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To examine the austenite grain growth behavior and kinetics under isothermal austeni-

tization process in a low alloy medium carbon forged steel, heat treatments at different

temperatures (1150, 1175, 1200, and 1260 ◦C) and times (5, 15, and 25 min) were conducted.

An  Arrhenius constitutive relationship was developed to analyze and predict the austen-

ite  grain size as a function of the austenitization temperature and time during isothermal

austenitization. The model predictions agreed well with the experimental austenite grain

size  data. Following the austenitization examinations, the hot deformation behavior of the

alloy was studied by performing isothermal compression tests for different soaking times

(5,  15, and 25 min) at the deformation temperatures of 1150, 1175, and 1200 ◦C, at a con-

stant strain rate of 0.05 s−1, and up to a true strain of 0.6. The microstructures of the hot

compressed samples were assessed to determine the dynamic softening mechanisms and

potential austenite grain refinement by dynamic recrystallization (DRX). Under the investi-

gated hot deformation conditions, the flow stress curves and microstructure observations

showed DRX characteristics. The flow curves from the peak to the steady-state stress were

accurately predicted using a Johnson–Mehl–Avrami–Kolmogorov (JMAK) equation. Based on

the  flow curves and a mathematical equation, the DRX kinetics were also determined. Vari-

ations of the flow curves, DRX kinetics, and dynamic recrystallized (DRXed) grain size with

the  deformation temperature, strain, and the austenite grain size prior to deformation were
analyzed.
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1.  Introduction

Medium carbon low alloy steels are widely used in automo-
tive (e.g., gears and crankshafts) and aerospace (e.g., plastic

injection molds) industries as well as for fabrication of high-
end safety parts as molds materials because of their high
strength, satisfactory fracture toughness, long fatigue life, and
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adequate stress corrosion resistance [1–5]. In manufacturing
sequence of these alloys, the hot forged slab produced from
a cast ingot enters an austenitization furnace and is soaked
for a specific time, then it is passed to a hot forging mill.
Soaking temperature and time during austenitization are pri-
mary controlling variables in the hot forging process [6]. They
affect austenite grain growth and dissolution of precipitates.
Therefore, they control prior austenite grain size, austen-

ite recrystallization and refinement, phase transformation,
and amount of carbides/carbonitrides precipitation during hot
forging and subsequent cooling from hot forging tempera-
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ures and thus, the mechanical properties [3,6,7]. For instance,
oarse initial austenite grain size makes the grain refinement
uring hot forging more  challenging [7]. Besides difficulty in
icrostructure control, coarse prior austenite grains lead to

efect formation during hot forging such as surface cracking
long austenite grain boundaries [8]. As well, a coarse austen-
te grain size moves the continuous cooling transformation
urve to the right, thus enhancing the chance of martensite
ormation [9]. Therefore, controlling and predicting the prior
ustenite grain size is necessary to attain sound mechanical
roperties.

Studies on austenite grain growth during austenitization
rior to hot deformation in different steel grades have been
onducted, though in many  studies the focus has been mostly
n the impact of alloying elements [10–12]. In thermome-
hanical processing of different steels, austenite grain growth
s controlled by addition of alloying elements. In this way,
hrough solute drag effects and/or Zener pinning of austenite
rain boundaries by fine carbides or carbonitrides precipitates,

 satisfactory balance between strength, toughness, ductil-
ty, formability, and weldability is created through attaining

 fine microstructure [9–11,13]. Yu et al. [12] studied Nb role
n austenite grain growth in a low-carbon steel and indi-
ated that in the 1150−1230 ◦C soaking temperature range,
ustenite grains in 0.015% Nb steel are finer than those of
b free steel. Some studies on the impact of the initial grain

ize before austenitization as well as the soaking tempera-
ure and time in the austenitization process on austenite grain
rowth are available in literature. Duan et al. [6] pointed out
hat the austenite grains grow with increasing the austeni-
ization temperature and time in the X80 pipeline steel. As
ell, Chen et al. [14] and Liu et al. [15] indicated that in differ-

nt steel grades with increasing the initial grain size, the rate
f austenite grain growth during austenitization decreases.
lso, some theoretical and empirical models and equations
ased on austenitization temperature and time mostly for
lain carbon–manganese, dual phase, high-strength low-alloy

HSLA) steels and rarely on medium carbon low alloy steels
ave been proposed to quantify the austenite grain growth
inetics during austenitization [11,16].

Depending on the processing conditions, the medium
arbon low alloy steels can exhibit a high deformation resis-
ance at elevated temperatures [1]. As well, applying small
eductions during hot deformation make the austenite grain
efinement more  challenging [7]. Moreover, in these alloys, the
endency for grain coarsening during hot deformation pro-
esses adversely affects the final mechanical properties [1,2].
lso, many  medium carbon low alloy steels may not require
nal heat treatment after hot forging [17]. Thus, it is essen-
ial to investigate, control, and optimize the hot deformation
rocess parameters to obtain sound products. For instance,
efinement of prior austenite grains during hot deformation
hrough DRX incidence (austenite conditioning) followed by
ccelerated cooling is an important approach to improve both
trength and toughness at the same time. This is feasible by
ontrolling the hot deformation process parameters [18,19].
In literature, the hot deformation behavior of several
edium carbon low alloy steels such as the conventional

rade, i.e., AISI 4140 (in wt.% 0.40 C–0.67 Mn–0.21 Si–0.97 Cr–
.15 Mo–0.045 P–0.030 S–balance Fe) [20] and other grades
;9(6):12102–12114 12103

like VCN200 [21] is investigated using isothermal compres-
sion testing. Wei et al. [22] indicated that the flow stress of
the experimental 0.23 C–1.50 Mn–1.79 Al (wt.%) high strength
steel increases with decreasing deformation temperature and
increasing strain rate, as expected. During hot deformation
of medium carbon low alloy steels, dynamic recovery (DRV),
DRX, grain growth, and dynamic evolution of particles (pre-
cipitation, growth/coalescence, and dissolution,) can occur
and affect the flow behavior, microstructure evolution, and
mechanical properties.

However, the effect of austenitization prior to hot defor-
mation on austenite grain growth has been rarely reported for
medium carbon low alloy steels. Even though studies on grain
growth have been carried out, more  investigation is required
on control and quantification of grain growth and its impact
on microstructure evolution during hot deformation. To this
end, in this study the effects of soaking temperature and time
during austenitization on the austenite grain growth kinet-
ics are assessed. As well, based on the experimental results
an Arrhenius constitutive equation for predicting the growth
behavior of austenite grains is proposed. The developed equa-
tion is validated by comparing the measured and predicted
austenite grain sizes.

Similarly, less data is available in literature on the hot
deformation characteristics of medium carbon low alloy steels
compared with other grades like HSLA steels. Therefore,
hot compression testing at different temperatures and prior
austenite grain sizes at a fixed strain rate was carried out
to study the hot deformation behavior of the alloy. The flow
curves were evaluated regarding the related hardening and
softening mechanisms for different hot deformation condi-
tions. As well, the JMAK equation was used to predict the flow
behavior of the alloy.

And finally, an in-depth understanding of the microstruc-
ture evolution during industrial hot deformation process is
essential for design, simulation, and optimization purposes
to obtain a uniform and fine grain structure for balanced
mechanical properties. Accordingly, the microstructure of the
hot compressed samples was examined for a better under-
standing of the hot deformation mechanisms occurring under
different conditions. In particular, the behavior and kinetic
of DRX as well as conditions for full DRX occurrence and
refinement of the coarse grain structure developed during the
austenitization process were examined. In this manner, the
appropriate parameters for austenitization and hot forging
practices of the alloy at industrial scale can be established
while the number of full-scale testing can be reduced sig-
nificantly. Also, the generated data from the austenitization
process and the hot compression tests is useful as input data
for thermomechanical models.

2.  Experimental  procedures

The investigation was carried out on a high strength medium
carbon low alloy steel supplied by Finkl Steel- Sorel (Quebec,

Canada) in the as-forged condition. The nominal chemical
composition of this steel is provided in Table 1. The alloy
has a P20 designation in the AISI system. A thick slice
(1200 × 800 × 10 mm3) extracted from an industrial size hot
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Fig. 1 – An image illustrating the initial slab, a thick slice from the slab, and extracting the austenitization and hot
compression samples from a bar taken out from the thick slice.

Table 1 – Chemical composition of the studied steel in
wt.%.

C Mn Si Ni Cr Mo Cu Fe

these hot deformation parameters are close to those experi-
enced by the material during industrial hot forging of the slab
0.37 0.84 0.39 0.25 1.87 0.46 0.16 Balance

forged rectangular slab (6000 × 1200 × 800 mm3) was received.
A bar (40 × 10 × 10 mm3) was taken out perpendicular to the
strain direction of the slab by electrical discharge machin-
ing. The location and orientation of the bar within the thick
slice and the original slab is shown schematically in Fig. 1. For
austenitization heat treatments and hot compression tests,
cylindrical samples with a diameter of 7.9 mm and height of
11.9 mm were prepared from the bar (Fig. 1). The initial aver-
age grain size of these samples was determined as 100 ± 6 �m
using the linear intercept method of ASTM E112-13 standard.
These samples were divided in two sets: one set was used
for austenitization heat treatments and the other set for hot
compression tests.

A radiant cylindrical furnace installed on an MTS  hot com-
pression machine was used to carry out the austenitization
heat treatments. The heating capability of the furnace was
up to 1290 ◦C, and a K-type thermocouple in contact with the
sample was used to accurately monitor and control the tem-
perature during the tests. The samples and dies were enclosed
in a quartz tube through which a constant flow of argon gas
was circulated to increase the temperature homogeneity and
minimize oxidation of samples and dies. The austenitization
heat treatments were conducted at a 1 ◦C/s heating rate at dif-
ferent isothermal soaking temperatures (1150, 1175, 1200, and
1260 ◦C) for different soaking times (5, 15, and 25 min) followed
by rapid water quenching to preserve the developed austenite
grain structure. The investigated austenitization conditions

are representative of the practical operation applied on the
slab, after converting the initial ingot into a slab by hot forging.
For the austenitized samples, microstructural observations
were conducted on the cylindrical basis. After conventional
grinding and polishing, the austenite grain boundaries in
austenitized samples were revealed by immersion chemi-
cal etching for 15–25 s in Villela’s etchant composed of 1 g
picric acid, 5 mL HCl, and 100 mL  ethanol. Observations were
made with Olympus DSX-500 opto-digital microscope. Aver-
age austenite grain size was measured based on the linear
intercept method of the ASTM E112-13 standard and with the
aid of a metallography quantitative image  processing (MIP®)
software considering at least five fields of view for every sam-
ple. In this way, more  than 250 grains were counted for every
sample to ensure representative average austenite grain size
data. From the austenitized samples the relationships of the
average austenite grain size to the austenitization tempera-
ture and time as well as the kinetics of the austenite grain
growth were determined. In addition, the grain size data was
implemented in a grain growth constitutive equation to pre-
dict the austenite grain size under different austenitization
conditions.

On the second set of the samples prepared from the as-
received material, uniaxial hot compression experiments at
1150, 1175 and 1200 ◦C were performed to a true strain of
0.6 (corresponding to an engineering strain of 45%) at a fixed
and constant strain rate of 0.05 s−1, followed by immediate
water quenching to preserve the hot deformed microstructure.
Before starting the compression, the samples were soaked at
the deformation temperature for different times, i.e., 5, 15,
and 25 min, to investigate the impact of the prior austenite
grain size on the hot deformation behavior. Also, by hold-
ing at the deformation temperature for these specific times,
a uniform temperature throughout the samples was attained
before compression by eliminating thermal gradients. Again,
after austenitization. In practice, an important stage prior to
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Fig. 2 – The austenite grain structure after austenitization
at 1150 ◦C for 25 min.
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orging is heating the slab to the forging temperature which
long with the holding time must be carefully controlled. This
s normally performed at high temperatures for a sufficient
olding time to obtain a homogenous austenite and to make
he material easy to forge.

For the hot compression tests, a computer controlled
00 kN servo-hydraulic MTS  testing machine equipped with
he radiant cylindrical furnace discussed above was used. The
eating cycle of the hot compression tests was similar to that
f the austenitization heat treatments in terms of heating
ate, placing a thermocouple in contact with the sample for
ccurate temperature control, and circulating argon gas in the
uartz tube containing the dies and the sample. During hot
ompression tests, graphite powder and mica sheet were used
s lubricant layers between the both ends of the sample and
he dies to reduce the friction and make the deformation more
niform throughout the sample. The load-displacement data
ecorded by the computer controller during the hot compres-
ion testing was converted to the true stress- true strain curves
sing standard methods. The effects of prior austenite grain
ize, deformation temperature, and strain on the flow stress
ere analyzed. A JMAK equation was used to predict the flow

tress curves from the peak to the steady-state region, i.e.,
he flow softening part of the curve. Additionally, the DRX
inetics were determined from the flow stress curves using
onventional kinetics equations.

For metallographic analysis, the quenched hot compres-
ion samples were sectioned parallel to the compression axis
t mid-diameter. Microstructure was examined at the center
f the hot compressed samples. The metallography sam-
le preparation and microstructure observations for the hot
ompressed samples were the same as the austenitized sam-
les. For hot compression samples it was ensured that as a
inimum, 250 grain intersections were considered for every

ample. As well, the occurrence of DRX and refinement of
he prior austenite grains and their evolution with temper-
ture, strain, and prior austenite grain size were among the
ain objectives of the microstructure investigation in the hot

ompressed samples.

.  Results  and  discussion

.1.  Effect  of  soaking  temperature  and  time  on
ustenite  grain  growth  behavior

s a representative example, an optical microscopy image
or the microstructure examinations during austenitization
eat treatments is provided in Fig. 2 for the steel sample
uenched after soaking for 25 min  at 1150 ◦C. The austenite
rain structure of this sample reveals nearly equiaxed grains,
lmost hexagonal in shape, with flat grain boundaries. The
rains are evidently coarsened during austenitization con-
idering a starting grain size of 100 ± 6 �m and a final grain
ize of 388 ± 9 �m for this condition. The undissolved car-
ide particles are also visible. Quenching crack along the grain

oundaries and martensite formation can be observed as well.

Based on the optical microscopy measurements, the aver-
ge austenite grain size was quantitatively assessed as a
unction of the austenitization temperature and time. The
variation of the austenite grain size with the austenitization
temperature is depicted in Fig. 3a for different soaking times.
Austenite grain size increases with the increasing of the soak-
ing temperature, as expected. As well, the mechanism for
austenite grain growth is grain boundary migration [14]. The
driving force for the grain growth is reducing the grain bound-
ary area per unit volume and thus, decreasing the free energy
associated with the grain boundaries.

The grain boundary mobility increases with increasing
temperature. In other words, grain boundary migration is a
thermally activated process. As well, with increasing temper-
ature, smaller amount of precipitates having relatively larger
size (Fig. 2) are present and they are less effective in pinning
the grain boundaries and inhibiting grain boundary migra-
tion or austenite grain growth. The sensitivity of the austenite
grain size to the austenitization temperature is more  pro-
nounced for the soaking time of 25 min  than 5 and 15 min. In
the former, more  time is available for coarsening of the precip-
itates which results in decreased pinning effect on the grain
boundaries for inhibition of grain growth.

Referring back to Fig. 3a, the curves reach almost a plateau
at the end, i.e., after an adequately long period of isothermal
soaking. This suggests that a limiting grain size is obtained.
In other words, the grain growth comes to an end as a result
of the existence of stable second phase particles like carboni-
trides and solutes. Consequently, in a practical austenitization
process, soaking time should be longer than 25 min  to attain
a steady prior austenite grain size and prevent variations in
microstructure and mechanical properties in the component.

Effect of austenitization time on the average austenite
grain size for different soaking temperatures is represented in
Fig. 3b. At the soaking times equal or less than 15 min  (900 s),
the austenite grains grow slowly with the increase of the soak-
ing time. In contrast, at longer soaking times (> 900 s) the
austenite grain size increases faster, i.e., growth rate is faster.
In summary, austenite grain growth rate is initially slow and
then increases as soaking time exceeds 15 min  (900 s).
The chemical composition of the studied steel leads to car-
bides and/or carbonitrides formation that affects the growth of
the austenite grains. Based on the Thermo-Calc. data [23], for
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Fig. 3 – Variation of the average austenite grain size with
the austenitization (a) temperature and (b) time.

fully into austenite, at temperatures well above its dissolution
chemical compositions close to the current steel, the equilib-
rium dissolution temperatures of different carbides including
cementite (Fe3C), M23C6, M7C3, M6C, and M3C2 is below 900 ◦C.
Here M indicates carbide former elements such as Cr and Mo in
the investigated steel. From the above analysis, in the austen-
itization temperate ranges of this study (1150−1260 ◦C), these
carbides should be in solution. Thus, only solutes by their
dragging effect and carbonitrides stable up to temperatures
close to the melting point of the alloy contribute in reduc-
ing the migration rate of the grain boundaries and thus, the
grain growth. The alloying elements in solid solution in car-
bon steels act as barriers to austenite grain growth through
segregation at austenite grain boundaries [11]. The difference
in the atomic radii of an alloying element and Fe influences the
solute dragging force on the grain boundaries [23]. X-ray map-
ping in scanning transmission electron microscope (STEM) has
indicated segregation of alloying elements such as Ni, Cr, Mo,
and Mn  at austenite grain boundaries in low alloy steels [24].

The difference in the atomic radii of Fe with Ni, Cr, and Mo are
0.007, 0.01, 0.034 nm,  respectively [11]. The higher this differ-
ence, the higher is the tendency for segregation at austenite
 0 2 0;9(6):12102–12114

grain boundaries. Furthermore, adding Cr and Mo to this steel
as alloying elements (Table 1), forms carbonitrides in austen-
ite with high melting point and thus stability in the alloy
(Fig. 2). They pin the austenite grain boundaries and decrease
the growth rate of the austenite grain in the austenitization
process.

In the investigated austenitization temperature and time
ranges, no abnormal grain growth, i.e., abrupt increase in the
austenite grain size with increasing austenitization tempera-
ture or time, was observed. This is consistent with reported
gradual growth of austenite grains in medium carbon steels
as the austenitization temperature or time is increased [25].
This type of grain growth behavior is known as continu-
ous or normal grain growth [14]. In contrast, in HSLA steels
austenite grain growth behavior is different. These alloys
contain microalloying elements like Nb, V, Ti, and Al (Al
comes from the steel making process [13]), for refining grains
through restricting austenite grain growth during reheating
and impeding recrystallization during hot deformation by
means of fine carbide precipitates of microalloying elements.
In the HSLA steels, a rapid abnormal growth of austenite grains
occurs due to dissolution of carbides formed by microalloy-
ing elements. For instance, Maropoulos et al. [26] observed
such a behavior for a low-alloy steel containing 0.2 wt.% V.
They reported that near the dissolution temperature of vana-
dium carbides (V4C3), i.e., 1020 ◦C, abnormal grain growth, also
known as discontinuous grain growth [14], was initiated. In
this steel, the large number of vanadium carbides (V4C3) with a
uniform distribution reduces the rate of grain boundary migra-
tion when the material is heated at temperatures below the
dissolution temperature of the precipitates. In other words,
the V4C3 precipitates stay effective for retarding or inhibiting
austenite grain growth at austenitization temperatures below
1020 ◦C by applying strong pining effect on the grain bound-
aries. Therefore, abnormal austenite grain growth would not
take place during thermal treatments at temperatures lower
than 1020 ◦C for this Nb–V–Ti microalloyed steel and slight
changes in the austenite grain size during austenitization
would occur.

Particles size and volume fraction are important factors in
pining grain boundaries and thus kinetics of grain growth.
With increasing the austenitization temperature and time,
the volume fraction of the particles decreases and their size
increases. Therefore, the pinning force (F) caused by these
particles decreases with increasing the austenitization tem-
perature and time according to the following equation [3]:

F = C�
f

r
(1)

where C is a constant, � is the grain boundary energy, f and r are
the vol.% and the size (radius) of undissolved and coarsened
particles, respectively. Consequently, growth of the austen-
ite grains occurs during the austenitization process as the
pinning force is reduced. In case of the microalloyed steel
discussed above, once the vanadium carbides (V4C3) dissolve
temperature (T > Tc), rate of grain boundary migration rises
quickly as there is no effective precipitates to pin the grain
boundaries. These conditions provide the circumstances for
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ast or abnormal grain growth. In summary, the complete dis-
olution of the precipitates during thermal cycles promotes
bnormal grain growth. This is not desirable for the final
efinement of the microstructure and resultant mechanical
roperties such as toughness and ductility. Hence, it is impor-
ant to examine and control the grain growth in the industrial
ustenitization process for different steel grades by appropri-
te selection of austenitization temperature and time.

.2.  Modeling  austenite  grain  growth

ased on a thermally activated atomic jump process, the fol-
owing Arrhenius type constitutive equation is often used to
xplain the kinetics of the austenite grain growth in steel
nder isothermal austenitization conditions [2,27]:

 = [d m
0 + A t exp(− Q

RT
)]

1
m

(2)

here d is the average grain size in �m,  d0 is the initial average
rain size in �m before starting the austenitization, m is the
nverse of the time exponent for grain growth, A is a constant, t
s the austenitization time in second, Q is the activation energy
or austenite grain growth in J/mol, R is the universal gas con-
tant (8.314 J/(mol. K)), and T is the austenitizing temperature
n Kelvin.

By taking the natural logarithm from both sides of Eq. (2),
he m and Q parameters can be expressed as:

1
m

= ∂ ln d

∂ ln t

∣∣∣
T

(3)

 = −mR
∂  ln d

∂(1/T)

∣∣∣
t

(4)

The 1
m parameter is the slope of ln d-ln t graph and the Q

arameter is equal to the slope of the ln d- ln (1/T) graph times
R, as illustrated in Fig. 4. In this figure, the finest fit for every
ata set is also drawn to better identify the trends. It is evi-
ent that the austenite grain size can be estimated as a series
f parallel and straight lines. Based on Fig. 4a, the austen-

te grain size increases with the austenitization time. In the
ame way, the austenite grain size increases with increasing
he austenitization temperature, Fig. 4b. From the regression
nalysis using Eqs. (3) and (4), the n and Q values were calcu-
ated as 4.37 and 230.992 kJ/mol, respectively. The regression
oefficients (R2) for the above fits were 0.868 and 0.867, respec-
ively, suggesting a proper linear relationship between ln d and
n t as well as ln d and ln (1/T). It also points out a relatively good
stimation of the experimental findings with the model.

The calculated activation energy is close to that (214 kJ/mol)
eported by Khzouz [28] for steel grades with chemical compo-
itions comparable to that of the present study. The calculated
ctivation energy is also comparable to that for substitutional
iffusion of transition alloying elements in a dilute solution

f austenite (260 kJ/mol [23]) and the value for self-diffusion

n pure austenite lattice (284 kJ/mol [23]). Therefore, austenite
rain growth occurs by movement  or diffusion of transition
nd self-iron atoms.
From the regression analysis of Eq. (2) in DEFORM® soft-
ware [27], the A constant was calculated as 4.21435 × 1016.
Therefore, Eq. (2) can be rewritten as:

d = [d 4.37
0 + 4.21435 × 1016 t exp(−230992

RT
)]

1
4.37

(5)

In Fig. 5, the experimental and predicted average austenite
grain size using Eq. (5) are compared. A reasonable agreement
between the experimental and predicted data can be observed
for the studied austenitization temperature and time ranges.
In particular, the average absolute relative error (E) between
the experimental (dE) and predicted (dP) austenite grain size
was calculated using the following equation:

∣ ∣

E = 1

N

N∑

i=1

∣∣∣
di

E − di
P

di
E

∣∣∣ × 100 (6)
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Fig. 5 – Comparison of the experimental and predicted
average austenite grain size after austenitization using Eq.
(5).

Fig. 6 – The experimental and predicted flow stress curves
for different soaking times of (a) 5 min, (b) 15 min, and (c)

the curves for different soaking time at the same deformation
temperature. For the deformation temperatures of 1150 ◦C,
A similar equation is used by Chadha et al. [29] for
determining error between experimental and predicted flow
stresses during hot compression of a high strength steel.
The error calculated using Eq. (6) was 6.0 %. Therefore, the
grain growth behavior follows the Arrhenius relationship. The
developed constitutive equation, Eq. (5), can effectively define
the correlation between the austenite grain size, austenitiza-
tion temperature, and time. In this way, the kinetics of the
austenite grain growth for this type of steel and potentially
many other commercial medium carbon low alloy steels under
continuous heating and isothermal austenitization processes
can be determined. As well, Eq. (5) developed in this study can
be used as key input in finite element models for predicting the
austenite grain growth during thermomechanical processing.

3.3.  Variation  of  flow  stress  with  soaking  time,
deformation  temperature,  and  strain

The flow stress–strain curves attained under different soak-
ing times at various hot compression temperatures at a fixed
strain rate of 0.05 s−1 are plotted in Fig. 6 for the investi-
gated steel. The flow behavior depends on the soaking time,
deformation temperature, and strain to some extent. For
all deformation temperatures (1150, 1175, and 1200 ◦C) and
soaking times (5, 15, and 25 min), a typical DRX behavior
was observed. This means the flow stress increased up to a
distinct peak stress (�p) followed by a gradual decrease or soft-
ening toward a steady-state flow stress (�s) indicating DRX
occurrence. The peak stress is very clear for the deformation
temperatures of 1150 and 1175 ◦C and all soaking times. With
increasing the deformation temperature to 1200 ◦C, for all
soaking times the peak stress turns out to be wider, although
the flow curves still represent a typical DRX curve as supported
by observed dynamic softening or flow stress decrease after
the peak stress. This implies that the flow stress increases ini-

tially and after slight softening it saturates gradually. In other
words, at 1200 ◦C the amount of flow softening is reduced. In
25 min  and various hot compression temperatures.

summary, under any deformation condition in this study, the
material exhibited a DRX type flow curve.

The dependency of the flow stress curves on the soaking
time at the deformation temperature or simply austenite grain
size prior to hot deformation is shown in Fig. 7 by plotting
the flow curves are very similar for different soaking times
(Fig. 7a). For the deformation temperatures of 1175 and 1200 ◦C,
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Fig. 7 – The experimental flow stress curves for different
soaking times at various hot compression temperatures of
(

f
h
c
b
m
f
o
g

Fig. 8 – The variation of the flow stress at a true strain of
0.6 with the hot compression temperature for different
a) 1150 ◦C, (b) 1175 ◦C, and (c) 1200 ◦C.

or soak time of 5 and 15 min  the flow curves are similar,
owever, with increasing the soak time to 25 min, the flow
urve rises somewhat especially at 1200 ◦C. Therefore, it can
e pointed out that the austenite grain size prior to hot defor-

ation has almost negligible effect on the flow curves except

or the deformation temperature of 1200 ◦C and soaking time
f 25 min. The latter can be related to the coarsest austenite
rain size (513 �m vs.  ≤420 �m for other conditions) prior to
soaking times at the deformation temperature.

hot deformation for 25 min  and 1200 ◦C (Fig. 3a). In this way,
less grain boundary area per unit volume is available for nucle-
ation of DRXed grains and progress of DRX. Therefore, the flow
stress curve has a higher level at 25 min  and 1200 ◦C.

The dependency of the flow stress on the deformation tem-
peratures and soaking time can be seen more  evidently in
Fig. 8. In this figure, the flow stress at a true strain of 0.6 is
depicted as a function of the deformation temperature for dif-
ferent soaking times. At a specific soaking time, the flow stress
decreases with increasing the deformation temperature, as
anticipated, except for the deformation temperature of 1200 ◦C
and soaking time of 25 min. The former behavior can be related
to the enhancement in the mobility of dislocations and migra-
tion of grain boundaries and ease of softening occurrence by
dislocation annihilation, DRV, and DRX at higher deforma-
tion temperatures. In other words, the softening mechanisms
are thermally activated or diffusion-controlled processes [30].
For 1200 ◦C and 25 min, a very coarse prior austenite grain
size along with interactions of solutes and particles with dis-
locations and grain boundaries contributes to the observed
behavior.

Referring back to Fig. 6, in general, the competition between
work-hardening and dynamic softening dictates the shape
of the flow curves. At the early stage of deformation, severe
dislocation generation rate and accumulation of dislocations
result in work-hardening and relatively fast rise of flow stress.
The extent of work-hardening is higher for lower deformation
temperatures. With continuing the deformation, the disloca-
tion density increases further leading to dynamic softening
at high temperatures by DRV, i.e., dislocation annihilation and
rearrangement, and/or DRX at a critical strain. In this manner,
dislocation density and interaction and thus work-hardening
are reduced. So, the flow stress increases at a diminishing rate
until the peak stress is reached. For the deformation temper-
ature of 1200 ◦C and all soaking times, the flow softening after
the peak stress is smaller compared to lower temperatures.

However, almost for all hot deformation conditions, the flow
softening is dominated indicating that after the peak stress
with increasing strain, the dynamic softening rate surpasses
the work-hardening rate. An almost steady-state flow stress
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Fig. 9 – Variation of the critical strain (εc) with the hot
deformation temperature for different soaking times at the
12110  j m a t e r r e s t e c h n

can be observed at a strain of ∼ 0.5 for all conditions. A steady-
state flow stress after the peak stress means the flow stress
stays approximately constant and does not rise with strain.
It is an indication of a dynamic balance between the work-
hardening and the dynamic softening rates. In other words, at
the steady-state flow stress dislocation generation and anni-
hilation occur concurrently.

Deformation induced flow softening can be caused by
various mechanisms like deformation (adiabatic) heating,
enhanced DRV, subgrain coarsening, DRX, dynamic precipita-
tion and dissolution, and coalescence/growth of precipitates
[30]. Under the strain rate of 0.05 s−1 in the current study, the
effect of adiabatic heating on the flow softening is negligible.
This is consistent with other studies [19,31]. The impact of
other mechanisms especially evolution of microstructure on
the flow softening will be discussed in Section 3.8.

3.4.  Flow  stress  modeling

Several authors [32–35] have used the following JMAK equation
to describe the DRX kinetics:

X = 1 − exp (−ktn) (7)

Where X is the DRX vol.%, k is the Avrami constant, t is the
softening time, and n is the time exponent. The X parameter
can be determined from the flow curves based on the following
equation [17]:

X = �p − �

�p − �s
(8)

In this equation, �p and �s were defined previously and �

is the flow stress at any point after the peak stress. The �p-�
represents the flow softening from peak to the flow stress of �

and �p-�s shows the maximum possible softening or softening
between the peak and the steady-state stresses.

The softening time, t in Eq (7), can be determined from the
following relationship [32]:

t = ε  − εp

ε̇
(9)

where � is the strain, εp is the strain at the peak flow stress,
and ε̇ is the strain rate. By plotting ln [ln (1 − X)] versus ln (t)
at every deformation temperature, the k and n parameters in
Eq (7) can be determined. The obtained values for k and n are
provided in Table 2. From Eq.s (7),(8) and (9), the flow stress
after the peak can be expressed as:

� = �s + (�p − �s) exp[−k(
ε − εp

ε̇
)
n

] (10)

The dynamic softening part of the flow stress curves, i.e.,
from the peak to the steady-state stress, was modeled using
Eq (10). The predicted flow stress curves are compared with
the measured ones in Fig. 6 for different hot deformation
conditions. A good agreement between the predictions and

experimental data can be observed for all cases. Therefore,
the procedure for calculating the flow stress using Eq. (10) is
a reliable approach for medium carbon low alloy steels under
different hot deformation conditions.
deformation temperature.

3.5.  Variation  of  critical  strain  with  prior  austenite
grain  size  and  hot  deformation  conditions

Critical strain (εc) is an important parameter in modeling of
industrial hot deformation processes, since DRX initiates at εc,
which is 0.6−0.8 times the strain (εp) at the peak flow stress (�p)
[36]. In addition, DRX affects the high temperature flow behav-
ior, microstructure evolution, and final mechanical properties.
For a given alloy, initial grain size prior to hot deformation,
temperature, and strain rate of deformation influence εc.

Fig. 9 demonstrates the variation of the critical strain (εc)
for the onset of DRX with the deformation temperature for
different soaking times. To plot this graph the εc = 0.8 εp equa-
tion was taken into account [31,37]. Overall, the critical strain
for onset of DRX lies in the 0.20−0.25 range under the investi-
gated conditions. This means DRX can be initiated at a small
strain under these hot deformation conditions. A soaking time
of 15 min  and a deformation temperature of 1175 ◦C offers the
lowest εc and thus, the easiest condition for DRX initiation.
Based on Fig. 9 the strain for onset of DRX varies somewhat
with soaking time (initial grain size prior to hot deformation)
and the deformation temperature. Almost for every soaking
time, by increasing the deformation temperature the critical
strain decreases to some extent initially and then rises slightly.
The former behavior can be related to the enhancement in the
mobility of dislocations and grain boundaries with increasing
deformation temperature and needing a smaller critical strain
for onset of DRX. The latter behavior is most likely associated
with the coarser prior austenite grain size as well as the inter-
actions of solutes and particles with dislocations and grain
boundaries.

3.6.  Extent  of  flow  softening

For different hot deformation conditions in the current study,
the extent of the flow softening was calculated based on the
�p−�0.6 × 100 expression, where � is the flow stress at a true
�p 0.6

strain of 0.6. Fig. 10 shows the calculated values as a function
of the deformation temperature for different soaking times.
For 5 and 15 min  soaking times, the amount of flow soften-
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Table 2 – The determined values for k and n parameters for various soaking times at different hot compression
temperatures.

k n

Time (min)/Temperature (◦C) 1150 1175 1200 1150 1175 1200

5 0.369 0.457 1.146 0.533 0.530 0.229
15 0.439 0.482 0.607 0.658 0.660 0.278
25 0.417 0.400 0.952 0.800 0.577 0.338

Fig. 10 – Variation of the flow softening extent with the hot
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Fig. 11 – The calculated DRX vol.% as a function of the true
strain for (a) different soaking times at a fixed 1175 ◦C hot
compression temperature and (b) a fixed soaking time of
eformation temperature for different soaking times.

ng increased initially and then decreased with increase of
he deformation temperature. In contrast, for the 25 min  soak
ime, a decreasing trend was observed. Overall, for the inves-
igated conditions the amount of flow softening was ∼10% or
ess.

.7.  Determination  of  DRX  kinetics  from  flow  curves

s inferred from flow curves (Fig. 6), DRX is the main softening
echanism in the investigated steel. It is easier to determine

he DRX vol. % (X) from the flow curves than the microstruc-
ure analysis. Neglecting the impact of the DRV on the flow
oftening, the DRX vol.% has direct relationship with the flow
oftening [17]. The DRX kinetics calculated as X or the calcu-
ated DRX vol.% is depicted as a function of strain in Fig. 11
sing Eq (8). In this figure, the impact of the soaking time (or

nitial grain size prior to hot deformation), hot compression
emperature, and strain at a fixed strain rate of 0.05 s−1 on the
RX vol.% can be realized. The onset of DRX was considered
t εc, i.e., for every hot deformation condition X = 0 at εc.

Overall, DRX consists of three phases: (i) incubation at
he beginning, (ii) increase of kinetics or acceleration, and
iii) steady-state. Also, for a given soaking time and defor-

ation temperature, DRX vol.% increases with increasing
train reaching the 100 % value or complete DRX easily at the
nd which indicates attaining a steady-state flow stress. The
ncrease in the DRX vol. % with strain can be related to the
ucleation and growth of more  DRXed grains.
In Fig. 11a, the impact of the soaking time at a fixed
idrange deformation temperature of 1175 ◦C is illustrated

s a representative example. As can be inferred from Fig. 3b,
t a given temperature, with increasing the soaking time the
15 min  and different hot compression temperatures.

grain size increases. In other words, grains prior to hot defor-
mation become coarser with increasing the soaking time at
the deformation temperature. This means less grain bound-
ary area per unit volume is available for nucleation of DRXed

grains and advancement of DRX. Therefore, the DRX kinet-
ics become slower with increasing the soaking time (Fig. 11a).
Moreover, with increasing the soaking time, a higher strain is
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Fig. 12 – The hot compressed microstructure after soaking
for 25 min  at the 1150 ◦C and applying a true strain of 0.6 at
this temperature.

Table 3 – The average austenite grain sizes after soaking
for various times at different hot compression
temperatures and then applying a true strain of 0.6.

Time (min) Temperature (◦C)

1150 1175 1200

5 64 62 62

addition, the hot deformation behavior and microstructure
required to attain the same level of DRX. The same situation
exists for the steady-state deformation, i.e., the strain neces-
sary for the steady-state deformation increases as the soaking
time is increased.

In Fig. 11b the effect of the deformation temperature on
the DRX kinetics at a fixed midrange soaking time of 15 min  is
depicted. The DRX kinetics is accelerated at a higher deforma-
tion temperature as DRX is a thermally activated process. This
is the case for a 1200 ◦C deformation temperature compared
with 1150 and 1175 ◦C for considerable part of the investigated
strain range, i.e., up to a strain of 0.46.

3.8.  Microstructure  evolution  during  hot  compression

In materials with low stacking fault energy (SFE) such as
austenite in steel, the DRV is sluggish and work-hardening
is not balanced by DRV. Hence, once a critical strain is
exceeded resulting in adequate accumulation of dislocations,
DRX will be initiated. The microstructure of the investigated
steel after isothermal hot compression under different condi-
tions to a true strain of 0.6 were investigated. A micrograph
corresponding to that in Fig. 2 is shown in Fig. 12, as a
representative example. The DRX process is initiated and com-
pleted for all deformation conditions as supported by the
following quantitative grain size data. The original coarse
grains after austenitization (Fig. 2) are replaced entirely by
new finer, uniform, and equiaxed DRXed grains (Fig. 12).
Therefore, hot deformation processes such as hot forging in
which DRX is operative are effective in refining and control-
ling the coarse prior austenite grain structure in medium
carbon low alloy steels. In addition, DRX occurrence pro-
vides good workability through concurrent softening, and
the associated microstructure regeneration prevent formation
of unstable microstructural features such as grain boundary
cracking/cavitation or shear bands caused by strain buildup.
So, the microstructures of the studied steel can be restored by

hot deformation, which results in improved hot workability
and mechanical properties.
15 74 63 67
25 66 67 92

From quantitative grain size perspective, prior to hot com-
pression the microstructure exhibited equiaxed coarse grains
with an average size in the 280–595 �m range (Fig. 3a) as a
result of austenitization under different temperatures and
times. The average austenite grain size data after hot com-
pression, i.e., the average steady-state austenite grain size, are
shown in Table 3 for different hot deformation conditions.
Based on this table and micrographs (Figs. 2 and 12), after hot
compression, the size of the grains is substantially reduced. In
particular, more  or less the DRX grain size and microstructures
are similar with a grain size of ∼ 66 �m on average, except for
25 min  and 1200 ◦C. For the latter, as the deformation temper-
ature is increased to 1200 ◦C coarsening of the DRXed grains
has taken place as evidenced by a grain size of 92 �m.  The
increase of the deformation temperature to 1200 ◦C enhances
the ability of the grain boundary migration and stimulates the
growth of the DRXed grains. This 92 �m grain size might not
be desirable as a coarse grain size can deteriorate mechani-
cal properties. Accordingly, the hot deformation of this steel
should not be carried out at the processing conditions cor-
responding to the microstructure generating a grain size of
92 �m,  i.e., austenitization at 1200 ◦C for 25 min, and then hot
deformation at 1200 ◦C to a true strain of 0.6 at a strain rate
of 0.05 s−1. In other words, this condition is the upper limit of
the hot working window for this steel. Therefore, with control-
ling the DRX by regulating the processing parameters such as
austenitization temperature and time as well as deformation
temperature, strain rate, and strain level the desired grain size
and mechanical properties can be attained.

The DRX occurrence under the investigated conditions
agrees well with the evolution of flow curves. The softening
caused by DRX promotes a declining flow curve and creates a
peak flow stress before attaining a steady-state stress. Indeed,
softening after the peak stress is due to the progress of DRX.
Consistently, achieving the fine equiaxial grains is a sign of
reaching the steady-state situation. This means at the steady-
state strain corresponding to the beginning of the steady-state
flow stress full DRX is attained.

4.  Conclusions

The austenite grain growth kinetics during isothermal austen-
itization in the 1150–1260 ◦C temperature range for soaking
times in the 5–25 min  range in a medium carbon low alloy
forged steel were studied. Also, an Arrhenius relationship for
prediction of the austenite grain growth was developed. In
development during the subsequent isothermal compression
in the 1150−1200 ◦C temperature range and strain rate of 0.05
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−1 were investigated. An empirical model for the prediction
f the flow stress curve after the peak was established. As well,
he DRX kinetics were determined from the flow curves. The
ollowing conclusions can be drawn from this study:

 A normal or continuous austenite grain growth was
observed. The austenite grain size increased gradually with
increasing the austenitization temperature and time.

 The constitutive equation for isothermal
austenite grain growth was developed as d =
[d 4.37

0 + 4.21435 × 1016 t exp(− 230992
RT )]

1
4.37 with a

230.992 kJ/mol activation energy for grain growth. The
predicted grain growth kinetics for different austenitiza-
tion temperatures and times were in good agreement with
the experimental data.

 The flow stress curves displayed a typical DRX behavior
including initial rapid work-hardening up to a peak stress,
followed by softening toward a steady-state stress. In other
words, DRX was responsible for flow softening during hot
compression. The developed model for prediction of the
flow stress curve as a function of strain for different hot
deformation conditions was effective with negligible errors.

 The critical strain for the onset of DRX was relatively small
(≤ 0.25) for the investigated hot deformation conditions.
DRX kinetics was accelerated by increasing strain and defor-
mation temperature as well as reducing the soaking time
or prior austenite grain size. At a true strain of 0.6 the
microstructure was fully DRXed for different prior austenite
grain sizes and deformation temperatures and resulted in
the formation of fine and equiaxed grain structures.

 Relatively coarse grain size (280−595 �m)  attained after
austenitization was significantly refined down to 62–92 �m
by DRX occurrence during hot deformation. As the hot
deformation temperature was increased from 1150−1175 ◦C
range to 1200 ◦C, the DRXed grains coarsened from ∼ 66 �m
to 92 �m.
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