o’ .
veel materials
ve w

Article

Modeling of Dynamic Recrystallization Evolution for Cr8 Alloy
Steel and Its Application in FEM

Xuewen Chen **, Bingqi Liu ¥, Bo Zhang, Jiawei Sun, Zhen Yang, Xudong Zhou, Tao Huang and Danqing Yin

check for
updates

Citation: Chen, X,; Liu, B.; Zhang, B.;
Sun, J.; Yang, Z.; Zhou, X.; Huang, T.;
Yin, D. Modeling of Dynamic
Recrystallization Evolution for Cr8
Alloy Steel and Its Application in
FEM. Materials 2022, 15, 6830.
https://doi.org/10.3390/ma15196830

Academic Editor: Jiri Svoboda

Received: 26 July 2022
Accepted: 24 September 2022
Published: 1 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Materials Science and Engineering, Henan University of Science and Technology, 263 Kaiyuan Avnue,
Luyang 471023, China

* Correspondence: chenxwdavid@haust.edu.cn

t These authors contributed equally to this work.

Abstract: In the process of Cr8 roller production, the phenomenon of coarse grain size and uneven
grain size often appears, which makes the mechanical properties of the material decrease sharply.
Accurate dynamic recrystallization model is the basis for predicting the change of grain size during
thermal processing, and is an important basis for refining grain and improving material proper-
ties. In this study, the isothermal compression experiment was carried out on Cr8 alloy steel at
900-1200 °C and 0.005-0.1 s~ ! by Gleeble ~1500D thermal simulation compressor, and the stress dates
of Cr8 alloy steel were obtained. According to experimental data, the Kopp dynamic recrystallization
model of Cr8 alloy steel was established. The dynamic recrystallization volume fraction obtained by
Kopp model was compared with that obtained by experiment at the same temperature and strain rate.
The correlation value was 0.988, and the root mean square error (RMSE) was 0.053, which proved
that the DRX model established was reliable. Through the secondary development of the program,
the DRX model of Cr8 alloy steel was written into the software Forge® to verify the microstructure
evolution model. The compression process of a cylindrical specimen of Cr8 alloy steel at 0.1 s~
and 1050 °C was simulated, and the DRX microstructure evolution of the alloy was calculated. The
comparison between the final grain size calculation results and the test metallographic photos of
samples in different deformation zones shows the relative error of the grain size was less than 10.6%,
indicating that the DRX model of Cr8 alloy steel can better predict the dynamic recrystallization of
Cr8 alloy steel.

Keywords: Cr8 alloy steel; dynamic recrystallization; finite element method; high temperature
compression test; microstructure evolution

1. Introduction

As key components of rolling mills, rollers need to have good mechanical properties.
When the microstructure of the roller has coarse grains and mixed grains, the mechanical
properties of the roller will decrease, the service conditions of the rolling mill cannot be
met, and the service life will be reduced. Cr8 alloy steel, as a new type of cold rolled
steel, will experience dynamic recrystallization (DRX) behavior during the hot forming
process of the roller, and the dynamic recrystallization behavior of metals is a key factor
affecting the evolution of the microstructure. After the metal undergoes DRX, the coarse
grains are often replaced by new fine grains, which promotes grain refinement and enables
the metal to have better mechanical properties. However, in the process of metal rolling,
the dynamic recrystallization volume fraction of each deformed region is different due to
the different deformation degree, which makes it difficult to determine the grain size of
different regions, and the rolling product cannot be guaranteed to have excellent mechanical
properties. Therefore, it is necessary to establish an efficient method to predict the dynamic
recrystallization volume fraction and grain size of material, and then optimize the forming
process of the roller and improve the strength and wear resistance of Cr8 alloy steel. In this
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regard, it is important to study the dynamic recrystallization behavior and grain evolution
characteristics of Cr8 alloy steel.

The dynamic recrystallization behavior has an important effect on the microstructure
evolution and grain size of materials; therefore, the dynamic recrystallization behavior and
mechanism of metals have been analyzed by numerous researchers. Jiachen Li et al. [1] in-
troduced the Z parameter to analyze the DRX mechanism of Al-Mg-5i alloy under different
In Z. Jingjing Zhang et al. [2] discussed the recrystallization mechanism of 2195 aluminum
alloy at different temperatures. It was mainly high temperature continuous dynamic recrys-
tallization and medium temperature discontinuous dynamic recrystallization, indicating
that temperature affects the recrystallization mechanism of aluminum alloy. Zhi Jia et al. [3]
found that when the temperature reached above 1100 °C, the DRX mechanism of Inconel
625 alloy was mainly continuous dynamic recrystallization (CDRX). M. Leonard et al. [4]
studied the significant change of DRX mechanism of Zn—-Cu-Ti alloy caused by strain rate
through the tensile test of Zn-Cu-Ti plate. H.T. Jeong et al. [5] researched the recrystalliza-
tion mechanism of high—entropy alloy and determined that the DRX mechanism of the
high—entropy alloy was inconsistent under different conditions. Xinyun Wang et al. [6]
found when the strain rate was higher than 0.1 s~!, the DRX mechanism of austenitic stain-
less steel was CDRX, and when the strain rate was less than 0.1 s~ !, the DRX mechanism of
austenitic stainless steel was DDRX.

While studying the dynamic recrystallization mechanism of a large number of alloys,
many scholars have also carried out research to quantitatively characterize the influences
of deformation feature (temperature and strain et al.) on the dynamic recrystallization
(DRX) volume fraction of alloys. Sellars [7,8], Yada [9], Kim [10,11], H.J. McQueen [12],
Kopp [13,14] et al. studied different materials and proposed different microstructure evo-
lution models. The DRX volume fraction model proposed by Yada and Kopp has clear
parameters and was easy to determine, which was widely used [15-17]. By establishing
the DRX model of materials, a new idea was provided for characterizing the dynamic re-
crystallization behavior of metals, and a theoretical basis was provided for formulating the
grain refinement process. Fei Chen et al. [18] built the DRX model of 30Cr2Ni4MoV steel,
through which the deformation behavior and the evolution of recrystallization structure
of the metal was characterized. Mohd Kaswandee Razali et al. [19] fitted the dynamic
recrystallization behavior of medium manganese steel by establishing the rheological stress
model and Avrami dynamic model of medium manganese steel, predicted its microstruc-
ture evolution, and avoided the solution of characteristic strain. Bin Fang et al. [20] built the
DRX model of FGH96 P/M alloy to predict the microstructure of this metal. These scholars
have established DRX models of different materials, which were of great significance for
optimizing the microstructure of materials. Although the dynamic recrystallization model
of many materials has been established by scholars, it is helpful to study the dynamic
recrystallization behavior of materials. However, they only establish the dynamic recrystal-
lization model of the material, and qualitatively analyze the microstructure evolution inside
the material through metallographic photographs. There is no other effective method to
quantitatively predict the microstructure evolution of materials in different regions during
thermal deformation. Therefore, some scholars try to combine the dynamic recrystallization
model with the finite element method, and embed the established dynamic recrystalliza-
tion model into the finite element software to predict the microstructure evolution of the
material. He Jiang et al. [21] simulated the microscopic evolution of 690 alloy used sim-
ulation software combined with DRX model, and analyzed the DRX process of 690 alloy.
R. A. R. Giorjao et al. [22] simulated the compression process of AZ31B alloy cylindrical
sample and predicted the grain size of the alloy during compression. Hongchao Ji et al. [23]
built the recrystallization model of 33Cr23Ni8Mn3N heat resistant steel and predicted the
dynamic recrystallization behavior of deformed metal. However, there are few studies on
predicting the microstructure evolution of Cr8 alloy steel based on the dynamic recrystal-
lization model embedded in finite element software. Therefore, it is necessary to study
the dynamic recrystallization behavior of Cr8 alloy steel and its microstructure evolution
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during hot forming based on the dynamic recrystallization model of Cr8 alloy steel and
finite element software.

In order to effectively predict and control the grain size of the metal during the hot
forming process, this paper uses the Gleeble—1500D thermal simulation compression tester
to conduct the hot compression test of Cr8 alloy steel at 900-1200 °C and 0.005-0.1 s .
The flow stress curves of Cr8 alloy steel at different temperatures and strain rates were
obtained. Based on the true stress—strain curve of Cr8 alloy steel and the Kopp dynamic
recrystallization model, the dynamic recrystallization model of Cr8 alloy steel was estab-
lished and embedded in the forming finite element software Forge®. Based on the dynamic
recrystallization model established in this paper, taking the strain rate of 0.1 s~! as an
example, a cylindrical compression test of Cr8 alloy steel was simulated. The average
grain size obtained from the simulation was compared with the grain size obtained from
the metallographic photographs to verify the accuracy of the model, provide data and
technical support for optimizing the thermal processing parameters of Cr8 alloy steel roll
and effectively control its internal microstructure.

2. Experiment Method

The metal studied in this paper was Cr8 alloy steel for large cold roller, and the chemi-
cal composition was recorded in Table 1. Cylindrical sample with a size of 8 x 12 mm
was used. Compression test of metal was achieved on Gleeble-1500D Thermomechanical
Simulation Tester (Dynamic Systems Inc, New York, NY, USA). The details of the experi-
mental method are shown in Figure 1. In order to make the stress of the sample uniform
during deformation and reduce the influence of friction, we evenly apply water-graphite
lubricant on both ends of the sample, and heat the sample to the experimental temperature
(900 °C, 975 °C, 1050 °C, 1125 °C and 1200 °C) at the speed of 10 °C/s, and then keep the
temperature for 3 min [16,24] to make the internal and external temperature of the sample
uniform. The compression test was executed at 0.005 s71 0.01s 1 and 0.1 s71, and the
compressive strain was 0.65. The strain rate is calculated by the equation: ¢ = de/dt, and
controlled by computer closed —loop to realize constant strain rate test. Because the defor-
mation of the sample in this experiment is not large and the bulging effect is not obvious,
there is no correction. After the deformation, the sample was put into water for cooling
immediately to retain the microstructure of metal after high-temperature deformation to
the greatest extent. After polishing, the compressed sample was corroded with a mixed
solution of 5 g of picric acid, 2 g of dodecyl phenol and 100 mL of distilled water, and the
micrograph of the sample was obtained by Olympus-pmg3 (Olympus Corporation, Tokyo,
Japan) metallurgical microscope.

Table 1. Chemical element compositions of Cr8 steel, wt%.

C Si Mn Cr Ni Mo \"
0.48 0.54 0.60 7.46 0.48 0.45 0.13
A
O i Holding for!
) | 3min
% |
§ . Water
= 10C/s quenching

Y

Time/s

Figure 1. Experimental processing of Cr8 alloy steel.
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3. Results and Analysis
3.1. Flow Stress Curve of Cr8 Alloy Steel

The high temperature compression test of Cr8 alloy steel was implemented by Gleeble—
1500D Thermomechanical Simulation Tester, and the true stress—strain curve of Cr8 alloy
steel was obtained directly by Gleeble-1500D Thermomechanical Simulation Tester and
recorded in Figure 2. It can be seen from Figure 2 that the flow stress curve of Cr8 alloy
steel is a typical DRX curve. At the beginning of specimen compression, the stress value of
metal increases rapidly because of the accumulation of dislocations. When the critical stress
was reached, new grains began to appear inside the material, and dynamic recrystallization
occurred, which promoted the rising trend of stress to slow down. At this stage, the
work hardening of the material plays a leading role, increasing the stress and reaching the
peak stress; in the dynamic softening stage, as new grains nucleated and grew, dynamic
recrystallization (DRX) and dynamic recovery (DRV) begun to predominate. In the steady
state stage, the stress value decreases continuously with increasing strain, and the DRV,
DRX, and work hardening tend to balance eventually. As described in Figure 2a, at 0.1 s~
the metal first achieved the peak stress op; the peak stress at 900-1200 °C was 213.72 MPa,
156.42 MPa, 106.63 MPa, 82.66 MPa, 60.33 MPa. As the metal continued deforming, the
dynamic recovery and recrystallization inside the material continued to occur, which
reduced the stress value and finally reached the steady-state stress value oy, and the
steady-state stress at 900-1200 °C was 184.24 MPa, 123.63 MPa, 82.42 MPa, 64.24 MPa,
46.06MPa. The values of steady state stress and peak stress of Cr8 alloy steel at 900-1200 °C
and 0.005-0.1 s~ are recorded in Table 2. Table 2 shows that with the decrease of strain rate,
the values of 0, and 055 of Cr8 alloy steel also decreased. For example, at 900 °C, when the
strain rate of Cr8 alloy steel was reduced from 0.1 5! to 0.005 s~!, the peak stress changed
from 213.72 MPa to 155.46 MPa, and the steady state stress decreased from 184.24 MPa
to 108.08 MPa.

200
250 (b)
< 200 900 °C 160r
S =
5 900 °C
@ 150 %, 120+
& ' 975°C 2
[9) B _
£ 100 L 80 ———975°C
= 1050°C | &
5o | B 1050 °C
50 {/ 1200 °C 04— H257C
- 1200 °C
Work hardening
O 1 1 1 Il 1 1 1 0 L 1 L L L L L
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
True strain True strain
200
(0)
_1e0r
:
\g 120 900 °C
i=]
n
)
= 80 975 °C
= .
1050 °C
40 1125 °C
T T 1200°C
O L 1 1 L 1 1 L

00 01 02 03 04 05 06 07 08

True strain

Figure 2. True Stress Strain Curve of Cr8 Alloy Steel. Under different conditions: (a) ¢ = 0.1 s~ 1;
(b) €=0.015"1; (c) e=0.005s1.
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Table 2. The values of steady state stress and peak stress of Cr8 alloy steel at 900-1200 °C and
0.005-0.1 s~ 1. (The units of strain rate are “s~1”, and the units of stress are “MPa”).

. Op Oss Op Oss Op Oss Op Oss Op Oss
Strain Rate
900 °C 975 °C 1050 °C 1125 °C 1200 °C
0.1 213.72 184.24 156.42 123.63 106.63 82.42 82.66 64.24 60.33 46.06
0.01 166.89 121.58 109.28 80.71 72.75 58.39 53.85 43.55 40.14 29.14
0.005 155.46 108.08 102.43 70.84 66.15 53.94 44.70 36.16 34.87 27.27

3.2. Establishment of Recrystallization Model of Cr8 Alloy Steel
3.2.1. Identification Parameters of Critical Strain Model

Dynamic recrystallization was the process of forming new equiaxed crystals inside Cr8
alloy steel. The occurrence of the DRX required the accumulation of sufficient dislocation
energy; therefore, the DRX could occur when a critical strain was reached. Poliak et.al. [21]
found that when the material undergoes recrystallization, the work—hardening rate 6 will
have a turning point. The value of 6 was calculated by

0 = do/oe 1

where o is the stress, 6 is the work—hardening rate and the ¢ is the strain.
The critical stress was the stress at the turning point, and the critical strain was the
strain at the turning point. Subsequently, Equation (2) was derived as follows:

0 96

d(In@)
o o

o¢ 00 1
w8 e @)

Therefore, the values of critical strain can be solved by extreme value of the
d(In(0))/0e — € curve, and the relationship between In(6) and ¢ found in the literature
can be represented by a cubic spline fitted curve, such as

In® = A + Be + Ce? + Dé>. (3)
Therefore, Equation (4) was derived as

a(Inf)

= 2 Dé%. 4
5% B +2Ce+ 3De 4)

Therefore, the critical strain €. can be obtained by

C

V)

©)

The fitted In(0) — e curves of Cr8 alloy steel are depicted in Figure 3. All curves show
the same trend. When the strain keeps increasing, In(0) gradually decreases and tends to a
certain value and then decreases rapidly. Figure 4 is the curve diagram after being fitted
by —9(In(6))/de — ¢, showing that each curve has a minimum value corresponding to the
critical strain of Cr8 alloy steel.

Through Figures 3 and 4, the fitted parameters of In(6) — ¢ of Cr8 alloy steel under
different conditions were obtained, as well as the cubic spline fitted curve of different condi-
tions. The critical strain e, under corresponding conditions was calculated by Formula (5).
At0.005 5! and 900 °C, the In(#) — e fitted curve of Cr8 alloy steel was obtained as

In6 = 10.001—152.961 x & + 1723.502 x £>—7913.370 x €°. (6)
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Figure 3. The relationship map of In(f) — e under different temperatures and strain rates:
(@)é=01s"1(b)¢=0.01s"1;(c)£=0.005s"1.

300
— 900°C
250 — 975°C
% — 1050°C
SZOO — 1125°C
< — 1200°C
£150
R
100
50
0 = \ .
00 005 010 015 020 025 030 0.0 0.05 0.10 0.15 0.20 0.25
& &
— 900°C
— 975°C
— 1050°C
w ,  — 1125°C
< /
= //  — 1200°C
>
K=
Q
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Figure 4. The relationship map of —d(In(6))/de — € under different temperatures and strain rates:
(@) é=01s"1;(b)e=0.01s""1;(c)¢=0.005s""1.

Taking 0.005 s ! and 900 °C as an example, the critical strain of Cr8 alloy steel was 0.0726.
The fitted parameters, critical strains and peak strains are recorded in Table 3.
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Table 3. Fitted parameters, critical strains and peak strains.

. Fitted Parameters i
Stra;lllRate Temperature (°C) A B C b Critical Strain &, PZ:lilatIl,‘:;n
0.1 900 9.816 —108.498 1020.093 —3562.414 0.095 0.261
0.1 975 9.452 —119.361 1233.507 —4660.824 0.088 0.189
0.1 1050 8.243 —74.077 601.769 —1846.575 0.109 0.230
0.1 1125 7.737 —65.295 528.115 —1590.837 0.111 0.248
0.1 1200 7.465 —79.445 797.098 —2884.126 0.092 0.205
0.01 900 9.776 —115.985 920.360 —3099.343 0.099 0.189
0.01 975 9.659 —178.434 2372.403 —12,457.480 0.064 0.125
0.01 1050 8.261 —113.560 1203.309 —4599.237 0.087 0.174
0.01 1125 7.492 —97.478 1144.790 —4762.145 0.080 0.172
0.01 1200 7.276 —116.756 1630.287 —7899.406 0.069 0.139
0.005 900 10.011 —152.961 1723.502 —7913.370 0.073 0.163
0.005 975 9.578 —182.858 2332.164 —13,550.948 0.057 0.096
0.005 1050 8.242 —129.060 1515.713 —6121.176 0.083 0.159
0.005 1125 7.167 —97.242 1215.120 —5621.639 0.072 0.147
0.005 1200 6.820 —108.798 1681.708 —9461.163 0.059 0.137

Performing linear regression on peak and critical strains in Table 3, as depicted in
Figure 5, displays that ¢, and e, have a linear relationship: e; = 0.46143¢,.

0.12

o

=

o
T

Critical strain
o
5
o3
-

g

=

>
T

0.04 L | | L
0.08 0.12 0.16 0.20 0.24 0.28

Peak strain

Figure 5. The relationship map of ¢, and e, under different temperatures and strain rates.

The peak strain model of Cr8 alloy steel was calculated according to the literature, and
the model Formula is depicted in

gp = Ap-do"r e -exp(%) (7)
where d represents the grain size before deformation, ¢ stands for strain rate, Qp is the
critical strain activation energy, R is the gas constant, R = 8.3145 ] /(mol K), T is the Kelvin
temperature, and Ap, np, mp are constants.

The role of initial grain size was not investigated; therefore, the default initial grain
sizes are all the same, and dy"? can be regarded as a constant. Equation (8) was obtained as

ep = Ayp " -exp(%). (8)
Taking the logarithm of Equation (8) yields

Q

RT" )

Iney, =InA,+mplne+

When the strain rate was constant, then In(A,) + m,In(¢) was a constant, and the
scatter plot of In(e,) — 1/RT was established and fitted, as depicted in Figure 6a, then the
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slope of the fitted curve In(e,) — 1/RT was equal to the Qp value. According to Figure 6a,
the Qp values under different conditions were obtained, and take its average value to
obtain Qp = 9802.7955 J/mol. When the temperature was constant, In(A,) + Q,/RT was
also a constant, and a scatter plot of In(e;,) — In¢ at different temperatures was established,
a linear fit was performed, as shown in Figure 6b, and mp = 0.160762 was calculated.
Substitute the values of mp and Qp into Formula (7) to obtain the Ap value under different
conditions, and the average can be obtained as Ap = 0.13497. Therefore, the peak strain
model was

.0.160762 9802.7955
ep = 0.13497 - & cexp| —=—=). (10)
RT
-1.2 12
(@) .
-15 T 15
~ 18 - .
O " ¢ 1
£ k= = 900°C
-2.1+ | 0.005s" 2.1F ' v 975°C
A 0.01s! I g ::l‘lzl)([
241 ¢ Olst 247 ® 1200°C
— Fitting curve — Fitting curve
27 T 27
75 8 85 9 95 10 105 11 -6 -5 -4 -3 -2 -1
1/RT(x107%) In(&)

Figure 6. Determination of peak strain model parameters based on the control single variable method:
(a) The relationship map of In(e) — 1/RT; (b) The relationship map of In(e,) — Ineé.

The critical strain model was

e = 0.46143¢, = 0.0622792 - ¢ RT

-0.160762 exp (9802.7955) ' (1)

3.2.2. Determination of Dynamic Recrystallization Model Parameters

Common methods for solving the dynamic recrystallization volume fraction of materi-
als include metallographic method, energy method and true stress—strain curve method.
However, the metallographic method has higher requirements on the metallographic cross
section and corrosion results, and the energy method is inconvenient for measuring the
deformation energy storage. Therefore, the true stress—strain curve method was selected to
determine the dynamic recrystallization volume fraction of Cr8 alloy steel. The study by
Laasraoui et al. [25] showed that the relationship between the DRX volume fraction Xy,
and stress of metallic materials during thermal deformation can be expressed as

dro — 0

X p—
drx Tsat — Oss”

(12)
where 0, represents the flow stress value that only considers the dynamic recovery, that
is, the stress value that was obtained from the dynamic recovery curve of the material;
Osqt TEpPrEsents the saturated stress of the DRV curve; oy represents the steady—state stress.
According to the study by Poliak EI and Jonas J. J. [26], the saturated stress can be obtained
by the 8 — o curve. Figure 7 is a typical § — ¢ curve. The turning point represents the critical
stress point, and the corresponding work—hardening rate was the critical work—hardening
rate 0.. The § — o curves of Cr8 alloy steel are established as described in Figure 8. Therefore,
the dynamic recovery curve under different conditions can be expressed by

—&.)0
Odrp = Osat + (Uc - Usat) eXP(%) 0c <0 < Osgt. (13)
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Figure 8. Relation curve of § — ¢ of Cr8 steel under different temperatures and strain rates:
(@)¢=0.1s"1;(b)e=0.01s71; (c) &= 0.005 s~ 1.

Figure 8 shows the saturated steady state stress oy, critical stress o, and critical
work—hardening rate 6. of Cr8 alloy steel, and Table 4 contains the details. The dynamic
recovery curves of Cr8 alloy steel were obtained by Formula (8), as shown in Figure 9.
According to Formula (12) combined with Figure 9, the dynamic recrystallization volume
fraction of Cr8 alloy steel was calculated as shown in Figure 10.

The characteristic strain €y 5 was the true strain corresponding to the dynamic recrys-
tallization volume fraction reaching 50%. According to Figure 10, the characteristic strain
€05 of the Cr8 alloy steel is described in Table 5.
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Table 4. Saturated steady state stress o, critical stress 0. and critical work—hardening rate 6, of Cr8

alloy steel.

Strain Rate (s—1)

Temperature (°C)

Stress (MPa)

Saturated Steady State

Critical Stress (MPa)

Critical Work Harding Rate

0.1 900 220.30 205.39 241.66
0.1 975 160.42 147.68 213.976
0.1 1050 110.02 101.06 126.54
0.1 1125 84.97 76.05 129.28
0.1 1200 62.20 55.33 112.59
0.01 900 168.75 164.69 100.56
0.01 975 109.97 106.89 114.07
0.01 1050 76.36 69.33 98.80
0.01 1125 57.14 49.64 106.90
0.01 1200 43.54 37.07 85.00
0.005 900 156.25 151.66 146.88
0.005 975 103.33 100.8 76.00
0.005 1050 69.23 62.25 90.75
0.005 1125 50.74 41.56 87.18
0.005 1200 41.41 32.15 78.73
250 — DRX
— DRX
=== DRV
200 “**DRV
900 °C
% @ 900 °C
& 150 975 °C @
9‘;: 100 1050 °C % 975°C
= =
1125 °C 1050 °C
50 / 1200 °C 1125 °C
/ 1200 °C
0 L L L L L L 1 0 L I I L L n
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
True strain True strain
200
(9 —DRX
1607 PRV
% 120 900 °C
o
5 975 °C
]
1050 °C
1125 °C
1200 °C
0 . . . . . . .
00 01 02 03 04 05 06 07 08

True strain

Figure 9. DRV curves and DRX curves of Cr8 alloy steel under different temperatures and strain
rates: (a) e = 0.1 s 1; (b) = 0.01 s~1; (c) é= 0.005 s~ 1.

Table 5. Characteristic strain ¢( 5 of Cr8 alloy steel under different conditions.

€05 01s1 0.01s~1 0.005 s~ 1
900 °C 0.446 0.437 0.401
975°C 0.438 0.387 0.345
1050 °C 0.422 0.299 0.283
1125 °C 0.420 0.262 0.218
1200 °C 0.372 0.256 0.205




Materials 2022, 15, 6830 11 of 17

1 1
(@) (b)
0.8 0.8 F
0.6 0.6 1
£ 3
X x
04+ — 900°C 04 f — 900 °C
— 975°C — 975°C
— 1050 °C — 1050 °C
02 — 1125°C 02 F — 1125°C
— 1200°C — 1200°C
0 . . 0 L : , . ) .
00 01 02 03 04 05 06 07 0.8 00 01 02 03 04 05 06 0.7 08
True strain True strain
1
(0)
08T
. 06T
5
x
L — 900°C
0.4 — 975°C
— 1050 °C
L — 1125°C
0.2 — 1200 °C
0 . . . . .

00 01 02 03 04 05 06 07 08
True strain

Figure 10. DRX volume fraction curve of Cr8 alloy steel under different temperatures and strain
rates: (a) e =0.1s1; (b) = 0.01 s71; (c) é= 0.005 s~ 1.

The dynamic recrystallization volume fraction model proposed by Kopp et al. is
depicted in

Xgpe =1 — exp(—kd(%)nm>

M5
eo5 = Ags- € 'EXP(%)

where X, represents the volume fraction of dynamic recrystallization, g 5 represents the
characteristic strain of Cr8 alloy steel under different conditions, e; represents the critical
strain of Cr8 alloy steel under different conditions, k;, n4,+, Ao, M5, Qo5 is a constant,
where, when ¢ = ¢ 5, X4, = 0.5, then k; = In2 = 0.693. Substitute k; = In2 = 0.693 into
Equation (14), and take the natural logarithm of the Formula to obtain

, (14)

In(—In(1 — Xz)) = In0.693 + 11, - hl(sés_f%c)

(15)
Inggs =InAps +mgslne+ %

Therefore, a scatter plot of In(e —¢.) /(€95 — &¢) — In(— In(1 — X)) was established,
and a linear fitted was performed to calculate 4,,= 1.93827, as shown in Figure 11.
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Figure 11. Relation curve of the In((e — e.)/ (¢05 — €¢)) and In(— In(1 — Xy,))-

To define the parameters of the characteristic strain model, when the constant strain
rate was unchanged, In(Aps) + mps5Ineé was a constant, and the scatter plot of
In(eps5) — 1/RT under different strain rates was established; subsequently, linear fit can
be performed. The slope of the In(gp5) — 1/RT fitted curve was equal to the Qg5 value,
and Qo5 = 33598.8945 J/mol. When the temperature was constant, In(Ag5) + Qo5/RT was
a constant, and a scatter plot of In(eg5) — In¢ at different temperatures was established,
and a linear fit was performed to find mg5 = 0.128768. The values of my5 and Qg5 were
substituted into Formula (15) to obtain the value of Ay s under different conditions, and
the average value of Ags = 0.02638 was obtained. Therefore, the dynamic recrystallization
volume fraction model was

e )\ 193827
Xge =1 — exp —0.693(50_5_16)

05 = 0.02638 - 1% exp (1558945 )

(16)

The obtained DRX model and the experimental result are described in Figure 12.
Figure 12a—c, respectively, show the experimental result and the calculated model of the
DRX volume fraction of Cr8 alloy steel. The model curve agreed well with the experimental
results. Figure 12d depicts the correlation study of the experimental value and the calculated
value of the DRX volume fraction. The correlation coefficient R = 0.988 and the root mean
square error RMSE = 0.053 were obtained by

£ (xi-%,)°

R=

= (X;_Yp)z
V(Xi-X0% (X)X,

, (17)

1% (i i \2
RMSE =, [1 ¥ (Xi - Xi)

indicating that it was effective to predict the DRX volume fraction of Cr8 alloy steel by the
determined DRX model.
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Figure 12. Comparison between calculated model and experimental result of DRX volume fraction:
(@)e=0.1s"1(b)£=0.015"1; (c) £ = 0.005s~1; (d) Comparison of calculated and experimental values.

3.2.3. Determination of Parameters for Grain Size Model

The metallographic sample of Cr8 alloy steel after hot compression was polished and
corroded, and the experimental structure was observed by an Olympus-PMGS3 optical
microscope. The grain sizes D, of Cr8 alloy steel were determined by the truncation
method, as shown in Table 6. According to the literature, the grain size model was

Dy = Ap - dy"™P - &b, exp (%) . (18)

Table 6. Grain size of Cr8 alloy steel under different conditions.

Dy (um) 0.1s1 0.01s1 0.005s~1
900 °C 2.1 3.5 4.5
975 °C 41 74 6.9
1050 °C 7.2 20.6 16.4
1125 °C 21 15.2 149
1200 °C 28.3 26.1 33.1

Because the role of initial grain size was not investigated, set 19 = 0, and then, the
grain size model could be expressed by

Ddrx =Ap- émD - exp (g?) . (19)
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The In(Dy,,) — 1/RT curve and the In(Dy,, ) — In ¢ curve were established by constant
strain rate and temperature, respectively, and the grain size model of Cr8 alloy steel was
obtained as

(20)

Darx = 5637452371 x & "M x exp (_94442‘26927)

RT

3.3. Analysis of Microscopic Evolution Based on Finite Element

Finite element method has been applied to the analysis of microstructural evolution
during metal forming. The finite element simulation software can simulate and predict the
microscopic evolution of metal in the forming process, such as DRX volume fraction, grain
size, new grain shape nuclear, etc. [27-29].

The compression process of Cr8 alloy steel cylindrical sample was simulated by the
commercial simulation software Forge® at 1050 °C and 0.1 s~ 1. The size of the cylindrical
sample was ¢ 8 x 12 mm, and the compressive true strain was 0.65. The analysis result is
shown in Figure 13. The upsetting specimen was divided into three deformation regions,
which are: I: difficult deformation region near the both ends; II: large deformation region
in the middle region; III: small deformation region near the sides of the cylinder. The left
and right parts of the figure were the DRX volume fraction and average grain size of the
Cr8 alloy steel after compression, and the metallographic photos of the three deformed
regions of the sample after corrosion. The results state that in the difficult deformation area,
the simulated DRX volume fraction was 0.014, the simulated average grain size equaled
29.68 pum, and the value of grain size determined by the corresponding metallographic
photograph was 28.9 um. In the large deformation area, the DRX volume fraction obtained
by the simulation of Cr8 alloy steel was 0.947, the simulated average grain size equaled
8.92 um, and the value of grain size determined by the corresponding metallographic
photo was 7.2 um; in the small deformation area, the DRX volume fraction obtained by the
simulation of Cr8 alloy steel was 0.534, the simulated average grain size equaled 12.8 um,
and the value of grain size determined by the corresponding metallographic photograph
was 13.5 um. In addition, at 0.1 s! strain rate, the compression process of Cr8 alloy steel
at 900 °C, 975 °C, 1125 °C and 1200 °C was simulated, and the average grain sizes of the
large deformation regions were 2.28 pm, 4.26 um, 19.95 um and 27.14 um, respectively.
The average grain size obtained from the simulation results was compared with the grain
size obtained from the metallographic photographs, the results are shown in Figure 14.
Figure 14a is the comparison of the average grain size of three different deformation
regions of the cylindrical specimen of Cr8 alloy steel at 0.1 s~1, 1050 °C; Figure 14b is a
comparison of the average grain size at different temperatures at a strain rate of 0.1 s~ 1.
By comparison, it is found that at 0.1 s~ and 1050 °C, the relative error of the average
grain size under different deformation regions obtained from the simulation results and
the metallographic photos was 10.6%, and the relative error of the average grain size
under different temperature was 9.1%, which showed that the simulation and experiment
were congruent. The model can be used to predict the dynamic recrystallization structure
evolution of Cr8 alloy steel, which provides theoretical guidance for optimizing roller
forming process and refining grain.
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Figure 13. Comparison between simulation results and compression experiment at 1050 °C and
0.1s~1: (1) difficult deformation region; (II) large deformation region; (III) small deformation region.
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Figure 14. The comparison of the average grain size between simulation results and metallo-
graphic photographs: (a) The comparison of the average grain size under different deformation
regions at 1050 °C and 0.1 s™!; (b) The comparison of the average grain size under different
temperature at 0.1 s~ 1.

4. Conclusions

As the key component of the rolling mill, the good microstructure and mechanical
properties of the roller are the necessary aspect for the normal operation of the entire
rolling production line. In order to effectively predict and control the microstructure and
grain sizes inside the roller, this paper studied the dynamic recrystallization behavior
and microstructure evolution of Cr8 alloy steel during hot forming based on the dynamic
recrystallization model of Cr8 alloy steel and finite element software, which provided a
reliable theoretical basis for optimizing the thermal processing parameters of the roller
and manufacturing the roller with good structure and performance. The main conclusions
are as follows:

The high temperature compression test of Cr8 alloy steel at 900-1200 °C,
0.005-0.1 s~! was carried out by Gleeble—1500D thermal simulation compression test-
ing machine, and the true stress—strain curve of Cr8 alloy steel at different temperatures
and strain rates was obtained. The true stress—strain curve of Cr8 alloy steel exhibited
typical dynamic recrystallization characteristics. The stress increased with the strain to
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the peak stress, and then gradually decreased and tended to be stable. This is caused by
the combined action of work hardening, dynamic recrystallization and dynamic recovery
when the material is deformed.

Based on the experimental data and Kopp dynamic recrystallization model, the dy-
namic recrystallization model of Cr8 alloy steel was established. In order to verify the
accuracy of the model, the dynamic recrystallization volume fraction calculated by the
model was compared with the dynamic recrystallization volume fraction obtained by the
experiment. The correlation coefficient was 0.988, and the root mean square error (RMSE)
was 0.053. It shows that the established model is basically consistent with the experiment.

In order to further verify the accuracy of the established dynamic recrystallization
model of Cr8 alloy steel, through the secondary development of the finite element software
Forge®, the established dynamic recrystallization model was embedded in the finite element
software to simulate the compression test of Cr8 alloy steel under the condition of 0.1 57!
and 1050 °C. The grain sizes of different deformation regions obtained by simulation were
compared with the grain sizes obtained from the corresponding metallographic photos, and
the average relative error of grain sizes was 10.6%. In addition, the cylindrical compression
test of Cr8 alloy steel at different temperatures under the condition of 0.1 s~! was simulated,
and the grain sizes of the large deformation area of the Cr8 alloy steel cylindrical sample
obtained by simulation at different temperatures and the grain sizes obtained by the
corresponding metallographic photos were compared. The average relative error of grain
sizes was 9.1%. The simulation results were in good agreement with the experimental
results, indicating that the established model has high accuracy, which provides theoretical
support for optimizing the thermal processing parameters of the Cr8 roller.

Author Contributions: Conceptualization, X.C.; Data curation, B.L.; Investigation, B.Z.; Methodology,
X.C.; Software, B.L.; Validation, T.H. and D.Y.; Writing—original draft, B.L.; Writing—review and
editing, J.S., Z.Y. and X.Z. All authors have read and agreed to the published version of the manuscript.

Funding: The research was supported by the National Key Research and Development Project of
China (2020YFB2008400) and the National Natural Science Foundation of China (No. 51575162).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author. The data are not publicly available due to these data are part of ongoing research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, J.; Wu, X,; Cao, L; Liao, B.; Wang, Y.; Liu, Q. Hot deformation and dynamic recrystallization in Al-Mg-Si alloy. Mater. Charact.
2021, 173, 110976. [CrossRef]

2. Zhang, J.; Yi, Y.; Huang, S.; Mao, X.; He, H.; Tang, J.; Guo, W.; Dong, F. Dynamic recrystallization mechanisms of 2195 aluminum
alloy during medium/high temperature compression deformation. Mater. Sci. Eng. A 2021, 804, 140650. [CrossRef]

3. Jia, Z.;Sun, X.;Ji, J.; Wang, Y.; Wei, B.; Yu, L. Hot Deformation Behavior and Dynamic Recrystallization Nucleation Mechanisms
of Inconel 625 during Hot Compressive Deformation. Adv. Eng. Mater. 2021, 23, 2001048. [CrossRef]

4. Leonard, M.; Moussa, C.; Roatta, A.; Seret, A.; Signorelli, ] W. Continuous dynamic recrystallization in a Zn—Cu-Ti sheet subjected
to bilinear tensile strain. Mater. Sci. Eng. A 2020, 789, 139689. [CrossRef]

5. Jeong, H.T,; Park, HK.; Kim, W.J. Dynamic recrystallization and hot deformation mechanisms of a eutectic Al0.7CoCrFeMnNi
high-entropy alloy. J. Alloys Compd. 2021, 871, 159488. [CrossRef]

6. Wang, X.; Wang, D.; Jin, J.; Li, J. Effects of strain rates and twins evolution on dynamic recrystallization mechanisms of austenite
stainless steel. Mater. Sci. Eng. A 2019, 761, 138044. [CrossRef]

7. Furu, T, Shercliff, H.R.; Baxter, G.J.; Sellars, C.M. The influence of transient deformation conditions on recrystallization during
thermomechanical processing of an Ala€“1% Mg alloy. Acta Mater. 1999, 47, 2377-2389. [CrossRef]

8. Rossi, PL.O,; Sellars, C.M. Quantitative metallography of recrystallization. Acta Mater. 1997, 45, 137-148. [CrossRef]

9. Nakajima, H.Y.N.M.K. Deformation stress and structural change during high strain rate hot deformation of carbon steel. Proc. Int.

Conf. 1982, 1, 325-330.


http://doi.org/10.1016/j.matchar.2021.110976
http://doi.org/10.1016/j.msea.2020.140650
http://doi.org/10.1002/adem.202001048
http://doi.org/10.1016/j.msea.2020.139689
http://doi.org/10.1016/j.jallcom.2021.159488
http://doi.org/10.1016/j.msea.2019.138044
http://doi.org/10.1016/S1359-6454(99)00113-5
http://doi.org/10.1016/S1359-6454(96)00167-X

Materials 2022, 15, 6830 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

Kim, S.-I; Lee, Y.; Lee, D.-L.; Yoo, Y.-C. Modeling of AGS and recrystallized fraction of microalloyed medium carbon steel during
hot deformation. Mater. Sci. Eng. A 2003, 355, 384-393. [CrossRef]

Kim, S.-I.; Yoo, Y.-C. Dynamic recrystallization behavior of AISI 304 stainless steel. Mater. Sci. Eng. A 2001, 311, 108-113.
[CrossRef]

McQueen, H.J. Initiating nucleation of dynamic recrystallization, primarily in polycrystals. Mater. Sci. Eng. A 1988, 101, 149-160.
Kopp, R.; De Souza, C.M. Multi-level simulation of metal forming process. Proc. Second Int. Conf. Technol. Plast. 1987, 2, 1129-1234.
Kopp, R.; De Souza, K.K. Numerical simulation method for designing thermomechanical treatment illustrated by bar rolling.
Scand. ]. Metall. 1991, 20, 351-363.

Zhao, X.D,; Liu, J.S.; Chen, H.Q.; He, W.W. Dynamic Recrystallization during Hot Compression Processes of 304 Austenite
Stainless Steel. Adv. Mater. Res. 2010, 145, 590-596. [CrossRef]

Cai, Z.; Chen, F,; Ma, E; Guo, ]. Dynamic recrystallization behavior and hot workability of AZ41M magnesium alloy during hot
deformation. J. Alloys Compd. 2016, 670, 55-63. [CrossRef]

Du, S.; Chen, S.; Song, ]. Dynamic Recrystallization Kinetics and Microstructural Evolution for LZ50 Steel During Hot Deformation.
J. Mater. Eng. Perform. 2016, 25, 3646-3655. [CrossRef]

Chen, F; Cui, Z.; Chen, S. Recrystallization of 30Cr2Ni4MoV ultra-super-critical rotor steel during hot deformation. Part I:
Dynamic recrystallization. Mater. Sci. Eng. A 2011, 528, 5073-5080. [CrossRef]

Razali, M.K,; Joun, M.S. A new approach of predicting dynamic recrystallization using directly a flow stress model and its
application to medium Mn steel. . Mater. Res. Technol. 2021, 11, 1881-1894. [CrossRef]

Fang, B.; Ji, Z.; Liu, M.; Tian, G.; Jia, C.; Zeng, T.; Hu, B.; Chang, Y. Critical strain and models of dynamic recrystallization for
FGH96 superalloy during two-pass hot deformation. Mater. Sci. Eng. A 2014, 593, 8-15. [CrossRef]

Jiang, H.; Yang, L.; Dong, J.; Zhang, M.; Yao, Z. The recrystallization model and microstructure prediction of alloy 690 during hot
deformation. Mater. Des. 2016, 104, 162-173. [CrossRef]

Giorjao, R.A.R.;; Monlevade, E.F; Avila, J.A.; Tschiptschin, A.P. Numerical modeling of flow stress and grain evolution of an
Mg AZ31B alloy based on hot compression tests. J. Braz. Soc. Mech. Sci. Eng. 2019, 42, 1-11. [CrossRef]

Ji, H,; Cai, Z.; Pei, W.; Huang, X.; Lu, Y. DRX behavior and microstructure evolution of 33Cr23Ni8Mn3N: Experiment and finite
element simulation. J. Mater. Res. Technol. 2020, 9, 4340-4355. [CrossRef]

Wang, Q.B.; Zhang, S.Z.; Zhang, C.J.; Zhang, W.G.; Yang, J.R.; Duo, D.; Zhu, D.D. The influence of the dynamic softening
mechanism of « phase and y phase on remnant lamellae during hot deformation. J. Alloys Compd. 2021, 872, 159514. [CrossRef]
Zener, C.; Hollomon, J.H. Effect of strain rate upon plastic flow of steel. J. Appl. Phys. 1994, 1, 22-26. [CrossRef]

Poliak, E.I; Jonas, ].J. A one-parameter approach to determining the critical conditions for the initiation of dynamic recrystalliza-
tion. Acta Mater. 1996, 44, 127-136. [CrossRef]

He, Y.-Y;; Bai, S.-W.; Fang, G. Coupled CA-FE simulation for dynamic recrystallization of magnesium alloy during hot extrusion.
J. Magnes. Alloy. 2022, 10, 769-785. [CrossRef]

Luo, R;; Cao, Y.; Bian, H.; Chen, L.; Peng, C.-T.; Cao, F; Ouyang, L.; Qiu, Y.; Xu, Y.; Chiba, A.; et al. Hot workability and dynamic
recrystallization behavior of a spray formed 7055 aluminum alloy. Mater. Charact. 2021, 178, 111203. [CrossRef]

Takaki, T.; Yoshimoto, C.; Yamanaka, A.; Tomita, Y. Multiscale modeling of hot-working with dynamic recrystallization by
coupling microstructure evolution and macroscopic mechanical behavior. Int. J. Plast. 2014, 52, 105-116. [CrossRef]


http://doi.org/10.1016/S0921-5093(03)00104-7
http://doi.org/10.1016/S0921-5093(01)00917-0
http://doi.org/10.4028/www.scientific.net/AMR.145.590
http://doi.org/10.1016/j.jallcom.2016.02.033
http://doi.org/10.1007/s11665-016-2200-7
http://doi.org/10.1016/j.msea.2011.03.008
http://doi.org/10.1016/j.jmrt.2021.02.026
http://doi.org/10.1016/j.msea.2013.11.016
http://doi.org/10.1016/j.matdes.2016.05.033
http://doi.org/10.1007/s40430-019-2146-4
http://doi.org/10.1016/j.jmrt.2020.02.059
http://doi.org/10.1016/j.jallcom.2021.159514
http://doi.org/10.1063/1.1707363
http://doi.org/10.1016/1359-6454(95)00146-7
http://doi.org/10.1016/j.jma.2020.08.023
http://doi.org/10.1016/j.matchar.2021.111203
http://doi.org/10.1016/j.ijplas.2013.09.001

	Introduction 
	Experiment Method 
	Results and Analysis 
	Flow Stress Curve of Cr8 Alloy Steel 
	Establishment of Recrystallization Model of Cr8 Alloy Steel 
	Identification Parameters of Critical Strain Model 
	Determination of Dynamic Recrystallization Model Parameters 
	Determination of Parameters for Grain Size Model 

	Analysis of Microscopic Evolution Based on Finite Element 

	Conclusions 
	References

