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Abstract: Since flow stress is an important parameter in the processing and application of metallic
materials, it is necessary to trace the flow stress during austenite deformation. Thermal compression
deformation of austenite in a high-strength bainitic steel was conducted using a Gleeble-3500 thermo-
mechanical simulator, within the deformation temperature range of 400 ◦C~900 ◦C. By analyzing
the stress–strain curves and strain-hardening exponent, the effects of strain hardening and dynamic
recovery on the dislocation density of the material during the thermal processing were considered in
the present work. Based on the general form of the Kocks–Mecking–Estrin (KME) model, the effects
of deformation temperature and strain on the key parameters of the model were clarified. Differing
from other work which commonly terms m (strain rate sensitivity exponent) and k2 (dimensionless
parameters for dynamic recovery) as constants, the current models consider the quantitative relation-
ship between key parameters and deformation temperature and strain. The results show that m is an
exponential function related to temperature and strain, which decreases with the increase in strain.
Meanwhile, k2 is a temperature-dependent polynomial function that increases as the deformation
temperature increases. Finally, a modified constitutive KME model was proposed to predict the
austenitic plastic stress with strain. Using established m-ε and k2-T models, the predicted curves are
in good agreement with the experimental measurements.

Keywords: ausforming; stress–strain; dislocations; modeling; deformation temperature

1. Introduction

The research and production of high-strength bainitic steels has been receiving exten-
sive attention from the steel research and business communities due to their high strength
and excellent ductility. Austenite ausforming can improve the phase transformation kinet-
ics and microstructure of high-strength bainitic steel [1,2]. Flow stress is one of the most
important physical parameters of steels. From the viewpoint of mechanical processing,
the applied stress is expected to reach the flow stress in order to cause plastic deformation.
Otherwise, structural parts made of steel are not allowed to exhibit plastic deformation
during service. Thus, flow stress curves of steels are important raw data for calculating
plastic processing force or engineering safety. A reliable and accurate description of flow
stress behavior in metal materials processing and engineering is important.

Many previous studies on stress–strain in austenite pointed out that the evolution
of dislocation density has an important influence on austenitic flow stress behavior and
that the increase or annihilation of dislocations is the main cause of hardening or softening
of the material [3–6]. Strain hardening during deformation occurs due to an increase in
dislocation density, which plays an important role in affecting the mechanical properties
of metals. Therefore, the development of a flow stress model depending on dislocation
density is essential for the processing and application of metallic materials. Taylor et al. [7]
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made the first attempt to relate the shear strength of a material to its microstructure,
showing that the flow stress is proportional to the square root of the dislocation density.
Zerilli and Armstrong (Z-A model) [8] explored the effect of dislocation density on the
mechanical properties of a material into two parts (body-centered cubic and face-centered
cubic) according to the characteristics of the metal crystal structure. In the Z-A model,
the thermal activation required to overcome local obstacles to dislocation motion, as
well as the dislocations interaction, was analyzed. Nevertheless, this activation is only
applicable at large strain rates and relatively high temperatures [8]. Johnson and Cook et al.
(J-C model) [9,10] proposed a constitutive model which is applicable under large strains,
high strain rates and high temperatures. The J-C model is purely phenomenological and
contains a low amount of material parameters. Samantaray et al. [11] showed that the J-C
model was insufficient to describe the flow behavior of their experimental steel because it
did not take into account the coupling effects of strain and temperature. An appropriate
constitutive model should have the ability to describe the mechanical response of materials
under load at different deformation temperatures and strains. The Kocks–Mecking–Estrin
(KME model) [12–14] explored a phenomenological approach to describe the plastic flow
behavior of metals under conditions of continuous plastic deformation. The flow stress as
a function of dislocation density was investigated in the KME model, which adequately
describes the mechanical response of single-phase and coarse-grained materials under
unidirectional loading, suggesting that the microstructure of the material is influenced by
the evolution of dislocation density. Numerous studies have shown the importance of using
the evolution of dislocation density to predict flow stresses and to describe different types of
plastic deformation. Estrin et al. [12,15] proposed that the dislocation density is an internal
variable with which to characterize the microstructure of materials, and then modeled
the viscoplastic behavior of polycrystalline materials according to the evolution of the
dislocation density, considering the metallurgical characteristics of metallic materials under
different deformation conditions. They also studied the general expression of the KME
model. However, the quantitative relationship between key parameters and deformation
temperature and strain has not been clearly explained.

The present work aims to investigate the coupled effects of deformation temperature
and strain on austenite flow stress via thermal compression deformation tests. The physical
significance of the key parameters in the KME model was clarified and their relationship
with temperature and strain was analyzed. Finally, the quantitative relationships between
the dislocation annihilation coefficient k2 and the deformation temperature, as well as the
strain rate sensitivity exponent m of the KME model and strain, were clarified. Expressing
the effects of k2 and m on the flow stress as a function can improve the accuracy of the flow
stress prediction model and provides guidance for the ausforming process of high-carbon
bainitic steels.

2. Experiment

The chemical composition of the tested steel is 0.83C-1.85Si-2.03Mn-1.12Cr-1.10Al-
1.68Co (wt.%), which is one of the typical high-strength bainitic steels. The material was
refined in a vacuum induction furnace and casted into a 50 kg ingot. The ingot was
homogenized at 1280 ◦C for 5 h, followed by 7 passes of hot rolling into a 14.0 mm slab.
After hot rolling with a finishing temperature of 910 ◦C, the steel plate was air-cooled to
the ambient temperature. The specimens were cut into the dimension of 10 mm diameter
and 15 mm height. Compressive ausforming tests were conducted on a Gleeble-3500
thermo-mechanical simulator according to the processing schedules shown in Figure 1. The
sample surface was carefully polished to reduce friction, and the edges of the dies made
using tungsten–molybdenum alloy were kept smooth. In addition, a high-temperature
Ni-based lubricant was used on both edges to further reduce friction. The specimens were
heated to 1100 ◦C at a heating rate of 5 ◦C/s and maintained for 15 min to ensure complete
austenitization. Subsequently, all the specimens were cooled to different temperatures
(400 ◦C, 450 ◦C, 500 ◦C, 550 ◦C, 600 ◦C, 650 ◦C, 700 ◦C, 750 ◦C, 800 ◦C, 850 ◦C and 900 ◦C)
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at a cooling rate of 5 ◦C/s and held for 5 s before deformation. The above temperature
range was selected according to the common ausforming region of high-carbon bainitic
steel. A compressive strain of 0.2 was applied to each sample with a strain rate of 1 s−1.
After deformation, all the cases were immediately cooled to room temperature at a rate of
5 ◦C/s. During the experiment, the change in the radial expansion of the cylinder sample
was recorded.
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Figure 1. Ausforming experiment procedures.

3. Results and Discussions
3.1. Flow Stress during Ausforming

Figure 2 shows the stress–strain curves of the experimental steel at different deforma-
tion temperatures. It should be noted that each pre-deformed matrix was austenite because
no phase transformation occurred during the cooling process used to reach the deformation
temperature. The flow stress in austenite increases with the decrease in deformation tem-
perature. Moreover, the unflagging flow stress–strain curves indicate that only dynamic
recovery, but no recrystallization, occurred during the deformation.
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The microstructure and properties of metal materials are influenced by the hardening
and softening processes that occur during hot working. The strain hardening exponent



Metals 2023, 13, 1526 4 of 11

n reflects the ability of a metallic material to resist uniform plastic deformation and is a
performance exponent that characterizes the work-hardening behavior of metal materials.
The empirical formula used to calculate the strain hardening exponent is n = dlnσ

dlnε , where σ

is the flow stress (MPa), ε is the strain, and the larger the value of n, the more significant
the work hardening. It can be seen from the empirical formula that under the same strain,
the higher the flow stress, the greater the value of n, and the strain hardening effect of the
test steel is significant. Therefore, based on the stress–strain curve of the test steel, it can be
seen that the softening effect of the specimen is obvious when the deformation temperature
is high. On the contrary, when the deformation temperature is low, the work hardening of
the specimen is dominant.

3.2. Modeling of Stress–Strain

Kocks et al. [5,16] attempted to incorporate the microstructure information of materials
into the constitutive description, essentially describing the flow stress sustained in materials.
The KME constitutive model describes the flow stress as a function of strain, strain rate and
temperature, where the appropriate mathematical form for the kinetic equation obeys a
power law [17,18].

.
ε

p
=

.
ε0

(σ

σ̂

)m
(1)

Equation (1) is an Arrhenius equation rewritten in power law form only for conve-
nience [18], where

.
ε

p is the plastic strain rate,
.
ε0 the reference strain rate, generally taken as

0.001 [19], σ the austenite flow stress. The parameter σ̂ is an internal variable indicating
the state of the material and m represents the “isostructural” strain rate sensitivity (SRS)
exponent. The SRS exponent is critical to the predicting accuracy of flow stress, which was
usually given as a constant value in many studies. Estrin et al. [15] set the value of SRS ex-
ponent as 5.97 and 15.7 and accurately calculated the flow stress of their experimental steel.
Based on the work of Wei et al. [20], m ranges from 0.015 to 0.042 when the deformation
temperature is in the range from room temperature to 400 ◦C. However, setting m as con-
stant is not always adequate to provide a good description of flow behavior in steels [20,21].
Likewise, setting SRS exponent as a constant value was not accurate at predicting the flow
stress of the present steel. Actually, the SRS exponent could be a function of stress, strain
rate and temperature, which can be expressed as [17]:

m =

(
∂lgσ

∂lg
.
ε

)
T,Structure

(2)

where
.
ε is the strain rate, the subscript (T, structure) denotes that m is affected by both

deformation temperature and material structure. Thus, the value of m needs to be cautiously
addressed to predict flow stress in materials. The function relationship between the internal
variables of steel and dislocation density can be expressed as [22]:

σ̂ = MαGb
√

ρ (3)

where M is the Taylor factor, taken as 3.06 [23], α is the thermal activation constant, ex-
pressed as α = s

( .
ε, T
)
α0, where s decreases with increasing deformation temperature and

decreasing strain rate, and α0 depends on the geometric arrangement of dislocations [24].
In most cases, α is generally selected as 0.3~0.7 [4,25,26]. G, b, and ρ are the shear modulus,
magnitude of the dislocation Burgers vector, and dislocation density, respectively. The
classical KME model was used to evaluate the dislocation accumulation and annihilation
during the deformation process, where the equation for the evolution of ρ reads [16]:

dρ

dε
= M(k1

√
ρ− k2ρ) (4)

where k1 and k2 are the dimensionless parameters used to characterize the generation
of dislocations and dynamic recovery, respectively [27]. The production term, k1

√
ρ, is
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considered to be related to the athermal hardening stage (stage II) of the work hardening
process [18]. At this stage, the material continues to deform with the increase in applied
stress. When the strain reaches a certain extent, the moving dislocations are hindered, re-
sulting in a pile-up of dislocation and generating forest dislocations. The forest dislocations
and moving dislocations interact with each other, which can cause an increase in resistance
to slipping dislocation, leading to the accumulation of dislocations again. The second
term, k2ρ, is associated with the dynamic recovery stage (stage III) during the deformation
process, which is due to the thermally activated process of recovery involving disloca-
tion cross-slip (low temperature case) or dislocation climb (high temperature case) [18,28].
According to many previous works [15,18], k1 can be calculated as:

k1 = 2
(

θII

G

)
(αb)−1 (5)

where θII is the slope of the stress–strain curve in the second stage, θII = G/200 [18]. As the
deformation temperature was changed in the present work, the shear modulus G should
be temperature dependent, which can refer to the Frost and Ashby equation [29]:

G = G0(1 +
(

T − 300
TM

)(
TM
µ0

du
dT

)
) (6)

TM
µ0

du
dT

= −0.91( f or γ− iron) (7)

where G0 is the shear modulus at 300 K of 81 GPa, TM is the melting temperature of 1810
K [29]. For face-centered cubic metals, the magnitude of the dislocation Burgers vector
b = aγ/

√
2. The austenite lattice parameter [Å] aγ can be calculated as [30]:

aγ = (3.6306 + 0.78xc)
[
1 + (24.9− 50xc)(T − 727)× 10−6

]
(8)

where xc is the carbon content (in atom fraction) and T is the deformation temperature (in ◦C).

3.3. Validation of KME Model Parameters

This section emphasizes the values of three important parameters, α, k2 and m, in the
KME model and analyzes the quantitative functions of k2 and m. According to the original
KME model, the range of α for this experimental steel is 0.48~0.52. Referring to many stud-
ies [27,31,32], α was determined to be 0.5 during the following calculation and the intrinsic
relationship between α and T was not explored further. k1 is the parameter representing the
dislocation storage term in the athermal state and can be calculated using Equations (5)–(8).
As the deformation temperature increases, k1 gradually decreases, denoting the recession
of the dislocation superposition. On the contrary, k2 is related to the thermal activation
process and is a parameter representing dynamic recovery, which is strongly influenced
by the deformation temperature and strain rate, and can be calculated using Equations
(1)–(8). The value of k2 in many different cases has been given in previous studies. Estrin
et al. showed [18] that the annihilation coefficient k2 ranged from 10 (room temperature)
to 100 (high temperature) and increased with the increase in the deformation tempera-
ture. Hariharan et al. [12] determined the model parameters via least square fitting of the
stress–strain curve and set k2 as constant of 1.22. Although many studies have analyzed
the contribution of temperature to the dislocation annihilation coefficient [12,18], few of
them have described a quantitative relationship between k2 and deformation temperature.
This work attempted to illustrate that.

By fitting the stress–strain curves at different deformation temperatures, the variation in
k2 with temperature was obtained as shown in Figure 3. The value of k2 increases slightly at a
deformation temperature of 400 ◦C~650 ◦C, and then increases significantly at a deformation
temperature of 700 ◦C~900 ◦C. It can be observed that k2 does not increase monotonically
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with the increase in temperature before 650 ◦C, due to the decrease in dynamic recovery in
the dynamic strain aging temperature range [13]. Previous studies have shown that dynamic
strain aging results in an increase in dislocation and a delay in the recovery of dislocation
structures due to a decrease in the mobility of the dislocations [33–35]. For the sake of simplicity,
the dislocation annihilation coefficient k2 can be fitted using a polynomial model k2-T, listed
as follows:

k2 = 45.83077 + 0.03892× T − 2.15897× 10−4 × T2 + 2.26263× 10−7 × T3 (9)
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The SRS exponent, m, is a correlation measure of the effect of strain rate on flow stress
at constant temperature [21]. Two methods can be used to calculate m: (1) calculate the
value of SRS for each strain rate jump test and take an average value of them; (2) obtain
the value of m from the slope of stress–strain rate data plotted at logarithmic scale [20].
However most pre-existing works termed m as an alternative constant, but not a variable
monitored by strain and temperature. The present work aimed to clarify the quantitative
relationship between m and the above important factors. The changing trends of m with
strain and temperature were plotted in Figure 4. The value of m decreases with increasing
strain, which can be attributed to the strain rate sensitivity of the structure evolution [28].
An exponential function was proposed to fit the general form of the m-ε model, which
could indicate the quantitative relationship between m and strain.

m = Aexp
(
− ε

B

)
+ C (10)

where A, B and C are fitted parameters dependent on the deformation temperature. The
regression analysis was carried out using the data in Figure 4. The results are given in
Table 1, which shows the changing regulation of A, B and C at each deformation temperature.
In order to describe the importance of m more specifically, the effect of m on predicted
accuracy was analyzed, as shown in Figure 5. Two types of m were used to predict the flow
stresses at a deformation temperature of 700 ◦C, i.e., one was calculated using Equation (10)
and the others are constant values taken from existing studies [15]. Also, an average value of
3.118, obtained from the data (deformation temperature at 700 ◦C) in Figure 4, was used for
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comparison. The predicted stress–strain curve overlaps well with the measurements when
using the value from Equation (10), while large deviation was generated with referenced
values. This indicated that it is not appropriate to set the SRS exponent (m) as constant to
predict the flow stress in austenite. The accuracy of m plays a significant role in determining
the prediction accuracy of the flow stress model.
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Table 1. Fitted parameters A, B and C at different deformation temperatures.

T/◦C A B C

900 0.8342 0.04345 2.92506
850 0.96437 0.04842 2.85075
800 1.00118 0.05824 2.83002
750 0.9567 0.08106 2.79579
700 1.15806 0.10067 2.60082
650 1.07383 0.07838 2.66202
600 1.22245 0.09011 2.55322
550 1.47495 0.11025 2.39155
500 1.63259 0.12457 2.28242
450 1.70311 0.11914 2.28477
400 1.76159 0.11823 2.30097
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Figure 5. Comparison between predicted and experimental values (m=5.97 and m=15.73 are constant
values taken from existing studies; adapted from: [15]).

3.4. Verification and Discussion

Inversely, the stresses corresponding to different strains at deformation temperatures
of 400 ◦C~900 ◦C could be calculated using Equations (1)–(10). The modification of the KME
model has been tested in the experimental steel. The comparison between the calculation
and the experimental measurements is shown in Figure 6 and the average absolute relative
error is 1.3%. Obviously, the overlapped test dots demonstrate that the flow stress predicted
by the present model shows a satisfactory agreement with the experimental measurements
at all deformation temperatures. It should be pointed out that the flow stress of the
experiment steel was calculated using revised m and k2 combined with the KME model.
As shown in Figure 2, when the deformation temperature is higher than 700 ◦C, a plateau
appears in the stress–strain curve, indicating the dynamic recovery is dominant at a high
deformation temperature. In this time, the positive coefficient k1 of dislocation density
tends to be small, while the negative coefficient k2 extensively increases (Figure 3). There is
no plateau in the stress–strain curve at a relatively low deformation temperature, which
is due to the domination of the work hardening, corresponding to larger k1 and smaller
k2. Speculatively, it is essential to establish quantitative models of k2 and m correlated to
strain and deformation temperature. Other verifications were also performed in steels with
different compositions and deformation temperatures.
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Figure 7 shows the experimental values from references [36] and the predicted results
based on the modified model in this study. In order to make the plot clear, the whole flow
stress curve is not plotted. It was found that using the initially proposed k2-T and m-ε
equations combined with KME model gives a good but insufficient prediction result for
bainitic steels with different chemical compositions. It is not easy to develop a constitutive
equation which is suitable for both a large deformation temperature range and a large
chemical composition range. Most of the existing constitutive models of metallic materials
cannot fulfill this requirement. The KME model and the k2-T, m-ε equations established
in this work should be applicable to austenite in a relatively wide range of chemical
compositions and temperatures. In addition, considering the influence of the SRS exponent
on the accuracy of flow stress, the quantitative relationship between m and both strain and
temperature deserves further investigation. Since we only use an empirical fitted model to
correlate m to strain, there are still some small errors in the prediction results. In a future
step, the temperature-dependent parameters A, B, and C in the m-ε model may be replaced
by the form of function m (ε, T). Regardless, the revised key parameters of m and k2 in the
KME model provide a promising indication with which to predict austenite flow stress in
high-strength bainitic steels, especially in similar cases to the one presented here.
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4. Conclusions

In this study, austenite flow stress in a high-carbon and alloy steel at different deforma-
tion temperatures was studied. The key parameters in the classic Kocks–Mecking–Estrin
model were analyzed, and their relationship with temperature and strain was clarified. The
conclusions were drawn as follows:

(1) The SRS exponent, m, plays a significant role in predicting flow stress during ausforming,
and its value decreases with the increase in strain. Based on the experimental measure-
ments, an exponential model of m correlated with strain was established, which contains
three fitted parameters that are dependent on the deformation temperature.

(2) The dislocation annihilation coefficient increases with the increase in deformation
temperature. A simplified polynomial model could be used to describe the quantita-
tive relationship between k2 and temperature. For the present material, which can be
expressed as:
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k2 = 45.83077 + 0.03892× T − 2.15897× 10−4 × T2 + 2.26263× 10−7 × T3

(3) The combination of current k2-T, m-ε equations in this work with classical KME model
can provide a comparative evaluation for the austenite flow stress in the test material
and other steels with different compositions and deformation temperatures.

Author Contributions: Conceptualization, L.W. and H.H.; methodology, H.H.; software, L.W.; vali-
dation, H.H., L.W. and W.W.; formal analysis, W.W.; investigation, P.H.; resources, Z.L.; data curation,
W.W.; writing—original draft preparation, L.W.; writing—review and editing, L.W.; visualization,
P.H.; supervision, G.X.; project administration, H.H.; funding acquisition, H.H. All authors have read
and agreed to the published version of the manuscript.
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