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Abstract: Using a Gleeble 3500 thermomechanical simulation testing machine, the hot deformation characteristics of 23Cr-8Ni steel
were investigated under the conditions of 1000—1250 °C and 0.001—10 s™'. Furthermore, the microstructure of the characterization
region was analyzed to investigate the recrystallization behavior of 23Cr-8Ni steel. Results show that as the strain rate decreases and
the deformation temperature increases, the flow stress decreases. Because the softening phenomenon occurs after the peak stress, the

flow stress decreases. The stress index (n) is 4.28, and the thermal deformation activation energy (Q) is 588 878 J/mol. Processing

map is established, and an optimal thermal processing range of 0.001-0.1 s and 1000—1200 °C is achieved, therefore greatly

promoting the yield rate.
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1 Introduction

Because of its superior mechanical qualities, strong
corrosion resistance, and reasonable cost, high-nitrogen (N)
austenitic stainless steel, which is prepared by partially or
completely substituting N for nickel (Ni), has been used
extensively in various fields, such as manufacturing,
biomedical engineering, and ocean engineering!. N also has
numerous positive effects on austenitic stainless steels. By
preventing the J -ferrite growth at high temperatures during
deformation, austenite can be stabilized. In addition to other
alloying elements, N not only enhances the yield strength of
austenite, but also improves the resistance against corrosion,
stress corrosion, and creep™. 23Cr-8Ni steel is a novel type of
high-strength, high-N austenitic stainless steel, and its yield
strength is greater than 600 MPa. 23Cr-8Ni steel is
nonmagnetic, so it can be used in nonmagnetic machinery.

The hot processing map of metal materials has been widely
researched. Fu et al” established a hot processing map,
analyzed the work hardening mechanism of 0Cr11Ni2MoVNb
stainless steel, and then proposed the optimal temperature and
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strain rate ranges for hot ring rolling. Wu et al investigated
the intrinsic connection between the flow stress and
deformation behavior of Gh4065A nickel-based superalloy.
Two instability domains were divided. In addition, the
instability mechanism of these two domains was discussed. Lu
et al™ analyzed the high temperature deformation behavior of
TCI1 with coarse lamellar starting microstructure. The
deformation mechanisms of the alloy processed according to
the optimized hot compression process windows were
identified as spheroidizing and dynamic recrystallizing
controlled by the self-diffusion mechanism. Liu et al®
evaluated the deformation characteristics of as-cast S31254
super-austenitic stainless steel by isothermal compression
testing, and the safe deformation domain was identified from
the processing map. Meanwhile, three unstable regions should
be avoided in hot processing. Flow stress during the hot
deformation process and processing map for 316LN steel
were investigated”. Both the constitutive equation and
processing map for 316LN steel were obtained, and the
optimal hot-working condition for 316LN was confirmed.
Guan et al® studied the hot deformation behavior of as-cast
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CoNi-based superalloy and reported that the predominant
recrystallization mechanism during hot working was
discontinuous dynamic recrystallization (DRX), which was
related to strain-induced grain boundary migration. Mean-
while, subgrains formed around MC carbides and shear bands,
which contributed to DRX. Furthermore, fine y’ precipitates
slowed down the recrystallization process. The true stress-true
strain curves of GH901 superalloy under various deformation
conditions were obtained via thermal compression experi-
ments. Processing maps were established for the GH901
superalloy using the strain compensation and strain of 0.3.
These results demonstrated a relationship among the true
strains, temperatures, strain rates, and deformation behavior of
the GH901 superalloy™. Superalloys have a well-documented

1181 However,

processing map and hot deformation behavior!
the thermomechanical processing and high-N austenitic
stainless steel processing maps are rarely reported.

23Cr-8Ni steel is still being developed. Although there
are many alloying eclements, their effect on the hot
workability is normally inferior. During forging and rolling
procedures, there are usually several problems, such as
surface cracking and coarse grains, and the yield rate is
only about 50%. The setting of the hot working process is
usually based on experience instead of a theoretical basis.
Additionally, the hot working process has rarely been
developed, which harms ultrasonic inspection and further
processing!'”,

Temperature 7 and strain rate ¢ can be optimized using a
dynamic material mode (DMM)-based processing map. It also
provides useful information and theoretical support for plastic
processing procedures. A multitude of constitutive models
based on metal materials have been developed in recent years
to describe the high-temperature deformation properties of
alloys, including Arrhenius model, Johnson-Cook (J-C)
model, and Zerelli-Armstrong (Z-A) model.

In this research, the thermomechanical process parameters
were investigated for the production of flawless hot-worked
goods. The effects of temperature and strain rate on the
deformation characteristics of 23Cr-8Ni steel were analyzed
to obtain the deformation processing maps, and the con-
stitutive equation of 23Cr-8Ni steel was achieved. Further-
more, the microstructures were examined to validate the
deformation mechanism.

2 Experiment

To melt the 23Cr-8Ni steel, industrial pure primary
materials, such as chromium, nickel plates, and molybdenum
bars, were used in an intermediate-frequency furnace for
electroslag remelting. Table 1 displays the chemical
composition of 23Cr-8Ni steel.

By applying a Gleeble 3500 thermomechanical simulation

Table 1 Chemical composition of 23Cr-8Ni steel (wt%)

Cr Ni Mn Mo N C Fe
23.0 12.1 10.2 32 0.7 0.02 50.6

testing machine, high-temperature deformation experiments
were performed at 1000—1250 °C with uniform strain rates of
107~ 10 s”'. The dimension of the cylindrical deformation
sample was @10 mmx15 mm, and the sheets of tantalum and
graphite were positioned between the ends of the sample and
the anvil along with the Ni lubricant. Adequate lubricant was
provided during each experiment to minimize friction and
prevent the sample and anvil from bonding together at high
temperatures™ ',

To achieve a consistent temperature distribution over the
sample, all samples were heated at heating rate of 10°/s to the
test temperature and held for 5 min. After the samples were
deformed to 50% reduction in height, they were quenched for
microstructure observation. Fig. 1 depicts the hot deformation
(compression) test process for 23Cr-8Ni steel, and Fig. 2
shows the appearances of the sample before and after
compression deformation.

Microstructure observation of the deformed samples was
performed on cross-sections that were cut parallel to the
compression axis. The microstructure of the cross-sections
was observed by OLYMPUS GX71 metallographic
microscope after erosion by aqua regia. FEI Scios2 compact
field emission scanning electron microscope coupled with
electron backscatter diffraction (EBSD) detector was used at
operating voltage of 20 kV with scanning step of 0.3 um.

Fig. 3 shows the initial metallographic structure of the
23Cr-8Ni steel before deformation. The matrix is composed
of only one phase of austenite structure with some twinning
structures.
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Fig.1 Schematic diagram of hot deformation process

Fig.2 Appearances of sample before (a) and after (b) compression

deformation
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Fig.3 Initial metallographic structures of 23Cr-8Ni steel

3 Results and Discussion

3.1 True stress-true strain analysis

Fig.4 displays the flow behavior of 23Cr-8Ni steel. Every
true stress-true strain curve has a peak stress. Based on the
position of peak stress occurrence, the true stress-true strain
curve can be divided into two phases. The work hardening
caused by tangles and dislocation reproduction causes the
rapid increase in flow stress during the first stage of
deformation. The dynamic recovery (DRV) softening effect is
not obvious. The softening effect is strengthened when the
deformation degree increases, leading to DRX at a critical
strain. The peak stress appears when the work hardening and
dynamic softening reach an equilibrium state. Because of the
decreasing dislocation density and DRX degree in the second
stage, the flow stress decreases as the strain increases. This is
because work hardening is subordinated to the softening
effect, which encompasses both DRV and DRX. True stress-
true strain curves usually have DRX features with a prominent

peak stress due to the balance state between dynamic
softening and work hardening. The flow stress is increased
with the decrease in temperature and the increase in strain rate.
3.2 Effect of deformation temperature on microstructure

Fig.5a and 5b display the microstructures of 23Cr-8Ni steel
at strain rate of 0.1 s™' and deformation temperatures of 1000
and 1250 °C, respectively. When the deformation temperature
is 1000 °C, the microstructures are composed of tiny DRX
grains with size ranging from 1 um to 5 pym. Some deformed
grains have not undergone recrystallization. When the
deformation temperature reaches 1250 °C, the grains develop
dramatically as a result of the temperature increase, and the
majority of the grains become coarse with the size of
approximately 50 um. This phenomenon demonstrates that the
deformation temperature has a major effect on both the grain
size and DRX during the deformation process.

3.3 Effect of strain rate on microstructure

The microstructures of the 23Cr-8Ni steel at deformation
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Fig.5 Microstructures of 23Cr-8Ni steel at strain rate of 0.1 s and deformation temperature of 1000 °C (a) and 1250 °C (b)

temperature of 1100 °C and different strain rates are shown in
Fig.6. As shown in Fig.6a, there are large deformed grains and
small equiaxed grains. The small equiaxed grains should be
considered as recrystallized grains. The metal atoms can fully
diffuse, which encourages the nucleation and complete
development of DRX due to the strain rate of 0.001 s™', which
indicates the sufficient deformation time of approximately
15.3 min. It is almost impossible to obtain homogenous and
completely recrystallized grains at strain rate of 10 s™' due to
the too short deformation time (0.09 s). The elongated
distorted grains still exist, as shown in Fig.6b, and almost no
recrystallized grains can be observed.

3.4 Constitutive analysis

The common model for assessing and forecasting
deformation flow behavior is the Arrhenius model™ . To
further clarify the connection between predicted flow stress
and experiment results of thermal compression, the
relationship between T and ¢ is described by the Arrhenius
model, and the constitutive equations of ¢ are represented by

Eq.(1-3)™, as follows:

8'=Ala”‘exp( *%) (D
8'=A2exp(,80)exp( —%) 2)
é=A[sinh(a0p):|nexp( —%) 3)

where n and n, are referred to as the stress exponents; A4,
and A, are material characteristics associated with the
strain rate-sensitive parameter; R is the gas constant; Q is
thermal deformation activation energy; o is flow stress; g, is
peak stress; 4, a, and S are model parameters. According to
Ref. [26—28], several variables are defined, as expressed by
Eq.(4-8):

a=pIn, “4)
Z=¢ exp( - %) ®)
Iné = 1In4, +nllna—% (6)
Iné = Ind, + fo - % @)
Iné = Ind + nln[sinh(aap)] - % ®)

The constitutive model was established using the peak
stress data under various deformation conditions, as listed in
Table 2.

In the analysis, Ino, is used as the X axis, and Iné is used as
the Y axis, as depicted in Fig.7a. Similarly, o, is utilized as the
X axis, and In¢ is used as the Y axis, as shown in Fig. 7b.
Subsequently, to determine the slope of fitting lines at
different deformation temperatures, linear regression is used
for analysis. The average values of n, and f are 6.1662 and
0.048 MPa™', respectively. Using these values, the parameter «

Fig.6 Microstructures of 23Cr-8Ni steel at deformation temperature of 1100 °C and strain rate of 0.001 s (a) and 10 s™' (b)
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Table 2 Peak stress under different deformation temperatures

and strain rates (MPa)

Deformation temperature/°C

Strain rate/s™'

1000 1050 1100 1150 1200 1250

10 360.0 317.0 268.0 230.0 180.0 140.0

1 312.0 262.0 175.0 137.0 128.0 96.0
0.1 265.0 201.0 137.0 87.0 94.0 66.5
0.01 178.0 121.0  99.0 66.0 52.0 41.0
0.001 112.0  78.0 540  40.0 26.5 23.0

is calculated as 0.0078 MPa™'. Fig.7c shows the fitting lines of
In[sinh(ag,)] -Iné, and the line slope is obtained by linear
regression. Consequently, the average value of n is 4.28.

By calculating the partial derivative of Eq. (3), the

activation energy Q may be expressed by Eq.(9), as follows:
dlné 8ln[sinh(aa)]
dln[sinh (a0 ) | . a(uT)

Fig. 7d shows that the relationship between In[sinh(ag,)]
and T7' is completely linear. Thus, the activation energy of
23Cr-8Ni steel is 588 878 J/mol.

Substitute the calculated parameter values into Eq.(8), and
the value of parameter A is obtained as ¢***. Based on Eq.(4),
the peak stress of 23Cr-8Ni steel can be obtained by Eq.(10),
as follows:

é = ¢**[sinh(0.00787, ) ]4'28 exp(

€

8.314T (10)

To confirm the accuracy of Eq.(10), the experiment data are
compared with the predicted peak stress under different

588878 )

conditions. As shown in Fig. 8, the difference is relatively
small between the predicted and experimental peak stresses,
and the maximum deviation is only 15 MPa, suggesting a high
accuracy of the constitutive equation.

3.5 Establishment of processing map

Eq.(11) can be used to determine the dissipation power (P)
based on DMM, as follows:

P=ci=G+J=[ odi+| édo (1)
0 0
with
o=K(&)" (12)
W _ide _ (o)
"T4G  60s  o(Iné) (13)
J:fogdo:m "o (14)

where G and J are portions of P; m is the strain rate
sensitivity; K is a constant. Therefore, the power dissipation
efficiency # is introduced to assess the power-dissipation
capacity and can be expressed by Eq.(15), as follows:
J 2m
n= =
J m+ 1

max

(15)

To further investigate the effect of strain rate on the plastic
formation, Chen et al®” proposed an instability zone of plastic
deformation in terms of the instability parameter & as
expressed by Eq.(16):

a(é)—aln("”zl)w

dlné

(16)

The processing area with £<0 is identified as the instability
domain, and the remaining portion is considered the safe
domain. The cubic polynomial of # is determined in relation

4 4
= 1000 °C a b
ol * 1050°C 7
4 1100°C
ol v 11s0°c ol
- * 1200°C
B2 « 1250°C ak = 1000 °C
= e 1050°C
-4F -4t 4 1100°C
v 1150°C
-6} -6 + 1200°C
. <o ; ova s < 1250°C
T30 35 40 45 50 55 60 0 50 100 150 200 250 300 350 400
In(o,/MPa) o,/MPa
2.0} °l o} o
= 10} =}
S g
< 00F ®1000 °C J:E or
7 et050°C | L 105
= [ atooec | = o 15!
-1.0F v1150 °C -1p A 015!
L #1200 °C v 0015
20 , . , , <1250 °C ) . . ,_* 0.001s"
8 -6 -4 -2 0 2 4 0.64 0.68 0.72 0.76 0.80
In(é/s™) T71/x10° K!

Fig.7 Linear fitting results between different variables: (a) Iné-Ing; (b) Iné-o,; (¢) In[sinh(ao,)]-Iné; (d) In[sinh(ao,)]-T -
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to Iné, as follows:

m ) s s
1n( o )—a+blng+c(lne) +d(Iné) (17)

Typically, a power dissipation map and an instability map
are coupled to form a hot processing map and then to illustrate
the flow instability restrictions and microstructure evolutions.
The shaded region indicates the dominance of flow instability.
As a result, a particular mechanism for lowering energy usage
can be found. Higher power dissipation efficiencies are
generally associated with improved workability unless they
encounter unreliable changes, such as unanticipated fracture.
Therefore, the goal of microstructure optimization can be
achieved by selecting the working parameters with the
maximum efficiency.

Fig. 9 displays the hot processing maps of 23Cr-8Ni steel
under different true strains. The safety zone is represented by
the white area, whereas the instability region is represented by
the gray area (£<0). As shown in Fig.9, there is an instability

region in the low-temperature and intermediate-strain rate area
(1000—1050 °C, 0.01—1 s™) when the true strain is 0.2. The
instability region expands dramatically when the true strain
increases to 0.7. The instability region changes from 1000—
1170 °C and 0.1-10 s to 1230-1250 °C and 5-10 s™. The
optimal forging parameters are in the zone with higher power
dissipation values away from the unstable area. The ideal
processing range for 23Cr-8Ni steel is 1000-1200 °C and 107
—107" s™" when the true strain is 0.7. The yield rate of 23Cr-8Ni
steel increases from 50% to over 85% when these processing
parameters are selected for production.
3.6 Microstructure evolution

It is widely acknowledged that there are several micro-
structure mechanisms for the domains crucial to the power
dissipation efficiency™ *'". A thorough discussion of each zone
of the produced processing maps is conducted to examine the
microstructure evolution. Take the hot processing map in
Fig.9f as an example. It can be seen that area B is an unstable
region with high temperatures; area A is an unstable region
with 7 value between 0.16 and 0.24; area C with # of 0.31—
0.48 is a safe area. The microstructures of these three areas are
characterized by EBSD, as displayed in Fig.10. Fig.10a shows
the microstructure under conditions of 1050 °C and 1 s It is
observed that a majority of grains are deformed, and small
equiaxed grains appear at the initial grain boundaries, which
indicates that recrystallization occurs. The proportion of DRX
can be calculated by the misorientation profiles. Fig. 10b
shows the distribution of recrystallization, where blue
represents the fully recrystallized area, yellow represents the
partially
unrecrystallized area. The volume fraction of unrecrystallized
area, fully recrystallized area, and partially recrystallized area
is 63.4%, 12.6%, and 23.7%, respectively. Fig.10c shows the
distribution of recrystallization under conditions of 1000 °C

recrystallized area, and red represents the
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Fig.10 EBSD analysis results of area A (a—c), area B (d—¢), and area C (f—g) in Fig.9f

and 1 s™'. Due to the temperature decrement of 50 °C, only
about 7.6% of the area undergoes complete recrystallization,
and the volume fraction of unrecrystallized area increases to
75.8%. Thus, the peak stress increases from 262 MPa to 312
MPa. Under the conditions of 1250 °C and 10 s™', almost all
regions undergo complete recrystallization (99.3%), the
microstructure consists of coarse equiaxed grains, and no
deformed grains can be observed, indicating that high
temperature causes nucleation and growth of grains again after
compression. Because 1250 °C is close to the melting point,
the bonding force between grain boundaries weakens, and the
elongation during the tensile test is almost zero. Therefore,
area B is also an unstable region. Other researchers have also
noted this phenomenon in various materials, including TC21
titanium alloy and 7075 aluminum alloy™ ",

As shown in Fig. 10f, the gains are coarse and elongated,
possibly due to sufficient compression time. The grains under-
go both deformation and recrystallization. Fig. 10g illustrates
that the recrystallization occurs in all regions. DRX plays an
important role in refining grains and improving micro-
structures during hot deformation. DRX is believed to be the

prevalent softening mechanism. The conditions of 1200 °C
and 0.001 s™' are typical hot working conditions in area C in
Fig. 9f, where # is greater than 0.46 and also the maximum
value in the hot processing map with true strain=0.7. High 7
indicates that the material can effectively convert external
energy into plastic deformation and has good plasticity and
certain hot processing

deformation under

[34-35]

capacity
conditions

4 Conclusions

1) The constitutive equation of 23Cr-8Ni steel is deter-

428
mined as & = e““‘[sinh(0.00780p)] exp( - 2838% )

2) The true stress-true strain curve shows obvious work
hardening and flow softening characteristics. The flow stress
is increased with the decrease in temperature and the increase
in strain rate.

3) The optimal thermomechanical processing parameters
are deformation temperatures of 1000—1200 °C and strain rate
0f 0.001-0.1 s™'. With the processing parameters, the yield rate
of 23Cr-8Ni steel is greatly improved.
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TARILIZHE

e KERED, WA @2l

(1. V& BAMAOA BLE T2 AT (R E AR ANSE A IR A 7 28 L ABF LA, WIFg W& FH 471000)

(2. VR 5 B P A T S =

IR H & 266100)

5 . FH Gleeble 3500 HHERIRIGHL, BT T 23Cr-8Ni 4H7E 1000~1250 CTHI0.001~10 s F&A4F P HIASTEAT . 204 T RAE X I8
OMLEE ], BETE T 23C-SNIUI AR 48 B AT . 5 SRR BB RO AR AV IR IO T, TSN S R8N . TN 2 )5
HIEBALBLS, ARSI/ B FREL (n) SN4.28, HAIEIEILEE (Q) 588 878 J/mol. MG T#H T ZH, FE T HAERI TIEH

740.001~0.1 s AT 1000~1200 Co KHAMAERMTILE, MRMHFR KK,
KA IBIAT A, L2E; 23Cr-8Nif;

Gleebel 3500

TEZ A skEM, B, 197744, Wit, mg% TR, & FEAAAT R 7 BT (b B AL A R A R B -E Z HWF T, WF & FH
471000, HiiF: 0379-67256402, E-mail: 2741724909@qq.com



