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Introduction

4Cr5MoSiV1 steel (AISI H13) is famous for its high
strength and high stability at high temperature and
traditionally used for the hot working die [1]. The
industrial products are generally manufactured by
the melting-casting, hot forging and a series of heat-

Handling Editor: Avinash Dongare.

ABSTRACT

The dynamic recrystallization behavior of as-cast 4Cr5MoSiV1 steel was studied
by hot compression tests conducted at various temperatures (900-1150 °C) and
strain rates (0.01-10 s™"). Flow stress curves and microstructural observation
were employed to experimentally identify the various flow mechanisms during
deformation. A revised Sellars’ constitutive equation was adopted to construct
the thermal activation energy map, which considered the effects of deformation
temperature and strain rate on the material variables. The Johnson-Mehl-
Avrami-Kolmogorov (JMAK) type equation Xp =1 — exp[—k(?)m], (e> &) was

applied to characterize the evolution of dynamic recrystallization (DRX) volume
fraction. The nucleation of DRX was performed by the bulging, sub-grain
swallowing. The presence of dendrite segregation would affect the DRX to a
large extent that the segregated alloying elements and carbide precipitates
inhibited the migration of boundaries. The thermal activation energy varied
from 4310 to 470 kJ/mol and the thermal activation energy increased sharply at
temperature below 1000 °C due to the dendrite segregation. By further analysis
of the true stress—strain curves, the material constant m in JMAK type equation
was determined to be 1.29366, indicating the DRX was difficult.

treatments, such as annealing, quenching and tem-
pering. Consequently, the excellent mechanical
properties can be obtained if the homogenized and
fine microstructure can be controlled. So far, for
getting the homogenized and fine microstructure,
scholars have done a lot of efforts, such as the adjust
of chemical composition [2, 3], the application of
powder metallurgy and spray forming [4, 5], the
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improvement in the hot forging and the heat treat-
ment technology [6-8]. It is widely known that there
exist coarse grains and extensive dendrite segrega-
tion in as-cast 4Cr5MoSiV1 steel [9]. The coarse
microstructure will be broken and the dendrite seg-
regation extended into banding segregation. It is
noted that the microstructural heritability of
4Cr5MoSiV1 steel is remarkable, which has been
studied by a lot of researchers. Zhou [10] and Grange
RA [11] studied the evolution of banding segregation
caused by hot forging of dendrite segregation of H13
steel, they reported that the banding segregation
would be inherited into quenching and tempering
states and affected the homogeneity of quenched and
tempered structure of H13 steel directly. Corwyn [12]
reported that the heat treatments (anneal-quenching-
tempering) cannot significantly improve the uneven
distribution of elements and eliminated banding
segregation after hot forging. Li [13] studied the
influence of forging ratio on the grain structure
heredity of H13 steel, it indicated that grain size
gradually decreased with the increase of forging
ratio, more nucleation points and storage energy
were provided for the recovery and recrystallization
of grains in the subsequent spheroidizing annealing
stage, promoting the grain refinement.

As illustrated above, for a given as-cast 4Cr5Mo-
5iV1 steel, the initial hot forging is an essential and
vital factor to improve the final mechanical properties
[14, 15]. During forging, dynamic recrystallization is
traditionally termed as an efficient method to deter-
mine the final microstructure in this class of material
[16]. Li [17] studied the dynamic recrystallization
(DRX) behavior of H13-mod steel during hot com-
pression in the temperature range of 900-1150 °C and
strain rate range of 0.01-10 s~! the results showed
that significant DRX was found at both low and high
strain rates. Zhang [18] studied the hot compression
deformation behavior of spray-formed H13 steel and
cast H13 steel at temperatures of 850-1150 °C, strain
rates of 0.1-10 s~ As a result of the much finer and
more homogeneous grain structures of spray-formed
H13 steel, the recrystallization behavior was pro-
moted, which was beneficial to the hot deformation.
Both the deformation temperature and strain rate had
obvious influences on the dynamic recrystallization.
Zhao [19] reported that the H13 steel containing rare
earth under high strain rate had the discontinuous
recrystallization behavior and the stress was elevated
obviously, whose thermal activation energy was
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573 kJ/mol. The dynamic recrystallization is related
to the dislocation slip, whose degree of difficulty is
up to the activation energy [20]. The activation
energy, which can be derived with the Arrhenius
type constitutive equations [21], is generally regarded
as an indicator of the difficulty during hot deforma-
tion [22]. In addition, based on the Avrami function
[23], DRX kinetics models are proposed to describe
the fact that the microstructural evolution when the
strain surpasses a critical strain, indicating the rela-
tionship between DRX volume fraction and process
parameters [24]. Therefore, the evolution of DRX can
be reflected from activation energy and DRX kinetics
model. For example, Wang [22], Peng [25] and Yue
[26] et al. showed that the activation energy was
sensitive to the thermo-mechanical parameters and
cannot be treated as a constant, the DRX may be
promoted under deformation conditions with low
activation energy. Jin [27] showed that the addition of
RE, the introduction of intermetallic compounds and
the segregation of Zr element near the grain bound-
aries contributed to the high activation energy of the
Mg-3.7Gd-2.9Y-0.7Zn-0.7Zr magnesium alloy, it
indicated that activation energy was also affected by
the chemical component, element segregation and
phase structure. Zhang [28], Xu [29] and Liu [30] et al.
constructed the kinetics models of dynamic recrys-
tallization (DRX) in the form of Avrami function to
describe the development of DRX process, and there
was a good agreement between the experimental data
and the predicted values, which confirmed that the
established kinetics of DRX can be applied to model
the microstructural evolution.

As point out in [31, 32], particles and segregation
could remarkably improve the efficiency of the grain
refinement during deformation. Furthermore, the
refined grains with more grain boundary area is
helpful to accelerate the diffusion process in dendrite
segregation region [33]. In as-cast 4Cr5MoSiV1 steel,
alloying elements of chromium, molybdenum and
vanadium are enriched in the dendrite segregation
region and is likely to form the carbide particles
during hot deformation. The effect of solute dragging
and precipitate pinning in dendrite segregation
region on the dynamic recrystallization could be
more remarkable than the neighboring matrix. The
study on the effect of dendrite segregation on the
dynamic recrystallization of as-cast 4Cr5MoSiV1 steel
is still absent. Therefore, it is significant to investigate
the dynamic recrystallization behavior to guide the
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hot forging process. In the present study, the hot
compression tests under different conditions were
performed, aiming to investigate the microstructural
evolution under different deformation conditions. In
the meanwhile, the activation energy and the DRX
kinetic equation were constructed to predict the DRX
evolution.

Experimental procedure

The experimental steel was manufactured by vacuum
induction melting (VIM) in a laboratory, whose size
of ingot was (0113 x 200 mm. The chemical compo-
sition was C 0.40%, Si 0.89%, Mn 0.42%, V 1.01%, Cr
5.15% and Mo 1.74% in weight, the other elements P,
S and N each had a concentration of less than 0.02%,
and Dbalance Fe. The cylinder specimens of
(08 x 15 mm were machined from the columnar
grain zone in the ingot, the original as-cast
microstructure with the heterogeneous grain size
range of 20-120 um and dendrite segregation is listed
in Fig. 1. The single pass hot compression tests were
designed to study the microstructural evolution
under different deformation conditions on MMS-200
thermo-mechanical simulator. The entire surface of
the cylinder specimen was carefully polished and
two tantalum sheets with graphite powder were
placed at the end of face, aiming to minimize the
effect of friction during hot deformation. The hot
deformation process was that the cylinder specimen
was first heated to 1200 °C for 300 s at rate of 10 °C/
s, after that, it was cooled to a specified deformation
temperature ranging from 900 °C to 1150 °C, at
interval of 50 °C. A soaking time of 30 s was needed
to eliminate the temperature gradient. Subsequently,
the cylinder specimen deformed at strain rates of
0.01 sfl, 0.1 sfl, 1s7! and 10 s™'. The deformation
specimens were immediately quenched to room
temperature by water to preserve the high tempera-
ture deformation microstructures.

The data obtained by hot compression tests were
processed by origin 9.0. The deformation specimens
were cut into two identical parts along the direction
of hot compression, the section was handled by
standard metallographic procedures and then etched
with 5% nitric acid for microstructural observation on
a BX53MRF OLYMPUS optical microscopy (OM) and
a QUANTA 600 scanning electron microscopy (SEM).
The fine microstructure was analyzed by a FEI Tecnai
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Figure 1 Original as-cast microstructure.

G2 F2 transmission electron microscopy (TEM). Thin
foil specimens were prepared by electrochemical
polishing at 32 °C for 20 s in a solution containing
10% perchloric acid and 90% methanol.

Result and discussion
Flow stress behavior

The true stress-strain curves in the temperature
range of 1000-1150 °C at strain rates of 0.01s™ ",
0.1 s7"and 1 57" are plotted in Fig. 2. As we can see,
the flow stress was concerned with the deformation
temperature, strain rate and strain, which increased
rapidly at some initial distance and maintained a
steady-state level at a large strain. Such behaviors
have been shown to be typical for DRX [34]. More-
over, it is noted that the shapes of true stress—strain
curves at different strain rates were different. During
deformation, with the increase of strain at a certain
temperature and strain rate, there always existed the
competitive mechanism between the work hardening
and softening, the latter is often aroused by the
dynamic recovery (DRV) and dynamic recrystalliza-
tion (DRX) [35]. Figure 3 presents the typical
microstructures of as-cast HI13 steel specimens
deformed at a strain rate of 0.1 s™' and at 1100 °C
with true strains of 0.2, 0.4, and 0.6, among which
Fig. 3a-b are the optical images and Fig. 3d—f are fine
structures based on the TEM observations. It can be
seen that there are distinct differences in morphology
at different strains. As point out in Fig. 3a and d, the
microstructure at a low strain of 0.2 was
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characterized by a slightly deformed structure, the
prior grain boundaries of austenite were serrated.
Additionally, the dislocation density increased and
tangled in the grain boundary or at the interface of
between particle and matrix, which in turn inhibited
the dislocation slip and the stress required for the
dislocation slip would increase sharply [36-38]. As
the strain increased to 0.4, the microstructure of the
deformed specimen contained some recrystallization
grains (Fig. 3b). In the distorted regions without
recrystallization, the tangled dislocation would form
the dislocation cells by the restructuring and combi-
nation of dislocation (Fig. 3e) [39, 40]. When the
specimen deformed to a strain of 0.6, the number of
recrystallization grains increased and partial dis-
torted microstructures evolved into the fine recrys-
tallization grains (Fig. 3c). The typical microstructure
was characterized by sub-grains containing a rather
low dislocation density (Fig. 3f). By absorbing lattice
dislocation, the orientation difference between the
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Figure 2 True stress—strain curves of as-cast 4Cr5SMoSiV1 steel at different deformation temperature with strain rate: a 0.01 s~
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sub-grain boundary and the matrix increased, and
the sub-grain boundary became the large-angle grain
boundary. When the large-angle grain boundary
reached the critical nucleation size, it developed into
the recrystallization core [37, 41]. In this period, the
magnitude of the strain rate determined the density
of tangled dislocation and the rate of dislocation
annihilation. It is obvious that, at a lower strain rate,
there would be more time for the dislocation anni-
hilation and the work hardening rate was corre-
spondingly small.

By the function 0 =% |7 [42], the peak stress can
be determined. The variation of peak stress at dif-
ferent temperatures and at different strain rates are
plotted in Fig. 2d. It can be seen that the peak stress
was also related to the deformation conditions, it
decreased with the increase of deformation temper-
ature and the decrease of strain rate, indicating that
the softening ability increased and thus the DRX was
dominant during the subsequent deformation.
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Figure 3 Microstructural changes of as-cast 4Cr5MoSiV1 steel at
1100 °C and 0.1 s™' with various strains: a, d & = 0.2, arrow
marks show the dislocation, the inset is a selected area diffraction

Recrystallization microstructure observation

Figure 4 illustrates the optical microstructures under
different conditions of 1000 °C-1s~', 1100 °C-1 s,
1150 °C-0.1 s and 1150 °C-0.01 s™*, respectively. In
Fig. 4a-d, the microstructures of deformed speci-
mens partially or completely transformed into those
of approximately equiaxed grains. With increasing
deformation temperature and decreasing strain rate,
the deformed microstructure got more homogeneous
and the DRX fraction gradually increased. In Fig. 4a,
the chain recrystallization structure of the multiple
layers and first layer were identified on the original
deformed grains, as indicated by red arrows. Besides,
partial recrystallization grains grew up. In fact, the
dynamic recrystallization behavior of metal materials
during hot deformation can be considered as a cyclic
and mutually reinforcing process [43]. In the initial
stage of dynamic recrystallization, the chain recrys-
tallization grains first form along the original
austenite boundary, i.e., the formation of first layer
structure. In the meanwhile, the new formed first
layer recrystallization grains will also be deformed,
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pattern (SADP); b, e ¢ = 0.4, arrow marks show the dislocation
cell, the inset is a SADP; and ¢, f ¢ = 0.6, sub-grain, the inset is a
SADP.

the grain interior will generate a certain proportion of
dislocation. The interaction of these dislocations
results in the formation of sub-grain boundaries that
are connected to large angle grain boundaries. Due to
the effect of surface tension, the sub-grain boundary
has a drag effect on the large-angle grain boundary,
which weakens the migration capacity of the grain
boundary. Consequently, nucleation takes place at
the original grain boundaries and the nuclei grows
toward the local region with the highest stored
energy [44]. Stronger adaptivity for grain boundary
migration at a higher deformation temperature and
sufficient deformation time at a lower strain rate are
all helpful to the recrystallization. With the temper-
ature increasing from 1000 to 1100 °C at strain rate of
1s7!, the deformed microstructure was mostly
recrystallized in Fig. 4b, the un-recrystallized regions
were surrounded by the recrystallization grains. In
Fig. 4c, the partial un-recrystallized regions gradu-
ally recrystallized and formed the fine recrystalliza-
tion grains, whilst the size of the prior
recrystallization grains decreased due to the intense
dynamic recrystallization effect. In Fig. 4d, there was
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Multiple layers

Figure 4 Optical microstructures of as-cast 4Cr5MoSiV1 steel

specimens compression tested at different conditions:
a 1000 °C' s™', arrow marks show the chain recrystallization

more time for the progress of dynamic recrystalliza-
tion at strain rate of 0.01s™', the recrystallization
grains got coarsened and the grain size was still
heterogeneous.

As illustrated in Fig. 1, there was dendrite segre-
gation in as-cast 4Cr5SMoSiV1 steel, which will affect
the dynamic recrystallization. Figure 5 lists the opti-
cal microstructures under different deformation
conditions. The dynamic recrystallization fraction
increased with the increase of deformation tempera-
ture. The dendrite segregation exhibited banding
segregation after hot deformation, which was distinct
at temperatures of 1000 °C and 1050 °C in Fig. 5a-b.
Nevertheless, the band segregation was gradually
alleviated at temperatures of 1100 °C and 1150 °C in
Fig. 5c—d. The alleviation of dendrite segregation was
related to the alloying element diffusion. The diffu-
sion coefficient was proportional to deformation
temperature. The finer microstructure with more
grain boundary area was also helpful to accelerate the
diffusion process in dendrite segregation region [45].
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100pm

structure of the multiple layers and first layer; b 1100 °C' s™!;
¢ 1150 °C*' s7" and d 1150 °C**' 57"

The alloying elements and precipitates in dendrite
segregation region had a significant inhibited effect
on recovery and recrystallization due to the inhibi-
tion of dislocation movement and grain boundary
migration. With increasing deformation temperature
from 1000 to 1150 °C, it can be seen that the deformed
original austenite grains gradually transformed into
recrystallization grains and the dynamic recrystal-
lization was obviously inhibited in the banding seg-
regation region. At temperatures of 1000 °C and
1050 °C, the dynamic recrystallization was insuffi-
cient and there still existed the deformed
microstructure in dendrite region after deformation.
Therefore, the dendrite segregation was not the main
factor on the delay of dynamic recrystallization.
When deformed at 1100 °C and 1150 °C, the dynamic
recrystallization was enhanced, the distorted
austenite grains in dendrite region and dendrite
segregation region eventually evolved into the
equiaxed grains. The dynamic recrystallization in
dendrite region was completed and the dendrite
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Dendrite segregation

| J Mater Sci (2021) 56:8762-8777

401um

40um 40um

Figure 5 Optical microstructures of as-cast 4Cr5MoSiV1 steel specimens compression tested at different conditions: a 1000 °C%%' s™';
b 1050 °C*' s7'; ¢ 1100 °C*' s7' and d 1150 °C' s™'. Arrow marks show the dendrite segregation.

segregation became the main factor on the delay of
dynamic recrystallization.

In order to further clarify the mechanism of
dynamic recrystallization nucleation and growth
during hot deformation, the fine microstructures at
temperature of 1000 °C and at different strain rates
are observed in Fig. 6. At strain rate of 1s' in
Fig. 6a, the dislocations in the original austenite
would be tangled with each other and had high
density. The deformation twins were observed along
the < 110 > beam direction, which emerged to
release the stress concentration aroused by work
hardening [46]. With decreasing strain rate to 0.1 s,
in Fig. 6b, the deformed microstructure was well
improved through the movement and rearrangement
of dislocations, the tangled dislocations were gradu-
ally developed into the cellular substructure. It was
adequate for the progress of dynamic recovery and
dynamic recrystallization when the specimen
deformed at strain rate of 0.01 s~'. The formed cel-
lular substructure continuously moved to the high-
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density dislocation region and engulfed the disloca-
tion. By polygonization, the cellular substructure
gradually transformed into a sub-grain with low
dislocation density, as indicated in Fig. 6d. This
behavior is called the sub-grain swallowing mecha-
nism, which is a continuous dynamic recrystalliza-
tion behavior [37, 39]. As indicated in Fig. 5, the grain
recrystallization was inhibited in the banding segre-
gation region. The alloying elements were enriched in
the banding segregation region, the fine secondary
precipitates were easy to be generated during hot
deformation by the strain-induced mechanism [47].
In Fig. 6d, it can be seen the banding segregation
region of deformed microstructure contained abun-
dant fine secondary precipitates. Furthermore, the
quantity of secondary precipitates in the matrix not
located in the banding segregation region decreased
sharply. By TEM observation, the size of precipitates
was less than 50 nm, which is thought as effective
size that pins austenite grain boundary [48]. EDX
analysis further confirmed the nanoscale precipitates
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Figure 6 Fine microstructures
of as-cast 4Cr5MoSiV1 steel
specimens compression tested
at 1000 °C and at strain rates
of a1 s™!, arrow marks show
the deformation twins and the
inset is a selected area
diffraction pattern (SADP);

b 0.1 s!, arrow marks show
the cellular substructure and
the inset is a SADP;

¢ 0.01 s™', recrystallization
grain in deformed
microstructure, the inset is a
SADP and d 157", the
secondary precipitates in
banding segregation region as
observed by SEM and TEM,
the bottom images are a SADP
and EDX analytical result of
secondary precipitates.

were vanadium-rich carbides and a selected area
diffraction pattern (SADP) demonstrated that the fine
precipitates were vanadium carbide (VC).

Thermal activation energy

It is widely acceptable that the thermal activation
energy during hot deformation dominates softening
mechanism, the value of stored energy will be dif-
ferent under different deformation conditions [22].
Consequently, the recrystallization process and final
deformed microstructure will be different accord-
ingly. The activation energy, an important material
parameter, determines the critical conditions for DRX
initiation. The activation energy of DRX is defined as
the energy that must be overcame for the nucleation
and growth of new surface or grain boundary [49].
The activation energy is thought to be constant, but in
fact it varies with temperature and strain rate. The
activation energy Q can be obtained by differentiat-
ing the Sellars’ constitutive equation:

. B=[1007 01
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Energy [Kev]

O{In[sinh(aa)]}

Q=Rn ~ o/ = RnS (1)
where 7 is the stress exponent, R is the gas constant
and o is a stress state parameter (MPa~'). Among the
original solutions in other studies [50], both # and S
were always considered to be material constants for
simplifications, the mean values of n and S were
taken. The effects of deformation temperature and
strain rate on the evolution of the activation energy
were not considered, the value of activation energy
with this approach will be inaccurate.

In our experiment, the values of #n (slopes of the
In[sinh(ag,)] —Ine plots) at each temperature were
considerably different, as shown in Fig. 7a. Likewise,
the values of S (slopes of In[sinh(ac,)] — 10000/T) at
each strain rate were also remarkably different in
Fig. 7b. The values of n were dependent on temper-
ature and the values of S were dependent on strain
rate. Therefore, the original Sellars’ equation cannot
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adequately represent the hot deformation behavior of
experimental alloys.

A revised Sellars’ equation was proposed and
applied in many studies [21, 22]:

= A(T.)sinh o)) exp (~ )

(2)
where n is assumed as a function of temperature and
A is a function of both temperature and strain rate.

Taking the natural logarithm on the both sides of
Eq. 2,

ini = [1nQA(T,§) ~ L]+ T nfsin o)
G)

At a certain strain, partial differentiation of Eq. 3
given

T
e 2] 35
1 [@QW] }
Tlo(t) ],
(5)

The expression P was assumed to be zero [51], and
thus Eq. 4 can be simplified as

—r A §—H—A —a—
/
o
o/
A
/
1 1

0.0 0.5 1.0 1.5
In(sinh(a.c))

(@)
3L = 900°C
® 950°C
2+ A 1000°C
v 1050°C
1+ 1100°C
4 1150°C
0f .-
-1
- W
£ 2

2.0 2.5

(b) 25
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Q(T, &) = Rn(T) lam[gl("ll;(;””)]] —Ru(T)S(5)  (6)
T .

Based on the values of n and S obtained in Fig. 7,
operations of regression fitting on T—n and Ing—S
were achieved and there were good correlations, as
shown in Fig. 8.

n = 5.132 +9.797E11 exp(0.027T) (7)

S =1.338—0.1Iné+ 0.0031n &2

By substituting Equations. 7 and 8 into Eq. 6, the
activation energy Q can be expressed as a function of
deformation temperature T and strain rate &.

Q = 57.088 — 4.2651n + 0.1281n & + B exp(—0.027T)
9)

B =1.09E16 — 8.141E141Iné + 2.15E13In & (10)

Based on Eq. 1, the calculated Q values from the
experimental data were achieved by substituting the
values of n at each deformation temperature and S at
each strain rate, as shown in Fig. 9a. It can be seen
that the experimental Q values varied from 4310 to
470 kJ/mol with a wide range, which tended to
decrease with increasing temperature and strain rate,
attaining the peak value under the most severe con-
dition (1173 K, 0.01 s~1). Moreover, it can be detected
that the Q values were sensitive to deformation
conditions and the plastic deformation was easy to
proceed as the temperature and strain rate increased.
The predicted results of Q values according to

20F

15F
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05

In(sinh(a.c))

]

o

W
T

1 1 1 1 1 1 1
7.00 725 750 775 8.00 825 8.0
10000/T [K™']
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Figure 7 Relationships among flow stress, strain rate and deformation temperature a In[sinh(og)] versus In(¢) and b In[sinh(os)] versus

10000/T.
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Equations 9 and 10 are plotted in Fig. 9b. Similarly,
the Q values were also distributed in a wide range
and sensitive to the deformation conditions. As is
known to all, dislocation movement is the main inner
thermodynamic mechanism during plastic deforma-
tion, the start of dislocation is affected by the energy
barrier and the minimum shear stress [52]. When the
energy and shear stress surpass the critical barrier,
the dislocation will start to move. On one hand,
increasing temperature will improve the thermal
motion of the atom, whilst the enhanced dynamic
recovery reduces the dislocation density, so that the
resistance of the crystal lattice to dislocation motion
decreases and thus the minimum shear stress
required decreases too. On the other hand, the
increase of strain rate means the increase of external
force and the dislocation multiplication rate, thus
leading an augmented shear stress and dynamic
recovery rate to activate the motion of dislocations,
the energy required decreases correspondingly.
Thirdly, the dislocations are likely to be tangled at
high strain rate, inhibiting the dislocation movement.
In the meanwhile, there will be no enough time for
tangled dislocation polygonization. As a summary,
increasing temperature and strain rate is helpful to
improve the dislocation motion when the first two
factors mentioned above are dominated. It is noted
there was a good agreement between the experi-
mental results with the calculated results when the
deformation temperature was over 1223 K. At tem-
perature below 1223 K, the experimental Q values in
Fig. 9a were larger than predicted Q values in Fig. 9b.

(a)
30

R>=0.999

27 -
n=5.132+9.797E11*exp(0.027T)

24
21 F
18 -

=
15+

12 -
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6+

— =

3
1150

1200

1250

1300

1350

1400

1450

Temperature [K]

Figure 8 Relationships between a n and T and b S and ¢.
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In the dendrite segregation region, the dislocations
were easy to be tangled and the motion of disloca-
tions needed more energy to overcome the barrier
due to the intense work hardening effect. At tem-
perature below 1223 K, the dynamic recrystallization
was weak and alloying element diffusion rate was
slow, the effect of dendrite segregation on the dislo-
cation motion was remarkable. That is to say, the
difference between experimental Q values and pre-
dicted Q values could be mainly attributed to the
presence of dendrite segregation in experimental
steel.

DRX kinetic model

The typical true stress-strain curves are shown in
Fig. 10. Owing to the effect of dislocations and ther-
mal activation energy, it can be divided into two
types: (a) work-hardening and DRV, (b) work-hard-
ening, DRV and DRX. Work-hardening was
throughout the whole deformation process, the vari-
ation of true stress was the result of the competition
between work-hardening and softening. As can be
seen in the uppermost A curve, the value of flow
stress o, gradually increased and approached the
steady state stress. At saturation, the value of
asymptotic stress was given by os [42]. DRX
appeared when the strain surpassed the value of
critical strain (¢.) in the B curve. The work-hardening
rate equaled to the softening rate at the peak strain
(¢p). The flow stress decreased in the subsequent DRX
process, which was defined as g4.,. There was also a

(b)

19
18

R=0.986
$=13.384-Ine+0.0291ne>

16 -
15
14 -
13
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results.

definition of asymptotic stress o5 to indicate the level
of steady state stress by DRX [29].

As indicated by previous study [30], the volume
fraction of DRX (Xp) under given deformation con-
dition can be expressed:

Ao

Xp = Op = Oy

Omax a

sat — Tss (1 1)

The Xp at a certain strain can be obtained if the
parameters gy and o under different deformation
conditions in Eq. 11 are determined. As an example,
the plot of the strain hardening rate (0) versus flow
stress (o) at a temperature of 1150 °C and at a strain
rate of 0.01 s is shown in Fig. 11. From the diagram
it can easily determine the peak stress ¢, for DRX and

(8,1, 0) g,
XA g A
(¢.0.) i
(£..0,)
steady state B
o) DRX
DRV
= WH » DRV+DRX .
WH
&

Figure 10 Schematic diagram of the true stress—strain curve for
DRX and DRV.

@ Springer

steady state stress g for complete DRX correspond-
ing to the intersection points between the 0 — ¢ curve
and horizontal line. The recrystallization volume
fraction Xp would keep increasing until that the flow
stress decreased from ¢, to o4. The tangent line was
made through the critical strain point on the plot to
intercept horizontal line at oy The critical strain &,
can be determined by the second numerical deriva-
tive of the flow stress ¢ in true stress—strain curves as
a function of —0(%)/dc versus ol;;. The oy, og at
temperatures of 1000 °C, 1050 °C, 1100 °C and
1150 °C, and at strain rates of 0.01 s7}, 0.1 s™! and
157! are listed in Table 1.

Following linear regression, it can be seen that the
Inog, Inog

exhibited reasonably good fit
(R2 =092,R? =082 withInZ (Z = éexp()) in
Fig. 12a, the following relationship could be
observed:
Inog = —2.48843 4+ 0.168751n Z (12)
Inogs = —4.32753 4 0.2003In Z (13)

Rearranging Equations. 12 and 13 yields,

G = 0.08Z016575 (14)

(15)

Meantime, linear aggression was also implemented
to deduce the relationship between oy and g in
Fig. 12b, the expression was attained:

0ss = 0.708560, — 8.3408

Gss = 0.0120.2003

(16)
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Figure 11 0 — o curves at a temperature of 1150 °C and a strain
rate of 0.01 s™".

During deformation of metals, part of the defor-
mation energy is used for grain nucleation and
growth. The dynamic recrystallization volume frac-
tion Xp in a certain time range can be influenced by
the deformed conditions and the generated disloca-
tion substructure. A classical analytical model to
describe such a complex process was proposed by
Johnson, Mehl, Avrami and Kolmogorov (JMAK)
[53], the recrystallization fraction Xp was given by
[54]:

Xp =1 —exp(—k(8_8°>m>7(szsc) (17)

p

where ¢ is true strain, & is critical strain, ¢, is peak
strain. k and m are constants.

By taking natural logarithm on both sides of Eq. 17,
it leads to

In[—In(1 — Xp)] = 1nk+m1n<tgc> (18)

Thus, m = %m, and the value of Ink is the

intercept on the vertical coordinate. In order to con-
struct the DRX kinetic model, it is necessary to cal-
culate the value of m and k. The values of Xp under
different deformation conditions can be determined

Table 1 Values of o, and o under different conditions

Osat/ 0ss MPa 1000 °C 1050 °C 1100 °C 1150 °C
0.01 s 141/115 103/63 73/26 47/29
0.1s7" 197/160 185/152 124/100 85/68
1s7! 247/201 207/165 153/122 98/81

8773

by Eq. 11. By substituting the values of peak strain ¢,
and critical strain ¢, into Eq. 18, associating with the
dynamic recrystallization fraction Xp at stain of 0.5,
0.6, 0.7 and 0.8 under different deformation condi-
tions, the fitted line is depicted in Fig. 13, the values
of k and m were obtained as 0.2595 and 1.29366.
Hence, the DRX volume fraction can be expressed as
the following equation:

e — g\ 129366
_0.25949( - C) ],(s>sc) (19)
P

Xp=1—exp

Some authors [24, 55, 56] have also described the
DRX kinetic model of metals during hot deformation
in the form of Eq. 17. In general, the value of time
exponent m is in the vicinity of 2. However, the m is
also considered to be related to the value of Z-pa-
rameter, which surely decreases with increasing Z.
The m value 1.29366 in this study was in the vicinity
of 1.4 at high Z [57], indicating the DRX of experi-
mental steel was difficult.

Since the parameters of the equation for DRX per-
iod have been obtained in above sections, then the
flow stress in DRX period can be expressed

0 = 0p — (O'sat - O'ss)

{1 _ exp {0.25949 (6 ;:)] 1‘2%66}, e 0

In order to verify the constitutive equation devel-
oped for 4Cr5MoSiV1 hot-working steel in DRX
period, as an example, the calculated data from the
model and the experimental ones at strain rate
0.01 s7! and at temperatures of 1000 °C, 1050 °C,
1100 °C and 1150 °C are plotted in a figure, as shown
in Fig. 14a. It can be detected that there was a good
agreement between the calculated data and the
experimental data. Meanwhile, it is widely accepted
that the effects of deformation temperature and strain
rate on the DRX can be reasonable by the Z-param-
eter [58]. The combined effects are illustrated in
Fig. 14b in the form of contour map in the tempera-
ture range of 900-1150 °C and strain rate range of
0.01-10 s}, contour numbers indicated the value of
InZ at strain of 0.8 and the tendency of DRX was
inversely proportional to the contour numbers. It is
noteworthy that the contour number reached the
peak at 900 °C and 10 s~ and attained the minimum
value at 1150 °C and 0.01 s~

@ Springer
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Conclusion

The dynamic recrystallization behavior of as-cast
4Cr5MoSiV1 steel was studied using isothermal
compression tests. Based on the observations and
results of this investigation, the following were
apparent:

1. The true stress—strain curves presented the typ-
ical dynamic recrystallization (DRX) in the tem-
perature range of 1000-1150 °C and strain rate
range of 0.01 s~'-1 s~ '. The flow stress and peak
stress decreased with the increase of deformation
temperature and the decrease of strain rate.

2. The DRX fraction increased with increasing
deformation temperature and decreasing strain
rate. The nucleation of DRX was performed by

@ Springer

the bulging and sub-grain swallowing. The seg-
regated alloying elements and fine precipitates in
dendrite segregation region in 4Cr5MoSiV1 steel
will inhibit the dislocation motion and grain
boundary migration.

3. A revised Sellars’ constitutive equation was
employed to deduce the expression of thermal
activation energy depending on the deformation
temperature and strain rate.

Q =57.088 —4.2651Iné + 0.128 In &
+ Bexp(—0.027T)

B = 1.09E16 — 8.141E141n ¢ + 2.15E13In £

The thermal activation energy maps were con-
structed, whose values varied from 4310 to
470 k] /mol. The calculated results agreed well
with the experimental results at temperature over
1000 °C. The more thermal activation energy was
required at temperature of below 1000 °C due to
the dendrite segregation.

4. The Johnson-Mehl-Avrami-Kolmogorov (JMAK)
type DRX kinetic equation was determined
Xp=1- exp[—0.25949(%)1'29366]7 (¢>¢), the m
value of 1.29366 meant the DRX was difficult.
The stress predicted by the determined JMAK
type kinetic equation was coincident with the
experimental stress.
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