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Abstract

In order to optimize the thermal forging process of 37CrS4 special steel, single-pass ther-
mal pressing tests are conducted, and a strain compensation Arrhenius constitutive equation
is proposed based on the stress-strain curves of 37CrS4 at the temperature of 900-1100°C and
the strain rate of 0.1-10 s™'. The stress values calculated from the equation are in good agree-
ment with the counterparts in the thermal simulation compression test. The high correlation
between the calculated and experimental data verifies the correctness of the strain compen-
sation based on Arrhenius constitutive equation. According to the dynamic material model
and instability criterion, the processing maps of 37CrS4 are established. It is concluded that

37CrS4 is more suitable for thermal working at a strain rate of 0.1-0.37 s

of 1000-1100°C.

~! and temperature
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1. Introduction

37CrS4 is a kind of special steel imported from
Germany, material No. 1.7038, which has high rup-
ture strength and creep strength at high temperatures,
good impact toughness at low temperatures, good
hardenability, no overheating tendency, small quench-
ing deformation, general plasticity at cold deformation
and good machinability. Poor weldability, preheating
before welding, and heat treatment after welding to
eliminate stress, generally used after quenching and
tempering, can also be used after medium and high-
frequency surface quenching or quenching and low and
medium temperature tempering [1, 2]. It is widely
used for important structural parts under high load
conditions, such as transmission parts of vehicles and
engines, rotor, main shaft, transmission shaft under
heavy load of the steam turbine generator, large sec-
tion parts, forgings with higher strength and larger
quenched and tempered section than 35CrMo steel,
such as big gear for locomotive traction, transmission
gear of supercharger, rack, rear axle, connecting rod

and spring clamp under great load. It can also be used
for drill pipe joints and fishing tools in oil deep wells
below 2000 m [3].

The constitutive model is often used to describe
the physical properties of metal materials [4]. The
commonly used constitutive models are Johnson-Cook
(J-C) model, Zerilli-Armstrong (Z-A) model, and Ar-
rhenius hyperbolic sine model. In the field of high-
temperature plastic deformation of metal materials,
Arrhenius constitutive model is known for its high
prediction accuracy and is more suitable for high-
temperature scenarios [5]. Yang et al. studied the
hot deformation behavior of 9Cr3W3Co alloy steel.
They calculated the thermal activation energy of
9Cr3W3Co alloy steel and obtained the constitutive
equation of 9Cr3W3Co alloy steel [6]; Wang et al.
studied the hot deformation behavior of 20Cr2Ni4A
alloy steel and proposed the constitutive equation of
strain compensation based on Arrhenius type equa-
tion and Zener-Hollomon parameter, which has high
prediction accuracy [7]; Yang et al. studied the ther-
mal deformation behavior of 25Cr2Ni4dMoVA steel and
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considered that there was a functional relationship be-
tween material constant and strain. The prediction ac-
curacy of the constitutive model is improved by using
the material constant expressed by the relation, in-
cluding strain [8]. In previous work, we conducted a
hot compression test on 20Cr steel, and obtained the
constitutive equation of 20Cr through the linear fit-
ting method, which provided theoretical support for
the process selection of automobile gear [9].

However, the Arrhenius constitutive model does
not consider the effect of strain on the accuracy of
the constitutive equation. The peak stress is used to
simply represent the high-temperature characteristics
of metal materials at a certain temperature and strain
rate. The actual error is large, which cannot meet the
requirements of numerical simulation in the process of
forging process development. In previous work, strain
compensation was included in the Arrhenius consti-
tutive equation and applied for the investigation of
3Cr-1Si-1Ni Ultra-High Strength Steel [10].

In view of the research on the high-temperature
rheological properties of a material, the hot workabil-
ity is discussed in an endless stream. Zhao et al. stud-
ied the hot deformation behavior of 1Cr12Ni2Mo2-
WVNb martensitic stainless steel [11]. The process-
ing maps of 1Cr12Ni2Mo2WVNDb alloy steel under 0.3,
0.4, 0.5, and 0.6 strains were established, and the op-
timal hot working range of 1Cr12Ni2Mo2WVND alloy
steel was obtained. Ye et al. studied the hot deforma-
tion behavior of 25Cr2Ni4dMoV alloy steel [12]. They
superimposed the 2D processing map to draw the 3D
processing map, classified the grain sizes of different
processing areas, and discussed the hot working per-
formance of 25Cr2NidMoV alloy steel. Li et al. dis-
cussed the hot deformation behavior of V-5Cr-5Ti al-
loy [13]. The flow stress curve with friction factor was
corrected, and in-depth research on dynamic recrystal-
lization and dynamic softening during hot deformation
was conducted. Li et al. studied the hot deformation
behavior of 9Ni590B alloy steel and found that the
hot deformation microstructure was acicular marten-
site [14]. The correctness of the processing map was
proved by analyzing the unsteady microstructure.

In summary, the research on high-temperature
plastic properties of alloys has been studied in-depth
in the flow stress model, hot workability, dynamic re-
crystallization, and so on. At present, precision plastic
forming has become an important processing method
for alloy products. Compared with traditional machin-
ing methods, precision plastic forming products do not
damage metal flow lines, have high strength, and have
less material waste [15, 16]. The cold plastic properties
and fatigue properties of 37CrS4 at room temperature
have been mainly reported in the existing literature.
However, there are few reports on plastic deforma-
tion behavior and hot workability at high tempera-
tures. As a kind of special steel with wide application

Table 1. Contents of various chemical elements in
37CrS4 special steel (%, mass fraction)

C Si Mn P S Cr

0.34-0.41 <04 0.6-0.9 <0.075 0.02-0.04 0.9-1.2

and excellent properties, the high-temperature plas-
tic properties of 37CrS4 need to be studied and dis-
cussed urgently. In this paper, the hot deformation
behavior of 37CrS4 is examined by a hot simulation
compression test, and the hot workability of 37CrS4 is
discussed. The results provide theoretical support for
the finite element numerical simulation and process
development of 37CrS4.

2. Materials and experimental process

The material used in the experiment was quenched
and tempered 37CrS4 round bar, and the chemical
composition of the material is shown in Table 1. The
sample was turned into a cylinder with a size of
¢ 8 x 12mm?, and the end face was polished to a
roughness of Ra 1.6 by a grinder to prevent excessive
test error caused by end face defects.

The experiment was carried out on a Gleeble-
1500D thermal-mechanical simulator, and the heating
rate of the test piece was 10°C s~!. After the sample
was heated to 1200°C, the heat preservation was car-
ried out for 3 min to make the temperature distribu-
tion inside the sample uniform. The test temperature
of the sample was reduced at 5°C s~! to the ther-
mal compression temperature, followed by a 30 s heat
preservation. The thermal compression temperature
was set at 900, 950, 1000, 1050, and 1100 °C, respecti-
vely, with a gap of 50°C. The strain rate was set at 0.1,
1, and 10 s~ 1, respectively. After the end of the exper-
iment, the thermal compression deformation structure
was maintained by water quenching. The temperature
variation of the whole process of the thermal simula-
tion compression experiment is shown in Fig. 1.

The chilled samples were cut along the axial di-
rection with a cutting machine and polished with a
grinding machine and polishing machine. Finally, a
saturated picric acid aqueous solution was used to
corrode the ground surface. The microstructure of
37CrS4 was observed with a metallographic micro-
scope Nikon MA100.

3. Results and analysis
The flow stress curves obtained from thermal com-

pression experiments show that the stress values fluc-
tuate with the strain, which is related to the inter-
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Fig. 1. Temperature curve of thermal compression experi-
ment.

face friction. In order to correct the true stress-strain
curve, the logarithm of stress is taken to correspond
to the whole strain range. The slope between logarith-
mic stress and corresponding strain is calculated and
averaged. Finally, according to the average slope, the
stress of the upward warping section is corrected, and
the accuracy is acceptable.
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Fig. 2. Stress-strain curves of 37CrS4 special steel under different temperatures at strain rate of (a) 0.1s7%, (b) 1s

The true stress-strain curves of 37CrS4 at different
temperatures and strain rates are shown in Fig. 2a,
which shows a typical dynamic recrystallization phe-
nomenon at the strain rate of 0.1s~!. When the strain
is low, the growth rate of flow stress is very high
due to work hardening and the softening effect caused
by gradually enhanced dynamic recrystallization. The
growth rate of flow stress slows down until the peak
value of flow stress appears on the stress curve. After
the effect of dynamic recrystallization reaches the peak
stress, the flow stress of 37CrS4 special steel begins to
decrease, which indicates the domination of dynamic
recrystallization behavior. Afterward, the stress de-
creases to a constant value and remains basically sta-
ble. When the strain rate is 1s~! (Fig. 2b), the higher
the temperature, the more obvious the ”single peak”
effect of the stress curve of dynamic recrystallization,
indicating a positive correlation between temperature
and dynamic recrystallization. When the strain rate is
10s! (Fig. 2c), due to its high value, the accumulated
dislocations in the metal have no time to annihilate,
resulting in an increase in internal stress. There is no
obvious ”single peak effect” on the stress curve. The
variation of peak stress with temperature is shown in
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(c) 10s™!, and (d) variation of peak stress with temperature corresponding to different strain rates.
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Fig. 3. The microstructures of the specimens at: (a) 900°C, ¢ = 0.1s™}, (b) 1000°C, & = 0.1s7*, (c) 1100°C, ¢ = 10s™*,
)

and (d

Fig. 2d. It can be observed that the temperature is
negatively correlated with stress, and the strain rate
is positively correlated with stress.

Figure 3 shows the microstructure of some 37CrS4
special steel specimens deformed at different tempe-
ratures and different strain rates. The true strain cor-
responding to all metallographic is 0.916. All spec-
imens are etched with a saturated picric acid solu-
tion. It can be seen that the austenitic grain bound-
ary corroded by saturated picric acid is clearly vis-
ible. The compression behavior causes the distortion
of grain boundaries. In Figs. 3a—d, some smaller grains
appear around the larger grains, which indicates the
occurrence of dynamic recrystallization behavior dur-
ing high-temperature plastic deformation of 37CrS4,
and the incomplete dynamic recrystallization behav-
ior. The dynamic recrystallization occurs at the in-
flection point of the stress curve, and the correspond-
ing microstructure is that fine recrystallized grains be-
gin to appear around the larger original grains. These
grains have not grown up completely, which demon-
strates the incompletion of the dynamic recrystalliza-
tion process. In Figs. 3a—d, some black strip structures
can also be found. Combined with the chemical com-

1100°C, ¢ = 0.1s7 .

position of 37CrS4 special steel and the morphology of
metallographic structure, these black strip structures
are supposed to be sulfide.

4. Establishment and verification of
constitutive equation

According to the previous research from Sellars
and McTegart [17, 18], the Arrhenius flow stress con-
stitutive equation, which can unambiguously and ef-
fectively reveal the thermal deformation phenomenon,
is formulated and analyzed. The flow stress, tempera-
ture, and strain rate can be characterized by Eq. (1)
in the form of activation energy ) and temperature
T:

¢ = AF (o) exp <%> , )

where () is the activation energy of thermal deforma-
tion (kJmol~1), F(o) is the function of stress o, R is
the gas constant (8.314 Jmol~* K1), T is the tempe-
rature (K), A is material constant, and ¢ is strain rate

(s71).
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Fig. 4. The linear relationships of (a) Iné —Ino, (b) Iné —

F (o) is a function of stress o, which is described
as follows:

Flo)=0™ (o < 0.8), (2)
F(o) = exp (Bo) (a0 < 1.8), (3)
F(o) = [sinh (a0)]"  (for all stress), (4)

where a = 8/n1, o is flow stress (MPa), § is material
constant, and n, n; are strain hardening indexes.

According to the previous research from Zener and
Hollomon [19, 20], when metal materials experience
plastic deformation at high temperatures, the thermal
activation process of thermal holds the strain rate, and
the connection between strain rate and temperature
can be characterized by Z parameter:

7 = zexp (%) — Afsimh(a0)]",  (5)

where Z is temperature and strain rate modified co-
efficient (Z parameter).

By substituting Egs. (2), (3), and (4) into Eq. (1)
and taking the natural logarithm of the left and right
sides of three equations, the following Egs. (6)—(8) are
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(¢) Iné — In [sinh (awo)], and (d) 1000/T — In [sinh (ao)].

obtained:
lné:lnAl—i—nllna—Q, (6)
RT
lné:lnAg—i—ﬁa—%, (7)
Iné =In A+ nln[sinh (ao)] — % (8)

Iné — In o relationship curve and In € — o relationship
curve are acquired by linear fitting means for Egs.
(6), (7), and (8), respectively, as shown in Figs. 4a,b.
According to the average of the linear fitting slope
of Iné — Ino relationship curve and lné — o rela-
tionship curve, n; = 7.738766, 8 = 0.061972MPa ™!,
a = f/n; = 0.008007995073 can be acquired.

The strain hardening coefficient n = 5.76242 can be
solved from the relationship curve Iné — In [sinh (ao)]
in Fig. 4c. The computing method of activation energy
is shown in Eq. (9):

Olné
0ln [sinh (ao)]

' d1n [sinh (ao)]

8 (1000/T) ‘ - O

Q=R ‘
Substituting the average value of linear fitting slope
acquired from Figs. 4c,d into Eq. (9), the activa-
tion energy () of 37CrS4 can be computed to be
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Fig. 5. Constitutive constants at various strains: (a) «, (b) n, (c) @, and (d) InA.

315.805kJ mol~!. Equation (7) can be acquired after
Eq. (5) logarithm of treatment:

L Q .
Ine + T = In A + nln [sinh (ao)]. (10)

Equation (10) reveals the linear connection of Fig. 4c,
and the slope is n = 5.76242. The nodal increment
of Eq. (10) is InA — Q/RT while the average nodal
increment can be obtained from Fig. 4c. Hence it can
be calculated that In A = 28.254481, A = 1.86537 x
1012

Based on the results obtained, the thermal defor-
mation constitutive equation of 37CrS4 can be ac-
quired by substituting various material constants into
Eq. (8), which is shown in Eq. (11):

¢ =1.86537 x 10*? [sinh (0.0080)]* 7**** .
_ 315805 (11)
P\ 83147 )

The traditional Arrhenius constitutive equation mere-
ly treats four material parameters as constants to de-
scribe the stress and strain at various temperatures

and strain rates. However, in fact, these four param-
eters are not constants and are variables accompany-
ing strain changes [23, 24]. Therefore, it is necessary
to import strain as an important parameter to modify
Arrhenius constitutive equation.

According to the computing method of the tradi-
tional Arrhenius constitutive equation in the previous
chapters, nine groups of strains are calculated in the
range of strain 0.1 ~ 0.9 with an interval of 0.1. The
values of four material constants (o, n, @, In A) un-
der these nine groups of strains are calculated, and
the polynomial fitting function relationship between
strain £ and four material constants is established. The
degree of polynomial plays a decisive role in the fitting
accuracy. Literature [25] shows that the fitting of the
sixth-degree polynomial can fully meet the accuracy
requirements and is suitable for expressing the rela-
tionship between four material constants and strain.

For better verifying the precision of the constitu-
tive equation, the stress values related to 1000 are
used as the verification data set, and other data are
used to structure the strain-compensated Arrhenius
constitutive equation.

Figure 5 shows the functional relationship image
of four material constants fitted by the sixth-degree
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Table 2. Coefficients of polynomial fitting curves for material coefficients

0 1 2 4 5 6
B 0.01 -0.04 0.20 —-0.59 1.13 -1.18 0.49
C 9.33 —40.20 243.34 -920.97 1821.78 -1755.63 655.27
D 51.19 -389.85 2799.56 -9984.14 18303.24 -16654.07 5973.85
F 552.31 -4135.96 29992.35193 -107670.07 198180.85 -180839.24 65019.32
polynomial. It can be observed that the fitting accu- 180
racy of the sixth-degree polynomial is relatively high. o
160 | =
- g .
N 2 Z 140}
— —_— + —_— + gl p - ¥y
Q A A £ ®
£ R=0.98653
g 0 AARE=4.002%
-
LIJ -
a = By + Bie + 3282 + 3383 + B4€4 + B5€5 + B@EG 80 | )
n = Cy + Cie + Cae® + C3e® + Cye* + Cse” + Cye® I s g
— 2 3 4 5 6 60 80 100 120 140 160 180
In A = Do+ D1e+ Doe” + D3e® + Dye* + Dse® + Dge Caloulated Value (MP3)

Q

m = F0+F1€+F2€2+F3€3+F4E4+F5E5+F656.

(12)

The Arrhenius constitutive equation is sorted into
the equation with Z parameter and the Z parameter is
replaced by the product term containing @ in Eq. (5).
Equation (12) embodies the strain compensation con-
stitutive equation characterized by material constants
(o, n, Q, In A), and also lists the fitting relations of
four material constants. The coefficients of the sixth
polynomial in Eq. (12) relative to the four material
constants are presented in table form in Table 2.

To verify the prediction precision of strain com-
pensation constitutive equation, the actual stress ob-
tained from the thermal pressing experiment is com-
pared with the flow stress computed by the strain
compensation constitutive equation. Taking the stress
value calculated by the model as the abscissa and the
actual stress obtained by the thermal pressing test as
the ordinate, the scatter diagram is drawn. The higher
the prediction accuracy of the strain compensation
transient equation is, the more scattering points of
calculated stress and actual stress tend to be on the
line of y = z. In this study, the prediction precision of
the strain compensation constitutive equation is ver-
ified by testing the correlation between y = x and
stress scattering points.

Among them, the calculated values of rheological
stresses for different strain are determined by various
deformation conditions, calculated by Eq. (9).

Figure 6 represents the trend of the coordinate
scatter of stress used y = x. It can be made out that
the points are basically scattered around y = z. The
correlation coefficient R = 0.98563. The mean rela-
tive error AARE (Average Absolute Relative Error) is

Fig. 6. Correlation between the experimental and predicted
flow stresses.

4.002 %, which is less than 10 %, indicating that the
error is small [27, 28]. The correlation coefficient and
the mean relative error are calculated as shown in Egs.
(13) and (14):

= 0.98563,

(13)

x 100% = 4.002%.

E; - P;
E;

1 N
AARE (%) = >
1=1

(14)
Evaluation indexes prove that the precision of the con-
structed 37CrS4 strain compensation instant on equa-
tion is high.

5. Processing maps

Processing maps are an efficient tool to character-
ize the thermal process performance of metal mate-
rials. The processing maps are composed of power dis-
sipation maps and plastic instability maps. The con-
tour line describes the power dissipation rate and di-
vides the plastic instability region. The thermal pro-
cess maps theory originates from the dynamic material
model (DMM) proposed by Prasad et al. [16-19]. The
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Fig. 7. Processing maps for the 37CrS4 special steel at strains of (a) 0.2, (b) 0.4, (c) 0.6, and (d) 0.8.

power dissipation maps describe the power dissipation
under a certain strain. DMM theory reveals that the
power absorbed by metal deformation is mainly com-
posed of metal deformation and microstructure evolu-
tion. The power used by plastic deformation is denoted
as (G, and the power used by microstructure evolution
is denoted as J. Connection between power absorbed
by thermal deformation P and G, J, and the calcula-
tion relationship between the three indicators is shown
in the Eq. (15):

€ o

P:é(f:GJrJ:/JdéJr/Edo. (15)
0 0

Relationship between work hardening coefficient m
and stress o, strain rate is represented as follows [20—
23]

0 (lno)
= —2=. 16
" 9 (e (16)

Similarly, the relationship with the work hardening
coeflicient m and power dissipation rate 7 is shown in
the Eq. (17) [24-26]:

n= = (17)

The thermal deformation of the alloy material not
only includes recovery and recrystallization behav-
ior, but also may exist plastic damage (such as adia-
batic shear band, cracking, dendrite segregation, etc.).
Hence, authors of [27-30] proposed the instability cri-
teria, which supplemented the DMM theory:

oo (mLH)

The instability criterion assumes that ¢ (¢) < 0,
which means that this area is unstable. To improve
the calculation accuracy of the work hardening coef-
ficient m, the polynomial fitting method is used to
obtain the work hardening coefficient m. In the ther-
mal compression experiment of 37CrS4 special steel,
each temperature corresponds to three different strain
rates. According to the common sense of mathematics,
the unique quadratic polynomial can be determined by
the known coordinates of three points, and the corre-
lation coefficient R = 1. Hence, for the calculation of
the work hardening coefficient m, the quadratic poly-
nomial fitting method has been able to meet the cal-
culation accuracy requirements.

Figure 7 establishes the processing maps of 37CrS4
with strain rates of 0.1 to 10s~! when the strain e
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is 0.2, 0.4, 0.6, and 0.8 in the temperature range of
900-1100°C. The processing maps are obtained by
composition of power dissipation map and instabil-
ity criterion. The grey areas on the map are plastic
deformation instability region. In Fig. 7a, when ¢ =
0.2, the maximum power dissipation rate is 0.39. The
peak value appears at 1100°C while the strain rate
is 0.1s7!, which is located in the “irregular rectan-
gular region” of 900-1100°C and 0.37-10s~!. In Fig-
ure 7b, the peak area begins to expand and tends to
spread to around 1000°C, but it is still in the range
of 1000-1100°C with a strain rate of 0.1-0.22s~!, and
the maximum power dissipation rate is 0.42. In Fig. 7c,
the peak power dissipation rate reaches 0.44. The peak
area is in the range of 1000-1070°C with a strain rate
of 0.1-0.25s7!. In Figure 7d, the maximum value of
power dissipation rate is 0.42, and the peak area mi-
grates to the high temperature area again, roughly
in the temperature range of 1020-1090°C, and the
strain rate is 0.1-0.25s~!. When ¢ is 0.4, 0.6, and
0.8, corresponding to Figs. 7b—d, the unstable region
is concentrated in the ”irregular rectangular region”
between 900 and 1000°C, and the strain rate ranges
from 0.37-10 s~ 1. The unstable region (grey areas) de-
creases with the increase of strain when ¢ is 0.6 and
0.8, corresponding to Figs. 7c,d, the temperature is
1070-1100°C, and the strain rate is 0.37-10s~!. For
all four figures with a different strain, no instability re-
gion is observed when the strain rate is 0.1-0.37s7 1.
The greater the power dissipation rate is, the more
power is used for microstructure evolution, the higher
the possibility of recrystallization of the material, and
the more suitable for thermoplastic processing. High
temperature and low strain rate are considered to fa-
vor recrystallization.

6. Conclusions

In this work, thermal compression experiments of
37CrS4 special steel are conducted at the tempera-
ture of 900-1100°C and the strain rate of 0.1-10s71.
“Single peak” effect observed on stress-strain curves
indicates a positive correlation between temperature
and dynamic recrystallization. The microstructure re-
veals that dynamic recrystallization does occur in
37CrS4 special steel, and the recrystallization is in-
complete. A strain compensation Arrhenius consti-
tutive equation is established, and the fitting of the
sixth-degree polynomial with four material constants
demonstrates high accuracy. Based on the power dis-
sipation maps and the instability criterion, the pro-
cessing maps of strain ¢ = 0.2, 0.4, 0.6, and 0.8 are
structured. The instability region mainly distributes
in the high strain rate range of 0.37-10s~!. The re-
sults show that the optimum technological parame-
ters of 37CrS4 under the experimental conditions are:

strain rate 0.1-0.37s~!, temperature 1000-1100°C.
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