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G e W

Abstract: The spring steel for automotive stabilizer bars has a great responsibility in that its quality
directly affects the stability, safety, and comfort of vehicle operation. The isothermal thermal com-
pression behavior of a novel lean Si spring steel that was used to manufacture an anti-roll bar was
investigated with a DIL805A /D quenching thermal dilatometer in this research. A hyperbolic sine
type of constitutive model was established, and hot processing maps were produced to evaluate
the experimental steel’s hot workability properties. The experimental results suggest that dynamic
recrystallization (DRX) preferentially occurs at a low strain rate and high thermal processing temper-
ature, while the processing maps of the experimental steel are susceptible to strain. The instability
regions increase as the strain increases. The processing maps’ stable and instable domains should be
decided upon comprehensive analysis of the instability criterion, power dissipation efficiency, and
strain rate sensitivity index. The optimum parameters of hot processing for the experimental steel
at various strains are that the deformation temperature of 1000-1150 °C and the strain rate of 0.1,
approximately.

Keywords: 55Cr3 spring steel; hot compression; flow characteristic; constitutive model; process-
ing maps

1. Introduction

As an important element of the manufacturing industry, spring steel is widely used in
automobiles, railways, electrical appliances, and other fields. Among them, the automotive
industry has a great demand for spring steel, accounting for 60% of the total consumption of
spring steel [1]. The stabilizer bar is a major applications of spring steel in automobiles [2],
being horizontally installed in the automobile suspension system to improve the vehicle’s
stability [3-6], that is, the anti-roll bar (ARB) prevents lateral roll caused by bumpy roads,
load, and excessive speed during maneuvering [7,8]. Vehicle rollover is a severe social
issue that results in loss of life as well as environmental and financial effects [9-11]. The
ARB plays a decisive role in ensuring the safety of automobiles. Fatigue failure of anti-roll
bar will occur during the vehicle operation, owing to cyclic bending, torsion, and other
alternating stresses [12-14]. In general, the most efficient method to extend fatigue life is to
reduce stress localization at a crucial mechanical component position. Therefore, materials
and components are required to have a fine and homogeneous microstructure and high
surface quality.

Metals 2023, 13, 44. https:/ /doi.org/10.3390/met13010044

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13010044
https://doi.org/10.3390/met13010044
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-0552-9355
https://doi.org/10.3390/met13010044
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13010044?type=check_update&version=1

Metals 2023, 13, 44

2 of 14

Currently, the anti-roll bar is generally manufactured with 55Cr3 spring steel by hot
rolling, cold sawing, straightening, hot forging, hot bending, trimming, punching, quench-
ing, tempering, and surface strengthening, having a U-shaped profile [15,16]. In these
processes, hot rolling and hot forging directly affect the homogenization and refinement of
the microstructure and surface quality of finished products [17,18]. Therefore, investigating
the effect of high-temperature deformation on microstructural refinement is critical for
improving final mechanical properties [19-21]. By regulating dynamic recrystallization
and dynamic recovery, the high-temperature deformation process can effectively refine
the prior austenite grains, consequently refining the martensite structure and enhancing
the final mechanical properties [22-25]. In addition, medium- and small-sized wires or
bars would preferably be transformed into martensite during hot rolling due to the excel-
lent hardenability of 55Cr3 spring steel, which makes it difficult for downstream anti-roll
bar manufacturers to cut. Thus, anti-roll bar manufacturers have a preference for raw
materials with relatively low hardness provided by the steel manufacturing industry to
facilitate cutting. Therefore, low-temperature rolling deformation is conducted by the steel
manufacturing industry to obtain wires and bars with low hardness through deformation-
induced phase transformation. However, inappropriate temperature and reduction during
low-temperature deformation will cause microcracks on the surface of materials or parts,
resulting in stress localization during application and reducing service life. Over the last
few years, the processing maps premised on the dynamic materials model (DMM) are
widely applied to significantly improve thermal processing technology [26]. In light of a
processing map, an appropriate processing parameter can not only be obtained, but also
instable flow of metals could be avoided, thus contributing to the optimized hot rolling or
hot forging technology [27].

The hot compression characteristics of materials can be effectively used to establish
relationships between various deformation situations and the evolution of microstruc-
ture [28]. The complicated deformation mechanisms containing work hardening, dynamic
recovery [29], dynamic recrystallisation [30], and flow instability [31] normally occur during
hot compression. Therefore, the correlations among hot deformation process parameters,
the constitutive relation, and flow instability are the principal investigation spotlights for
insights into material flow behavior. In the past decades, the constitutive models and pro-
cessing map of various micro-alloy and high-alloy steels have been preciously determined
to predict their high-temperature flow behaviors [32]. However, limited literature [33-35]
has reported the flow behavior of spring steel. Moreover, the relevant research of a lean Si
spring steel dominated by Cr has yet to be discovered.

This research focuses on investigating the flow behavior of a lean Si spring steel
dominated by Cr and establishing the constitutive modeling and the processing map during
the compression process at elevated temperature. The experimental scheme designed in
this research is based on the conditions of commercial anti-roll bar hot rolling and hot
forging. As a result, this work is extremely valuable to the industry, and the results may be
effectively applied in steel and anti-roll bar practical production. The constructed model
and processing map based upon hot deformation experiment data can provide a reference
for the practical anti-roll bar hot deformation process.

2. Experimental Procedure

The experimental materials were obtained from commercial continuous casting square
billet manufactured with a 100t electric furnace; the main alloy element content of the
tested 55Cr3 steel is summarized in Table 1, with it being a lean Si spring steel with a
predominance of Cr.

Table 1. The main alloy element content of the tested 55Cr3 steel (wt %).

C

Si

Mn P S Cr Ni Mo A%

0.52~0.59

<0.40

0.70~1.00 <0.015 <0.015 0.70~1.00 <0.20 <0.10 <0.10
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To investigate the flow characteristics of the tested materials, thermal compression
simulations were conducted on DIL805A /D quenching thermal dilatometer with a vacuum
degree of 1 x 107>, during which, flow characteristic curves were recorded automatically.
Experimental cylindrical specimens were extracted from a continuous square billet with
diameter of 5 mm and height of 10 mm. To investigate the behaviors of dynamic softening,
the thermal processing temperatures ranging from 850 to 1150 °C and the strain rates
ranging from 0.01 to 10 s~ were selected as the tested conditions. Figure 1 illustrates the
deformation process and specific process parameters schematically. To make austenite
microstructure homogeneously distribute, all the samples were first heated until 1230 °C
with a rate of 10 °C/s, and subsequently were soaked for 300 s and then deformed. Before
deformation, the specimens were firstly cooled to deformation conditions at a rate of 5 °C/s
and then held for 20 seconds to obtain uniform deformation temperatures. After that, the
samples were deformed at a total reduction ratio of 60% (equivalent to the true strain of
0.9) and then rapidly quenched with water until ambient temperature.

1230°C

300s

soc/ 850,900,950,1000,1050,1100,1150°C
°C/s

0.01,0.1,1,10s 1

Temperature/ °C

Water quenching

/ 0°C/s

Time/s
Figure 1. Schematic process for hot compression.

3. Results and Discussion
3.1. Flow Characteristics

In view of the test results, the representative flow behaviors of the tested steel following
thermal compression at given experimental conditions are depicted in Figure 2. An evident
finding is that the true stress was sensitive to various deformation conditions. The variation
in flow curves ascribes to strain hardening and dynamic softening during the elevated
temperature compression [36]. Figure 2 clearly shows that the flow stress had a positive
correlation with the strain rate and a negative correlation with the deformation temperature.
Moreover, the typical DRX flow behavior with a single peak feature was more likely to occur
at a high thermal processing temperature and low strain rate, as displayed in Figure 2a,b.
The occurrence of the flow curve peak was ascribed to a dynamic balance between the strain
hardening and the dynamic softening due to DRX and DRV with the strain increases [37].
Moreover, it was found that both the peak stress and corresponding strain level deceased
gradually as the thermal processing temperature rose and the strain rate declined, as
illustrated in Figure 3. Conversely, the work hardening flow characteristics were more
obvious at the low thermal compression temperature and the high strain rate, as revealed
in Figure 2¢,d. In addition, Figure 2d presents the appearance of a serrated flow curve at a
relatively low thermal compression temperature and high strain rate that represents typical
dynamic strain aging feature [38,39]. In principle, hot compression is a non-isothermal
process since microstructure evolution and temperature rise would endure the consumption
of partial instantaneous power during the thermal-mechanical process [40]. It is more
evident that thermal softening would result in a decrease in flow stress that is attributable
to temperature rise at lower deformation temperatures and higher strain rates, while large
strain results in work hardening [41,42]. The interaction of temperature rise softening and
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work hardening results in serrated flow curve [43]. Thus, the whole thermal compression
process of the tested steel 55Cr3 can be considered as a competitive procedure between
strain hardening and dynamic softening. The strain hardening mechanism is identified
as crystal lattice distortion caused by the generation and multiplication of dislocations,
resulting in higher stress for continuous deformation [44,45]. Conversely, the dynamic
softening mechanism is a result of rapid atomic diffusion and dislocation annihilation
resulting from temperature rise or the stored energy rapid accumulation with the strain
rate increasing [45,46].
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Figure 2. Flow characteristic curves of 55Cr3 steel determined at strain rates of 0.01 s~ (a), 0.1 s~ (b),
1571 (c),and 10571 (d).
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Figure 3. Variation of peak stress and corresponding strain with compressive temperature and
strain rate.
3.2. Constitutive Equation

Generally, a constitutive equation can be employed to optimize the hot compression
process of metal materials for the reflection of the elevated temperature deformation
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progress [47]. Among all constitutive models, the Arrhenius constitutive equation could
be convenient to describe the correlation among the flow stress (¢), thermal processing
temperature (T), and strain rate (¢) [48].

¢ = Kf(c) - exp(—Q/RT) )

In light of the stress level, the Arrhenius constitutive model can be described as the
following three specific expressions:

¢ = K[sinh(ko)]|" - exp(—Q/RT) ) for all stress levels )
¢ = Kyo™ - exp(—Q/RT) ) (ko <0.8) ©)]
¢ = Kpexp(K'c) - exp(—Q/RT) ) (ko >1.2) (4)

Here, ¢ refers to the strain rate, and ¢ refers to the flow stress; R corresponds to the
universal gas constant with a value of 8.3145 J/(mol-K); T is the absolute temperature
with a unit of K; Q is the deformation activation energy in (kJ/mol); K,K1,Ky",m,k, k, n are
temperature-independent material constants, k ~ k' /m.

Taking the natural logarithm on each side of the formulas, expressions 2 to 4 would be
represented as follows:

¢ = InK + In[sinh(ko)] — (Q/RT) (5)
¢ = InKy +mln(c) — (Q/RT) (6)
¢ =InKy + kKo — (Q/RT) @)

The mean values of m and k’ would be obtained using the slopes of the characteristic
lines in the Iné—Inop plot and Iné—op plot, which are 7.30125 and 0.07061 MPa~!, respec-
tively (as seen in Figure 4a,b), where op refers to the peak stress. Then, the value of k can
be acquired from k ~ k' /m = 0.00967 MPa~.
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Figure 4. Relationship plot among peak stress, strain rate, and thermal processing temperature of
55Cr3 steel. (a) Iné —Inop; (b) Ine —op; (c) Ine —In[sinh(kop)]; (d) In[sinh(kop)]-1/T.
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According to above calculated parameter k and Equation (5), the n value would
be determined according to the average slope of the Ine —In[sinh(kop)] plots at given
experimental conditions (as illustrated in Figure 4c), whose value is 5.31795. To a particular
strain rate, the differentiation of Equation (5) gives

d{In[sinh(ko)]} ,
Q= RnW = RnK (8)

The average value of K’ would be acquired according to the slope of the line in the
In[sinh(kop)]—1/T plot, which is 6728.78514 (as shown in Figure 4d). Thereby, the average
thermal activation energy Q at given strain rates can be determined to be 297.503 KJ/mol.

Meanwhile, the Zener-Holloman parameter (Z) with an exponential equation can be
applied to describe the effect of thermal processing temperature (T) and strain rate (¢) on
flow characteristics [49]. This is mathematically represented as the following form:

Z =¢-exp(Q/RT) )
Furthermore, the following expression is obtained by combining Equation (2) and (9):
Z =¢-exp(Q/RT) = Alsinh(ko)]" (10)

Besides this, the following expression can be derived from taking the natural logarithm
on each side of the above expression.

InZ = InK + nin[sinh(ko)] (11)

According to Equation (11), it can be clearly observed that [nZ and In[sinh(kc)] have a
linear relationship. The value of A would be derived from taking the intercept of the linear
InZ-In[sinh(kop)] plots. According to the fitting results in Figure 5, the value of [nK as found
to be 26.55974, and thus the value of K was calculated to be K = 3.42569 x 101!,

[ ]
2t
E 28 |
= 850°C
e 900°C
A 950°C
245 v 1000°C
1050°C
1100°C
ok © »  1150°C
-1.0 -05 1.0 15

0.0 0.5
In[sinh(ko )]
Figure 5. Correlation between InZ and In[sinh(kop)] for the experimental steel 55Cr3.

Therefore, the flow stress formula (2) can be represented as follows:

¢ = Alsinh(ko))" - exp(—Q/RT)= 3.425694 x 10" [sinh(0.009671c)]>*17%° x exp[—297503 /(RT))] (12)
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According to Equation (10) and the concept of hyperbolic sine function, the flow stress
would be represented as follows:

1/n 2/n 1/2
o:}{ln{@ +(E) 41 } (13)

According to the above evaluated constants and Equation (13), the constitutive equa-
tion of experimental steel connected to the flow stress and the Zener-Holloman parameter
would be summarized as follows:

1/5.31795 2/5.31795 1/2
. l{( 2 ) +[(#) +1] } (14)

7= 0009671 ") ' 3425694 x 1011 3425694 x 1011

3.3. Processing Maps
3.3.1. Establishment of a Processing Map

According to the dynamic material model (DMM) summarized by Prasad [50], it is
known that the hot working material can be supposed to a power dissipator. In addition,
the instantaneous power dissipation (P) is composed of two complementary variables of G
component and | co-component.

e o
P:a-é:G—i—]:/adéJr/éda (15)
0 0

Here, G refers to the dissipated power in the plastic working process, the majority
of which is converted to deformation heat; | is a complementary part of G content for
recovery, recrystallization, crack formation, and phase transformation that associates with
the metallurgical process; o and ¢ are the flow stress and strain rate, respectively.

The power partitioning between G component and | component can be obtained with
the strain rate sensitivity index in the following expression [51,52]:

_ 4] _edo _ d(Ino)
TG T vde  d(ine) (16)

At the specified strain rate and thermal processing temperature, the expression of flow
stress is as follows:
c=K-&" (17)

Here, K is the material constant irrelevant to the experimental conditions.
Then, the expression of the power dissipation | is described as

m

p— 1(78 (18)

e
]:aé—/K~émdé:
0

Therefore, to an ideal linear dissipater, [;ax = | (m=1) = %é, while the power dissipation
capacity can be predicted with the power dissipation efficiency (#) for nonlinear processes.

] 2m
ﬂ_]max_m‘i‘l

(19)

Thus, power dissipation maps are contour maps at various strain conditions that
represent the 3D variation of # with strain rates and thermal processing temperatures.

The flow instabilities must be taken into account, due to the fact that a higher power
dissipation factor does not necessarily correspond to a favorable processability.
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According to the instability criterion proposed by Prasad and Seshacharyulu for
identifying flow instability regimes during the deformation [53], the flow instability related
to microstructure will occur in the case of an appearance of ¢ (instability parameter) less

than zero. .
&) = ozl <0 (20)
d(Ine)

The instability maps are constituted with instability parameters as a function of strain
rate and thermal processing temperature, where the unstable domain is characterized with
a negative g (¢) value. Thus, the processing maps are constructed through superimposing
the instability maps over the power dissipation efficiency maps. The former sets the limit to
avoid an imperfect microstructure, while the latter reveals the risk area of processing [54].
Therefore, the thermal processing capacity of the metallic materials can be optimized, and
the desirable microstructure can be obtained through processing in the high efficiency
safety zones and flow stability regions.

3.3.2. Strain Rate Sensitivity Index m

The power dissipation coefficient and instability criterion in the metallic thermal
process are dependent on the strain rate sensitivity index of the material. The m-values in
different thermal processes are derived according to the fitting cubic polynomic relation
between Ino and In¢ at a given strain [55]. The relationship between them can be expressed
as follows:

Inc = Ko + Kylne + Kz(lné)2 + K3(lné)3 (21)

Here, Ky, K1, K3, K3 are metallic materials constants linked to deformation temperature.
Figure 6 presents the variations of the flow stress with strain rates at the true strains of 0.1,
0.3,0.5, and 0.7, respectively. Thus, the constants Ky, K, Ky, K3 at given thermal processing
conditions can be obtained according to the fitting of the relationship between Ino and Ine
at different strains.

5.5
321 (a)
48 5.0t
45T
E = e > = 850°C
e ° 900°C
40+ v A 950°C
g v  1000°C
+ 1050°C
3.5F « 1100°C

v

1150°C

<] =]

= = ssec | = - = 850°C
4.0 - s 900°C 4.0 P *  900°C
4 950°C — A 950°C
* > v 1000°C » v 1000°C
35+ » 1050°C 35+ v 1050°C
¢ 1100°C 1100°C
g > 1150°C " > 1150°C

3.0 L . . . . . . . 3.0 L— . A . L . . .

-5 -4 -3 -2 -1 0 1 2 3 S5 4 3 2 -1 0 1 2 3
Ine Ine

Figure 6. Fitting results to represent the relationship between Ino and In¢ (a) ¢ = 0.1; (b) e = 0.3;
(c)e=0.5;(d)e=0.7.
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Thus, the m-value is the slope of the fitting cubic spline function at given conditions,
which can be derived as following expression according to Equations (16) and (21):

o d] _ d(lno) _

—dG T d(Ing)

Ky + 2Ky (Iné) + 3Ks(Ing)’ (22)

The corresponding m-values at given thermal processing conditions can be easily
calculated according to the constants obtained by the above fitting and Equation (22). To
discuss the response of the m-value to various thermal-mechanical processes in detail,
the smooth 3D surfaces of the m-value were plotted by interpolation, as presented in
Figure 7. In general, the m-values vary randomly as a function of the thermal processing
temperature, strain, and strain rate. It can be observed from Figure 7 that the maximum
m-value increased generally as the strain increased. However, it can be discovered from
Figure 7c,d that the negative m-values generally occurred at thermal processes of low
thermal processing temperatures and high strain rates. In truth, the domains with a negative
m-value were generally regarded as unstable regions. In light of the work of Prasad [54],
the negative m-value region generally corresponded to unstable deformation conditions
as dynamic strain aging, shear band development, deformation twins, or initiation and
propagation of microcracks.

Figure 7. The response of m-values’ 3D surfaces at various thermal processing temperatures and
strain rates. (a) e =0.1; (b) e =0.3; (¢c) e =0.5; (d) e = 0.7.

3.3.3. Power Dissipation Efficiency %

The power dissipation efficiency 7 can be deduced from Equation (19) and the above
determined m-values at given thermal processing conditions. Figure 8 demonstrates the
contour plot of the power dissipation efficiency at the true strains of 0.1, 0.3, 0.5, and 0.7 that
reflect the variation of # as a function of the thermal-mechanical process parameters. The
contour number is the value of power dissipation efficiency at the corresponding thermal
processing, which describes the proportion of microstructure development throughout the
thermal-mechanical process. Overall, as strain increased, so did the power dissipation
efficiency. The peak value of # correspondingly increased from 0.35 to 0.54 as the true
strain varied from 0.1 to 0.7. However, there were also a few abnormal cases under the
deformation conditions of low deformation temperature, large strain, and high strain
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rate, as demonstrated in Figure 8c,d. Then, the appearance of negative power dissipation
efficiency related to the corresponding m-values could be regarded in terms of areas
where the metallic flow was instable. Thus, the variation in power dissipation efficiency
was ascribed to the general response of m-value to deformation conditions. In addition,
the values of 77 continuously increased as strain rates reduced, while they decreased as
deformation temperatures increased, achieving a sequence of peak values at a thermal
processing temperature of about 1100 °C and a strain rate of about 0.1 s~!. High power
dissipation efficiency is essential in hot working processes, while the region with high
n-values does not always correspond to the processing “safe” area, which needs to be
further confirmed with the flow unstable criterion.
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Figure 8. Maps of power dissipation for the experimental steel 55Cr3 at various strains. (a) e = 0.1;
(b)e=0.3;(c)e=0.5;(d) e=0.7.

3.3.4. Processing Maps

Variations in the unstable parameters with strain in various thermal-mechanical pro-
cesses can be determined on the basis of Equation (20) and the above calculated m-values,
and then the instability maps can be drawn through the negative instability parameters.
Shaded regions represent the instability domains of ¢ (¢) < 0, and others are safe regions.
Thus, the processing maps are made through superimposing the corresponding unstable
maps on the power dissipation efficiency maps. Figure 9 presents the constructed process-
ing maps for experimental steel 55Cr3 at various true strains, where the contour values
correspond to power dissipation constants while the shadows refer to the flow unstable
domains. It can be concluded from Figure 9 that the hot working maps were composed
of three representative regions, including flow instability regions with negative 1 and
positive & (¢) as well as positive 7 and negative ¢ (¢), and stable domains with positive 7
and positive ¢ (€). Moreover, it is also shown in Figure 9 that these maps represent a similar
characteristic, showing an instable region at the low thermal processing temperature as
well as high strain rate, which lies in the processing maps’ top left corner. Generally, high
thermal deformation temperature, low strain rate, and large strain result in a high value of
power dissipation efficiency. It can be concluded from Figure 9a that the whole deformation
area was a safe domain at the true strain of 0.1. Conversely, the "safe" domains decreased
as the strain developed, which revealed that the processing maps were strongly dependent
on the strain level, except that the highest # value with the true strain of 0.1 occurred at
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high thermal processing temperature as well as a high strain rate, and the peak 7 values at
other true strains emerged in high thermal processing temperatures and low strain rates.
As a result, the optimum thermal deformation processing windows should be selected
from high efficiency regions in a safe processing area. Thus, the applicable hot processing
window for experimental steel 55Cr3 is the conditions with thermal processing temperature
varying from 1000 to 1150 °C and a strain rate of about 0.1, and with a high # value. It was
essential to avoid shaded regions and the areas with negative 7 values when designing the
hot deformation process.
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Figure 9. The processing maps of the experimental steel 55Cr3 at various strains. (a) e = 0.1; (b) e = 0.3;
(c)e=0.5;(d)e=0.7.

4. Conclusions

The influence of thermal-mechanical process parameters on the flow behaviors and
thermal processing characteristics in a new designed 55Cr3 spring steel were compre-
hensively investigated. The main conclusions of this investigation can be summed up as
follows:

(1) The flow characteristic of the experimental steel was strongly dictated by deformation
parameters such as thermal processing temperature and strain rate. The flow stress
and corresponding peak stress increased as the thermal temperature decreased and the
strain rate increased. The DRX behavior was attributed to various thermomechanical
process parameters, and the low strain rate and high thermal processing temperature
facilitated it occurring.

(2) The average thermal activation energy Q at various strain rates was determined to be
297.503 KJ/mol. The Arrhenius constitutive model was developed for the prediction of
the metallic flow behaviors. The flow stress expression of the experimental steel 55Cr3
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connected to the strain rate and thermal processing temperature were characterized
as & = 3.425694 x 10" [sinh(0.0096710)]>3179¢ x exp[—297503/(RT)].

(8) The strain rate sensitivity index, power dissipation coefficient, and instability criterion
must be comprehensively considered to identify the stable and instable areas in the
processing maps of the experimental steel 55Cr3. The areas where there was one of
the negative values among the m-value, 7-value, or & (¢)-value should be identified as
unstable regions.

(4) The power dissipation coefficient 77 and instability criterion ¢ (s) were found to be
dependent on thermomechanical parameters. High deformation temperatures and
low strain rates contributed to large power dissipation efficiency. The value of a power
dissipation coefficient was approximately proportional to the strain, and the peak
n-value rose from 0.35 to 0.54 as the true strain increased from 0.1 to 0.7. The desirable
parameters of hot processing for the experimental steel at various strains were that
the thermal processing temperature ranged from 1000 to 1150 °C and the strain rate
was about 0.1.
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