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The hot-deformation behavior of the as-cast Mnl18Crl8N high-nitrogen austenitic stainless steel, produced with the
electroslag-remelting metallurgical technology, was studied using isothermal-compression tests in a temperature range of
1223-1473 K) and a strain-rate range of 0.001—1 s™). The flow-stress curves of the Mn18Cr18N steel were obtained under dif-
ferent hot-deformation conditions. By establishing the hyperbolic sine-law Zener-Hollomon equation, the hot-deformation acti-
vation energy of the Mn18Cr18N steel was obtained. Based on the mechanism of dislocation evolution, a physically-based con-
stitutive model was established. In addition, the expression of the dynamic-recovery coefficient of the model was modified.
Compared with the model before the modification, the modified constitutive model could effectively improve the prediction ac-
curacy of the flow stress for the as-cast Mn18Cr18N austenitic stainless steel.
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Avtorji v ¢lanku opisujejo Studijo vroce deformacije litega Mn18Cr18N nerjavnega jekla z visoko vsebnostjo dusika. Jeklo je
bilo izdelano s postopkom elektro-pretaljevanja pod Zlindro. Preizkuse so izva1ja1i s tlatno deformacijo v temperaturnem
obmocju med 1223 K in 1473 K ter pri hitrostih deformacije med 0,001 s in 1 s7'. Izdelali so krivulje teCenja izbranega jekla
pri razli¢nih pogojih vroce deformacije. Po potrditvi sinus-hiperboli¢nega zakona Zener—Hollomon enacbe, so dolocili Se
aktivacijsko energijo za vroco deformacijo jekla Mn18CrI18N. Na osnovi mehanizma razvoja dislokacij so izdelali fizikalni
konstitucijski model. Dodatno so modificirali izraz za koeficient poprave v modelu. Primerjava modelov, brez in z modifikacijo,
je pokazala, da modificirani konstitutivni model lahko ucinkoviteje izboljsa natanc¢nost napovedi poteka krivulj teCenja
izbranega litega avstenitnega jekla vrste Mn18Cr18N.

Kljucne besede: lito avstenitno jeklo Mn18Cr18N, deformacijsko utrjevanje, dinami¢na poprava, dinamicna rekristalizacija,
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konstitutivni model

1 INTRODUCTION

The development of the ultra-supercritical-unit manu-
facturing technology is an important way of realizing en-
ergy conservation and emission reduction while develop-
ing the basic industry. The Mn18Cr18N stainless steel is
used in the generator ring, which is one of the important
basic parts of an ultra-supercritical unit due to its excel-
lent corrosion resistance, ductility and toughness.'-* The
forming of a generator ring usually includes ingot
cogging, punching and bulging. In the forging process,
the processing is various and the process is complex.
However, there are a few researches on the plastic-defor-
mation behavior of the as-cast Mn18Cr18N austenitic
stainless steel using the electroslag-remelting (ESR) pro-
cess at an elevated temperature. The rheological behavior
of a metal at an elevated temperature is closely related to
the strain, strain rate and deformation temperature.*
Based on the coupling of work hardening and dynamic

*Corresponding author's e-mail:
chen_huiqin@126.com (Huigin Chen)
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softening during deformation, flow-stress curves tend to
exhibit a highly nonlinear law.> Therefore, a study of the
thermal-deformation behavior of the as-cast ESR
Mn18Crl8N at an elevated temperature and establish-
ment of a high-precision nonlinear constitutive model are
important for the optimization of the production pro-
cesses and quality improvement of the generator ring.

A lot of research on the hot-deformation behavior of
metals has done by many scholars. J. H. Hollomon® pro-
posed a flow-stress model, which took into account that
the flow stress was an exponential function of strain. C.
M. Sellars et al.”® proposed a hyperbolic-sine mathemati-
cal model to characterize the flow stress of a metal. B. S.
Yu et al.’ systematically studied the stress-strain curves
of a shape-memory alloy (SMA), using a neural-network
algorithm with back-propagation training to establish a
nonlinear model based on the experimental results for
the SMA. L. Li et al.'? analyzed the hot-deformation dy-
namics and flow stability of a TC17 alloy, and a strain-
compensated constitutive model of the TC17 alloy was
established.!® A modified steel J-C model for 10%Cr was
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Table 1: Chemical composition of the as-cast Mn18Cr18N austenitic stainless steel (w/%)

Cr Mn N Ni Mo Cu

Si Al C Ti P S

20 19.21 0.61 0.14 0.022 0.035

0.59 0.023 0.074 0.016 0.014 0.001

developed by J. L. He et al.'' on the basis of the tradi-
tional J-C constitutive model. This modified model not
only considered the coupling effects of the strain, strain
rate and temperature, but also introduced work hardening
and dynamic softening into the entire deformation to im-
prove the accuracy of the traditional J-C constitutive
model. Based on the stress-dislocation relationship and
dynamic recrystallization dynamics, a two-stage consti-
tutive model was established to predict the flow stress of
nickel-based superalloys by Y .C. Lin et al.'?> G. Z.
Voyiadjis et al.'3 developed a physically-based constitu-
tive model to describe the high-temperature deformation
behavior of face-centered cubic metals. The expression
of the flow stress was used to simulate the experimental
results of oxygen-free high-conductivity copper at differ-
ent temperatures and strain rates. F. Chen et al.'* using
isothermal-compression tests obtained the flow-stress
curves of the as-cast CL70 steel. To forecast the flow
stress for forging, a constitutive model based on the dis-
location-density evolution was established.

Constitutive models have been studied for over a
hundred years and researchers have constructed various
constitutive models using different methods. Among
these models, the physically-based constitutive model
based on the dislocation-evolution mechanism is one of
the most accurate constitutive models. In view of the fact
that the studies on the constitutive model of the as-cast
Mnl18Crl18N steel produced with electroslag remelting
are relatively rare at present, this paper obtained the
flow-stress curves of the as-cast Mn18Cr18N steel based
on isothermal-compression test, established a physi-
cally-based constitutive model and modified the model
to improve its accuracy. This provides a reference for the
optimization of the cogging process for the as-cast
Mn18Cr18N.
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2 EXPERIMENTAL PART

The experimental material used in this paper is the
as-cast Mn18Cr18N austenitic stainless steel received as
an ingot cast with electroslag remelting. Its specific
chemical composition is shown in Table 1. An isother-
mal-compression test was used to investigate the ele-
vated-temperature deformation behavior of the steel. The
experiment was carried out on a Thermecmastor-Z ther-
mal mechanical simulator.

A standard sample for a compression test is a
(P8%x12) mm cylinder. And the specimen should be
heated to 1473 K and kept warm for 120 s. Then, it
should be cooled to the deformation temperature and
kept warm for 60 s. The deformation was 50 %. The de-
formation temperature was 1223-1473 K and the strain
rate was 0.001-1 s~'. Finally, the hot-deformation sample
was cooled to room temperature with liquid nitrogen at a
cooling rate of 50 K/s.

3 RESULTS AND DISCUSSION
3.1 Characteristics of the flow stress

Figure 1 shows the flow-stress curves of the as-cast
Mn18Cr18N steel. As shown, the Mn18Cr18N steel has
two types of stress-strain curves, representing work hard-
ening/dynamic recovery and dynamic recrystallization.

A work hardening/dynamic recovery curve is ex-
pressed in two different stages with an increase in the
strain at a high temperature. In the first stage, the flow
stress increases with the increase in the strain, while the
growth rate decreases gradually. This is because the in-
crease of dislocations caused by work hardening (WH) is
greater than the loss of dislocations caused by dynamic
recovery (DRV), resulting in an increased stress. In the
second stage, the flow stress is in a relatively stable state.
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Figure 1: Flow-stress curves of the as-cast Mn18Cr18N steel: a) the strain rate of 1 s!, b) the strain rate of 0.1 s™!
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At this point, the dislocation increment caused by WH is
equivalent to the dislocation disappearance caused by
DRY, and the stress does not increase any more.

The dynamic-recrystallization (DRX) curve is di-
vided into three stages. At the beginning, WH is domi-
nant and the flow stress increases to the critical stress of
DRX. Then, the flow stress reaches the peak and begins
to fall until the curve stabilizes, as DRV and DRX play a
significant softening role in this phase. However, the
hardening effect is still greater than the softening effect.
In the third stage, as the DRX softening increases, the
flow stress decreases. Finally, due to the same degree of
hardening and softening, the dislocation annihilation rate
is equal to the dislocation proliferation rate, and the
flow-stress curve tends to be stable.

3.2 Arrhenius model

Based on the thermal-mechanical coupling, C. M.
Sellars and W. J. Tegart proposed the following mod
els:"8

A[sinh(a0)]" exp(—Q)
Ac" (ao <08)

. RT
E=
A" exp(fo)(ao >1.2)

(1)

n In[sinh(ao) |+ In a-<

Iné = RT 2)
n'Ino+InA'
po+n A

According to the isothermal-compression experi-
ment, the peak stresses of the Mnl8Crl18N austenitic
stainless steel can be obtained from the stress-strain
curves under different deformation conditions. The rela-
tional graphs for In ¢ and In 0,, 0, are established, as
shown in Figures 2a and 2b. The slopes can be deter-
mined with linear fitting. So, n’=9.136, 8 = 0.0845 and
coefficient @ = f/n’ = 0.00925. Based on Equation (2),
the relational graphs between In[sinh(cto,)] and In ¢,
1000/7, are established, as shown in Figures 2¢ and 2d.
Using the same method, it can be found that n = 6.768,
Q/1000nR = 12.637 and A = 7.067 x 10%. Finally, the
activation energy of hot deformation of the as-cast
Mn18Cr18N steel was obtained, Q = 711073.274 J/mol.

To make it easier to characterize the effects of the
strain, strain rate and deformation temperature on the
flow stress, Zener and Hollomon introduced the
Zener-Hollomon parameter, represented by letter Z.1
The expression of parameter Z is shown in Equation (3):

Then, Equation (2) can be obtained with a logarith- 7 =¢ex Qo 3)
mic transformation of Equation (1): RT
5.6
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Figure 2: Relationship between o, and &, T: a) In 6, — In &, b) 0, — In &, ¢) In[sinh(aop)] - In &, d) In[sinh(aay)] - 1000/T
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According to the above calculation results, parameter
Z can be expressed as follows:

. 711073.274
Z=cexpl — |=
P( RT J @)

=7.067x10% [sinh(0.009250 , )] "™

Equation (4) can be rewritten to calculate the peak
stress:

o, =410811sinh ™' (000152Z*""*) (5)

3.3 Work hardening/dynamic recovery modelling

According to WH and DRYV, the evolution of the dis-
location density with strain can be expressed as:'®

% =k\p—k.p (6)
where dp/de is the increasing rate of the dislocation den-
sity with strain, p is the dislocation density, ki is the
work-hardening coefficient and k is the dynamic-recov-
ery coefficient. During the hot-deformation process, the
evolution law for the flow stress of the material with the
dislocation density is expressed as:!7:18

0 .. =auby/p (7

where « is the material constant, u is the shear modu-
lus and b is the Burgers vector.

By taking a derivative of Equation (7) with respect to
p, Equation (8) can be obtained:

do aub
rec — ll/t (8)

o 2Jp

Synthesizing Equations (6) and (8), the work-harden-
ing rate 6 can be expressed with the following formula:

do . do do.
- de :dis. dp - 9)
_aubk, —aubk,\lp _aubk, —k,o
2 2
When 6 = 0, 0 is shown as:
sat :Wzﬂ (10)

2

where 0y, is the saturated stress. Based on Equation
(9), de is readily expressed with the equivalent transfor-
mation as:

d 2d
d€ — 9 rec o rec

9 _alubkl _kzarec

€8Y)

Integrating Equation (11), Equation (12) is obtained:

£=— ki In(aubk, —k,o (12)

2

)+C,

rec

Then, Equation (12) can be written as:
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k
aubk, —k,o . =C, exp(—zzs)

= 0 and o = 0y, Equation (13) is written as:

(13)

For

C,=aubk, —k,o (14)

where 0y is the yield stress.
Synthesizing Equations (13) and (14), the flow stress
is written as Equation (15):

k
aubk, —(aubk, —k,0 ) exl{—; 8]

9 rec = =
k2

k
= Osal _(Gsal _OO) exp[_geJ

And yield stress 0y can be written as a function of
peak stress. Using linear fitting, the yield stress can be
expressed as Equation (16):

15)

0, =068l0, +14636 (16)

In addition, dynamic-recovery coefficient k, can be
obtained with Equation (15). According to Figure 3, co-
efficient k, can be expressed as:

k, =228.0238Z " (17)

Besides, the saturated stress can be expressed as a
function of peak stress. Using linear fitting, the saturated
stress can be expressed with Equation (18):

0, =0.9980, +2823 (18)

In short, the constitutive model for the as-cast
Mn18Cr18N during the work hardening/dynamic recov-
ery stage can be written as:

Materiali in tehnologije / Materials and technology 55 (2021) 2, 243-251
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(0, =0, (0, —0,)exp(—k,e/2)
0., =09980, +2.823

0, =068l0, +14.636

k, =228.0238Z 0+

7 = & exp(711073.274/RT)

o, =10811sinh ' (0.000152Z*'")

(19)

3.4 Dynamic-recrystallization modelling

When plastic deformation occurs at a higher tempera-
ture or lower strain rate, DRX starts when the strain
reaches a certain threshold. The volume-fraction model
of DRX can be described with the following formula:!'*2

X, =1-exp —k{e_s“ ]
€y

where kg4, nq are the material constants. And the volume
fraction of DRX can also be calculated as Equation
21):

(20)

x, = e @1)
o . —0

sat ss

Combining Equations (20) and (21), the flow stress

can be written as:
—k{e_ec} } e2e.) (22)
Sp

The steady-state stress can also be expressed as a
function of peak stress. Using linear fitting, the
steady-state stress can be expressed with Equation (23):

o, =10060, ~14.720 (23)

The peak stress is an important characteristic point of
the flow-stress curve, which indicates that the increment
and decrease of dislocations in the metal are equal for
the first time, after which the stress begins to decrease.

0=0y, (0, —0 Kl —exp

sat ss

0.0
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50 55 60 65 70 75
InZ

Figure 4: Relationship between In ¢, and In Z
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The strain corresponding to the peak stress is the peak
strain, which can be expressed with the following for-
mula:

g, =C,Z" (24)

After the transformation, Equation (24) is expressed
as:

Ine, =InC; +k, InZ (25)

Figure 4 shows the relationship between In €, and In
Z. Using linear fitting, it can be found that k3 = 0.10705
and C; = 1.11x10*. Then, Equation (24) is rewritten as:

e, =111x107 217" (26)

One of the important parameters of a metal constitu-
tive model is the critical strain, which represents the
starting point of dynamic recrystallization. It is generally
assumed that the critical strain &. = 0.6-0.85. Since this
parameter is difficult to obtain accurately, based on the
previous research results, it is determined that &, = 0.8.2°
Then it can be written as Equation (27):

e, =108¢, 27)

After the transformation, Equation (20) is expressed
as:

In[-In(1-X,)]=Ink, +n, 1-{8_80 ) (28)
&

p

Figure 5 shows the relationship between In[-In(1-Xg)]
and In[(e-e.)/e,]. Using linear fitting, coefficients kq and
ng are 0.02324 and 2.343, respectively.

According to the above calculation results, the vol-
ume-fraction model of DRX can be expressed as:

2.343
e—08¢,
X, =l-exp|| —
€

P

(29)

In conclusion, the dynamic-recrystallization constitu-
tive model for the as-cast Mn18Cr18N steel can be writ-
ten as:
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Figure 6: Comparison between the experimental and predicted flow stress at different strains for strain rates of a) 1 s7', b) 0.1 57!, ¢) 0.01 s/,

d) 0.001 s7!

Jrec = arec _(Gsal
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—a ] 1-exp —0.02324(8_8°J e>e.)

&,

e =0 =(0 =0 )exp(=kye/2)
0. = 09980, +2823

o, = 10060, - 14720

0, = 06810, +14.636

o, =108.11sinh~'(0.0001522" ™)
k, =228,02387 4

Z = exp(711073.274/RT)

e, = L11x107 210

le. = 088 x107 21"

sat

(30)

3.5 Model validation

According to the calculation above, the constitutive
model of the as-cast Mn18Cr18N steel was obtained. In
this paper, the mean absolute relative error (AARE) and
root mean square error (RMSE) of the constitutive model
were calculated based on Equations (31) and (32) to ob-
tain the reliability and accuracy of the model:

248

n g —0
AARE:lzﬁxlOO% 31)
n - Oe
RMSE = /12(05 -0,)’ (32)
n iz

where o. is the measured flow stress, op is the flow
stress predicted by the constitutive model and » is the
total number of data sets, used to verify the model.

Figure 6 shows graphs of comparisons of the consti-
tutive model and experiments. The results show that the
AARE is 14.9 % and the RMSE is 21.1 MPa.

3.6 Model modification

This physically-based constitutive model includes the
values of flow stress for a higher accuracy of prediction.
However, in the process of establishing the model, dy-
namic-recovery coefficient k, depends on the Z parame-
ter, which is related to the deformation temperature and
strain rate. When ignoring the effect of strain on dy-
namic-response coefficient k», it is easy to create a model
at the starting point of the deformation-rheological
stress, which increases the error of the predicted value.
In order to improve the accuracy of the model, the effect

Materiali in tehnologije / Materials and technology 55 (2021) 2, 243-251
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of strain on dynamic-recovery coefficient k, is added to
the model to modify it.

Figure 7 shows the relationship between dynamic-re-
covery coefficient k, and strain when the strain rate is
1 s7!. In accordance with the curve morphology in the

figure, k, can be modified as follows:
k, =ax10” +¢ (33)

where a, b and ¢ are the model coefficients.
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The relationship between dynamic-recovery coeffi-
cient k, and strain can be fitted using the custom nonlin-
ear function in the Origin software to obtain the model
coefficients under different conditions. In accordance
with the characteristics of the function from Equation
(33) and through nonlinear fitting, coefficient b can be
—6 and the value of coefficient ¢ can be taken as the dy-
namic-recovery coefficient before the modification,
namely ¢ = 228.0238 Z-004%_ Besides, the relationship
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Figure 9: Comparison between the experimental and predicted flow stress at different strains for strain rates of: a) 1 s}, b) 0.1 s7!, ¢) 0.01 57!,
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between coefficient @ and In Z is shown in Figure 8.
Using linear fitting, it can be obtained that:

a=-890InZ +61582 (34)

In conclusion, the modified constitutive model for the
as-cast Mn18Cr18N is:
(e<e,)
og=0,(e2¢,)

(oc=0

rec

2.343
e—g,

o, =0 —(0

drx rec

w — O Wl —exp| —0.02324
SP

0. =0, —(0,—0,)exp(—ke/2)

0, =0.9980, +2.823

o, =1.0060, —14.720

0,=0.6810, +14.636

o, =10811 sinh™'(0.000152Z°47%)

k, =(-890InZ + 61582) X107 + 228.02387 7004
Z = eexp(711073.274/RT)

g, =111x107* 2"

e, = 0881077217

(35)

Figure 9 shows graphs of comparisons between the
modified constitutive model and experiments. The results
show that the AARE is 10.2 % and the RMSE is 10.8
MPa. They show that the modified constitutive model
can further reduce the error and improve the accuracy.

4 CONCLUSIONS

In this study, the thermal deformation behavior of the
as-cast Mn18Crl18N steel was studied based on an iso-
thermal-compression test involving deformation temper-
atures in a range of 1223-1473 K and strain rates in a
range of 0.001-0.1 s7'. Besides, a constitutive model for
the steel at elevated temperatures was established. Based
on these studies, the following conclusions were ob-
tained:

1) The flow-stress curves of the as-cast Mn18Cr18N
steel are of two types. One is the work hardening/dy-
namic recovery type and the other is the dy-
namic-recrystallization type. The dominant softening
mechanisms of these two types of curves are dynamic re-
covery and dynamic recrystallization, respectively.

2) In accordance with the Arrhenius equation, the ac-
tivation energy of the as-cast Mnl18Crl18N steel is ob-
tained and its value is 711073.274 J/mol.

3) Based on the traditional physically-based constitu-
tive model, the dynamic-recovery coefficient of the
model is revised and the influence of strain on the coeffi-
cient is considered in the modified model. Compared
with the model before the modification, the prediction
accuracy of the modified model is greatly improved. The
AARE and RMSE are 10.2 % and 10.8 MPa, respec-
tively.
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