constant deformation
temperature. When the strain rate was 0.01 s−1, many recrys-
tallized austenite  grains  gathered near  the  original  austenite
grain boundary, as shown in Fig. 9(a). The dynamic recrys-
tallization was weakened when the strain rate increased to 5
s−1. The volume fraction of recrystallized grains in Fig. 9(c)
decreased significantly compared to that in Fig. 9(a) and (b).

This  is  because  the  stored  deformation  energy  could  not
provide enough driving force for austenite recrystallization at
low  strain  rates.  This  leads  to  a  reduced  nucleation  rate.
However, the recrystallized grains have enough time to grow.
In contrast, the defects in austenite increase the stored energy
at high strain rates. Unfortunately, the dynamic recovery does
not have enough time to eliminate the defects. Therefore, the
recrystallized grains nucleate near the defects,  but the grain
size still remains small.

Fig. 9(d)–(f) shows the microstructures of the tested steel
at  different  deformation  temperatures  (950,  1050,  and
1150°C) with the same strain rate of 0.1 s−1. With an increase
in deformation temperature, the original austenite grains were
gradually replaced by newly refined equiaxed grains, imply-
ing  that  the  recrystallization  fraction  of  austenite  increased.
At 950°C, a low deformation temperature could not provide
enough atomic diffusion capacity and sufficient recrystalliz-
ation  driving  force,  thus  resulting  in  a  small  number  of  re-
crystallized grains distributed at  the original  grain boundar-
ies in a “necklace” structure (Fig. 9(d)). The dynamic recrys-
tallization process was complete as the deformation temper-
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ature increased to 1050°C (Fig. 9(e)). In other words, the ori-
ginal  austenite  grains  were  entirely  replaced  by  refined  re-
crystallized grains. This is because a higher deformation tem-
perature  promotes  the  movement  of  dislocations  and  in-
creases  the  nucleation  rate,  which  benefits  dynamic  recrys-
tallization.  The  recrystallized  austenite  grain  size  signific-
antly increased when the deformation temperature increased
to 1150°C (Fig. 9(f)).

 3.6. Processing map

Processing  map  are  widely  used  to  evaluate  material
machinability. Prasad et al. [46–47] proposed a dynamic ma-
terial model (DMM) to construct a processing map and op-
timize the hot working process by analyzing and predicting
the  deformation  behavior  of  materials  under  various  condi-
tions. The processing map for the tested steel under different
deformation  temperatures  and  strain  rates  was  thus  cons-
tructed.

The total  energy P of  the  tested  steel  during the  hot  de-
formation can be converted into two parts based on the DMM
theory:  the  energy G consumed  during  plastic  deformation
and the energy J dissipated during microstructure evolution.
The relationship  among them can be  expressed as  Eq.  (15)
[28,47–49]:

P = σ · ε̇ =G+ J =
w ε̇

0
σdε̇+

w σ
0
ε̇dσ (15)

Prasad  [47]  defined η as  the  power  dissipation  effi-
ciency—this metric is used to construct the energy dissipa-
tion map. The term η is related to the energy J and the ideal
linear dissipated energy Jmax, which can be expressed as Eq.
(16):

η =
J

Jmax
=

2m
m+1

(16)

where m is the strain rate sensitive parameter, which plays a
key role in the whole calculation process. According to flow

ε̇m

stress analysis in Section 3.1, the stress is sensitive to changes
in  strain  rate.  Under  a  certain  deformation  temperature  and
strain, the relationship between the stress and strain rate can
be  written  as σ = K·  and  is  widely  used  to  describe  the
constitutive  relation.  The term m can  then be  calculated  by
Eq. (17) [28,47–49]:

m =
∂J
∂G
=
ε̇dσ
σdε̇

=
∂ lnσ
∂ ln ε̇

(17)

m = 1 J = Jmax = P/2

ξ(ɛ̇)

The term m is an essential parameter, and the material is in
an ideal linear state when , i.e., . In gen-
eral, m is between 0 and 1 in a stable flowing viscoplastic sol-
id  [50].  The m value  in  this  paper  is  between  0.1  and  0.3,
which is consistent with the range of most steels reported in
other literature [51–52]. To reflect the flow instability beha-
vior  during  deformation,  the  instability  criterion  ( )  was
established as Eq. (18) [47–49]:

ξ(ε̇) =
∂ ln

( m
m+1

)
∂ ln ε̇

+m < 0 (18)

ε̇ > 0.1

If Eq. (18) is negative, the material flows unsteadily when
it deforms under load. According to Eq. (18), the processing
map shown in Fig. 11 was obtained by superimposing the in-
stability and energy dissipation maps. The value on the con-
tour line represents the power dissipation coefficient η,  and
the shaded parts are the instability zone. Fig. 11 shows that
instability zones were mainly distributed in a low deforma-
tion temperature range of 930–1010°C and a high strain rate
range of  s−1. Under low strains and high deformation
temperatures,  some  small  instability  zones  were  also  ob-
served. The instability area decreased gradually as strain in-
creased from 0.1 to 0.6.

The new recrystallized grains nucleate and grow at grain
boundaries  with  the  increase  in  deformation  temperature.
Fig.  9(b)  and  (d)  shows  that  dynamic  recrystallization  oc-
curred at lower deformation temperatures. The recrystallized
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grains were distributed in a “necklace” structure at the grain
boundaries, thus resulting in the flow instability of the tested
steel. This corresponded to the shaded areas in Fig. 11 and is
due to the inhomogeneous strain distribution between the ori-
ginal  austenite grains and the recrystallized austenite grains
when the tested steel  was deformed. Complete dynamic re-
crystallization  occurred  when  the  deformation  temperature
exceeded  1050°C.  The  equiaxed  austenite  grains  were  uni-
formly distributed in the matrix, as shown in Fig. 9(e) and (f).
The homogeneous strain distribution during deformation did
not lead to flow instability, which corresponds to the stable
areas in Fig. 11.

In  addition, η reached  a  peak  value  at  a  strain  rate  of
0.01 s−1. In this case, the instability zones were not observed
in Fig. 11, which indicates that the appropriate deformation
temperature  and  sufficient  deformation  time  are  the  crucial
factors  driving  recrystallization.  Therefore,  the  chosen  de-
formation  conditions  for  the  test  steel  were  a  temperature
range of 1010–1100°C and a strain rate of 0.01 s−1 during the
hot  working  process  with  large  deformations.  Under  these
conditions, the tested steel exhibited good hot workability.

 4. Conclusions

The stress–strain response of Fe–27.34Mn–8.63Al–1.03C
steel  was  detected  in  the  thermal  simulation  test.  A  con-
stitutive  equation  for  thermal  compression  was  established.
The main conclusions are as follows.

ε̇exp[422880/(RT )] = 6.239×1015
[
sinh

(
0.0107σp

)]4.24

(1) The activation energy of the test steel was Q = 422.88
kJ·mol−1, and the Z equation for the hot compression was Z =

.

σc=0.872σp

−exp
[
−0.0467×(

ε−εc

εp

)3.923]
(2) The relation between peak stress σp and critical stress

σc was expressed by , and the dynamic recrystal-

lization  kinetic  model  followed X =  1

.

(3) The deformation temperature and strain rate had a sig-
nificant  influence  on  the  dynamic  recrystallization  process.
The increase in deformation temperature and the decrease in
strain rate could accelerate the occurrence of dynamic recrys-
tallization.

(4) The microstructure and processing map suggested that
dynamic  recrystallization  occurred  in  regions  where η was
higher. Therefore, the tested steel exhibited good hot work-
ability with a temperature range of 1010–1100°C and a strain
rate of 0.01 s−1.
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