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Abstract Hot compression tests were carried out with specimens of 20Cr—24Ni—6Mo super-austenitic stainless steel at strain
rate from 0.01 to 10 s~ ' in the temperature range from 950 to 1150 °C, and flow behavior was analyzed. Microstructure
analysis indicated that dynamic recrystallization (DRX) behavior was more sensitive to the temperature than strain rate, and
full DRX was obtained when the specimen deformed at 1150 °C. When the temperature reduced to 1050 °C, full DRX was
completed at the highest strain rate 10 s~' rather than at the lowest strain rate 0.01 s~ because the adiabatic heating was
pronounced at higher strain rate. In addition, flow behavior reflected in flow curves was inconsistent with the actual
microstructural evolution during hot deformation, especially at higher strain rates and lower temperatures. Therefore, flow
curves were revised in consideration of the effects of adiabatic heating and friction during hot deformation. The results showed
that adiabatic heating became greater with the increase of strain level, strain rate and the decrease of temperature, while the
frictional effect cannot be neglected at high strain level. Moreover, based on the revised flow curves, strain-dependent
constitutive modeling was developed and verified by comparing the predicted data with the experimental data and the modified
data. The result suggested that the developed constitutive modeling can more adequately predict the flow behavior reflected by
corrected flow curves than that reflected by experimental flow curves, even though some difference existed at 950 °C and
0.01 s~'. The main reason was that plenty of precipitates generated at this deformation condition and affected the DRX
behavior and deformation behavior, eventually resulted in dramatic increase of deformation resistance.

KEY WORDS: Super-austenitic stainless steel; Hot compression; Adiabatic heating; Constitutive modeling;
Microstructure evolution

1 Introduction

20Cr-24Ni—6Mo super-austenitic stainless steel (SASS),
which possesses excellent corrosion and stress-corrosion
resistance and elevated-temperature strength than those of
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types 304L and 316L stainless steels, has been considered
as potential materials used for reactor core components
[1, 2]. However, because it contains high content of
alloying elements (> 50%), it possesses high deformation
resistance and poor thermal conductivity, which results in
severe difficulties in hot working. In particular, adiabatic
heating due to poor thermal conductivity during deforma-
tion can greatly alter the behavior of dynamic recovery
(DRV) and dynamic recrystallization (DRX), leading to
more difficult control of the hot working processes.
Therefore, precise understanding of microstructural
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evolution and flow behavior can be of significance for the
optimization of hot working processes.

So far, some investigations about deformation behavior
and the microstructure of this kind of alloy have been
carried out. Nemat-Nasser et al. [3] investigated the hot
deformation mechanisms of this alloy at temperatures from
77 to 1000 K over the strain rates from 0.001 to 8000 s~ .
They found that this alloy could display good ductility at
low temperatures and high strain rates; however, adiabatic
shear bands were developed when strains exceeded about
0.4 at high strain rates and at the temperature of 77 K. They
also found that its microstructure was more sensitive to the
changes of temperatures than strain rates. Under the same
experimental conditions, Abed and Voyiadjis [4] devel-
oped a plastic flow model for both isothermal and adiabatic
plastic deformation by using the concept of thermal acti-
vation energy along with the dislocation interactions. The
results showed that both thermal and a thermal flow
stresses were plastic strain dependent, the microstructural
evolution mainly altered by thermal history, and the
dynamic strain aging at certain temperatures was strain rate
dependent. Serrated flow behavior was investigated at
temperatures from 773 to 973 K at strain rates from
33 x 1072 to 3.3 x 107 s~'. The regime of dynamic
strain aging reflected by the serrated flow curves was dis-
cussed in detail, and the critical strains were determined
[5]. Most of works about deformation behavior and
microstructure of this alloy were focused on relatively low
temperatures (< 1000 K). Therefore, hot deformation
behavior and microstructure of this alloy at elevated tem-
peratures (> 1223 K) and different strain rates deserve to
be systematically studied.

In industrial manufacturing, hot working plays a crucial
role in controlling the shape, microstructure, and mechan-
ical properties, in which the material shows complex
metallurgical phenomena such as work hardening, flow
instability, DRV, and DRX [6]. The effects of these met-
allurgical phenomena are often reflected in the flow curves.
The flow stress is important not only for optimizing its final
microstructure and mechanical properties but also for
numerical simulation. However, the accuracy of the flow
curves obtained from the hot compression tests is degraded
by the deformation heating due to poor thermal conduc-
tivity and the friction between the specimens and dies [7].
During hot deformation, a significant proportion of the
plastic work is converted into heat when the specimen is
subjected to large plastic deformation [8]. When the
deformation heat cannot be dissipated into the surrounding
environment timely, the deformation temperature in the
specimen would increase, which is called adiabatic heating,
and result in flow softening of the material. In particular,
adiabatic heating is significant for the studied alloy due to
its poor thermal conductivity. In this case, the hot
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deformation is under non-isothermal condition, and the
obtained flow stress is lower than the actual flow stress for
the desired test temperature under isothermal condition [9].
However, the parameters used to establish the constitutive
equation were obtained from the experimental flow curves.
This would lead to some errors in the determination of
constitutive equations to predict the flow behavior under
isothermal condition. Hence, the adiabatic heating correc-
tion of the flow stress is needed for a reliable constitutive
analysis [10]. Besides, interfacial friction between the
specimen and die in compression tests cannot be eliminated
by applying the appropriate lubricant. Therefore, the
deformation becomes inhomogeneous and barreled-like
shape specimens are formed and lead to the flow stress
increases. Barreling coefficient B, developed by Roebuck
et al. [11], could be used to evaluate whether the effect of
friction in the compression was ignored. If the value of
B was exceeded 1.1, friction corrected for the obtained data
must be taken into account. In conclusion, the true stress—
strain data directly obtained from hot compression tests are
not suitable for immediate constitutive analysis unless the
adiabatic heating and frictional effects are considered.

In the present work, the flow behavior and microstruc-
ture evolution of 20Cr-24Ni—-6Mo SASS at elevated tem-
peratures (950-1150 °C) and different strain rates
(0.01-10 s~ ') were analyzed and discussed by considering
the effect of adiabatic heating. Strain-dependent constitu-
tive modeling to predict flow behavior of the studied alloy
was established based on the modified flow stress. Detailed
correction procedures of adiabatic heating and frictional
effect were discussed and presented. Also, a comparison
was made between the experimental data and the predicted
data to verify the accuracy of the established constitutive
modeling.

2 Experimental

Table 1 shows the chemical composition of 20Cr—24Ni—
6Mo SASS used in this work. The cylindrical specimens
with 8 mm in diameter and 15 mm in height were prepared
from hot-rolled plates.

Figure 1 shows the single-phase austenitic microstruc-
ture with some annealing twins in the starting material.
A Gleeble-3500 thermal-mechanical simulator was uti-
lized to perform the hot compression tests at constant strain
rates. Specimens were reheated to 1200 °C at a heating rate
of 10 °C s™', held for 5 min, and cooled down to defor-
mation temperatures at the rate of 10 °C s~!. in which
complete solid solution could have been obtained. After
soaking for 20 s at the deformation temperature, continu-
ous hot compression with the reduction of 46% was carried
out at strain rates of 0.01, 0.1, 1, and 10 s7! in the
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Table 1 Chemical composition of investigated alloy (wt%)

C P S N Si Cu Mn Ni Cr Mo Fe
< 0.03 < 0.04 <0.03 0.215 0.354 0.684 0.452 22.4 194 6.65 Bal.

Fig. 1 Initial microstructure of 20Cr—24Ni—-6Mo SASS steel

temperature range from 950 to 1150 °C (at intervals of
50 °C). After hot compression, the specimens were water
quenched within 1 s in order to preserve the high-temper-
ature microstructures. In an effort to minimize the effect of
friction between the specimens and dies during hot com-
pression, the specimens ends were coated with graphite
powders and Ta foil.

The water-quenched specimens were cut along the
longitudinal direction for microstructure observations. The
metallographic specimens were prepared using standard
mechanical grinding and polishing, followed by elec-
trolytic etching with a solution containing 60% nitric acid
and 40% water at 6 V direct current for 40-50 s to reveal
the deformed microstructure.

3 Results and Discussion
3.1 Flow Curves

Figure 2 shows the flow curves obtained at different
deformation conditions. It is well known that work hard-
ening makes the flow stress increase, while work softening
from DRV and DRX makes the flow stress decrease. When
work-hardening mechanism plays a leading role in the
deformation process, flow stress is characterized by a rising
trend with increasing strain. When DRV mechanism plays

a dominant role in the deformation process, flow stress is
characterized by a rising trend at early stage of deformation
and then followed by a steady state. Moreover, when DRX
plays a leading role in the deformation process, flow stress
increases to a peak value and then gradually decreases to a
steady value; at this point, full DRX microstructure could
be obtained. In Fig. 2a, all flow curves exhibit a distinct
peak followed by a decrease to a steady state in flow stress
with increasing strain except at 950 °C, indicating DRX
behavior was completed when the deformation temperature
is higher than 950 °C. In Fig. 2b—d, flow curves obtained
from these deformation conditions exhibit the similar
characteristics. The flow stress slowly increases to peak
value and followed by inconspicuous declining trend,
indicating the main softening mechanism was DRV, and
DRX maybe a little or not yet happened. In these flow
curves, peak stress platform was broadened, which implies
that the recrystallization was sluggish during hot defor-
mation [12]. In terms of the whole deformation process, at
the early stage of deformation, dislocation density and the
interaction effect between dislocations increase with the
increase of strain, leading to the increase of deformation
resistance. With the increase of deformation, the degree of
dislocation recovery increases gradually and then work
softening is almost equal to work hardening. After peak
stress, the dynamic restoration, i.e., DRV and DRX,
becomes predominant due to the decline of dislocation
density and the increase of DRX. From Fig. 2, it is also
observed that the effects of deformation temperature and
strain rate were momentous to deformation behavior. The
flow stress increases with the increase of strain rate and the
decrease of deformation temperature. The peak stress and
corresponding strain decline with the decrease of strain rate
and the increase of deformation temperature, indicate that
pronounced work hardening can easily occur at lower
strain rates and higher temperatures [13]. Higher temper-
ature could provide lager driving force for the dynamic
restoration and thus accelerate the grain boundary migra-
tion and dislocation movement. Lower strain rate could
supply enough time for the nucleation and growth of new
DRX grains and dislocation annihilation.

@ Springer



404

Y.-S. Hao et al.: Acta Metall. Sin. (Engl. Lett.), 2018, 31, 401414

@) 300
250} o
5 950 C
S 200
@ 150 % 1000 C
g 1050 ‘C
2 100 T 1100TC
s 10c
~ 50|
O 1 1 1 1 1 Il Il
01 02 03 04 05 06 07
True strain
() 450
950C

;_n? 360
= 1000 °C
“;” 270 1050°C
@ 1100 °C
7 180 1150 C
()
2
= 90

O, 1 1 Il 1 1 1 1
01 02 03 04 05 06 0.7

True strain

(b) 400f

© 950 °C
% 320

= 1000 C
» 240

7] 1050 C

o

» 160 1100 °C

g 1150 C
~ 80

0 Il 1 Il 1 Il 1 Il

01 02 03 04 05 06 07

True strain

950 C

1000°C

1050 C

1100°C

1150°C

0 1 Il 1 Il 1 Il 1

01 02 03 04 05 06 07

True strain

Fig. 2 Experimental flow curves under different deformation temperatures with strain rates: a 0.01 shbolselshd10s!

3.2 Microstructure Evolution During Hot
Deformation

Figure 3 shows the microstructure evolution of the
deformed specimens after compressed to 0.6 at 950 °C. It
can be seen that original equiaxed grains were elongated,
and initial grain boundaries and twin boundaries were
somewhat distorted. Serrated and bulgy grain boundaries
were developed and evolved into new DRX grains along

(b)

these prior grain boundaries at 0.01 s~', as shown in

Fig. 3a. When the strain rate is up to 0.1 s~', very few
DRX grains could be observed at grain boundary. This is
because higher strain rate provides shorter time for the
recovery of dislocation and the nucleation of DRX. How-
ever, when the strain rate is up to 10 s~ ', more DRX grains
were observed than that at 0.1 s~!, which was inconsistent
with the regular stated at 0.1 s™'.

Fig. 3 Hot deformation micrographs of specimens under different strain rates at 950 °C: 2 0.01 s™'; b 0.1 s™'; ¢ 10 57!
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Figure 4 shows the microstructure evolution of the
deformed specimens after compressed to 0.6 at 1050 and
1150 °C. At the deformation temperature 1050 °C, DRX
behavior was not finished at lower strain rate 0.01 s~, but
was almost completed at higher strain rate 10 s™'. At the
deformation temperature 1150 °C, DRX behavior has been
finished no matter at lower strain rate or at higher rate,
indicating DRX behavior was not sensitive to strain rate
when the specimen deformed at 1150 °C. Moreover, it can
be found that the flow behaviors reflected by the actual
microstructural evolution and the flow curve were differ-
ent. For example, the flow curve at 1050 °C and 10 s~
showed no steady state after peak value, indicating DRX
happened but was not finished. However, the microstruc-
ture exhibited almost full recrystallization has been
obtained at this deformation condition.

In general, the DRX process is more likely to be found
at lower strain rates rather than at higher strain rates.
However, microstructure evolution of this alloy was not
conformed to the conventional regular. Similar result was
also found in Ref. [14]. Main reasons can be divided into

Fig. 4 Hot deformation micrographs of specimens: a 1050 °C, 0.01 s~ b 1050 °C, 10 s~ ¢ 1150 °C, 0.01 s~'; d 1150 °C, 10 s~

two categories. The first class is that higher strain rate can
result in higher driving force for the grain nucleation dur-
ing DRX, and the shorter deformation time can retain more
deformation heating. Both of them are beneficial to the
dynamic restoration [15]. The second class is that higher
strain rate cannot provide enough time for the adiabatic
heating dissipation into the surrounding environment
timely which cause the deformation temperature to
increase and accelerate the DRX process.

3.3 Adiabatic Heating and Friction Effects on Flow
Curves

It is noted that adiabatic heating and friction effects on the
flow stress are simultaneous during hot deformation. While
performing the correction of adiabatic heating and friction
effects, the correction order should be considered. How-
ever, it is indicated that the influence of the correction
order (first adiabatic heating then friction, or first friction
then adiabatic heating) on the flow stress was very slight
and therefore the correction order can be neglected [8]. In

(b)
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this work, the correction order of adiabatic heating first and
then friction was adopted.

3.3.1 Adiabatic Heating

For the alloys with poor thermal conductivity, adiabatic
temperature rise cannot be easily removed from the spec-
imen during hot deformation even though the specimen
always exchanges energy with the surrounding environ-
ment. The actual temperature of the specimen can be cal-
culated as follows [4, 9]:

T =T+ AT
€

AT =1 [ 5de (1)
PCo Jo

where T, is the initial temperature, p is the material
density, C,, is the specific heat, ¢ is the flow stress, ¢ is the
strain, and # is the Taylor—Quinney factor being calculated
as follows:

0 §<1073 57!
n=1< (0.316)1gé+0.95 1073 s 1<é<1.0s7!,
0.95 §>1.0s"!

(2)

where ¢ is strain rate. For the experimental steel, p is
8.06 g cm ™ and the values of C, under different temper-
atures are listed in Table 2.

In order to research AT during whole deformation pro-
cess, several representative strains in the range of 0.1-0.6
with an interval 0.05 were employed to calculate values of
AT via Eq. (1) which can be solved numerically or can be
integrated without introducing any noticeable errors by
either using the mean value theorem or the simple Euler
method [4].

Figure 5 shows the relationship between AT and ¢ after
hot compression at the strain rate of 10 and 0.01 s™" in the
temperature range from 950 to 1150 °C. It can be seen that
there existed an almost linear relationship between AT and
€ at a given strain rate and deformation temperature. It can
also be seen that AT increased with decreasing temperature
and increasing strain rate and strain, with the largest
AT being more than 47 at 950 °C with the strain rate of
10s7".

The adiabatic heating leads the hot deformation to be
non-isothermal instead of being isothermal. The isothermal

Table 2 Values of specific heat of 20Cr-24Ni—-6Mo SASS

Temperature (°C) 950 1000 1050 1100 1150

Specific heat J kg™' K™') 6452 6499 6546 6592 663.9

@ Springer

flow stress i, can be determined by using the following
relationship [16]:

60’0(T)

Giso (6,6, T) = 00(&,¢,T) — o

AT, (3)
&,
where g is the flow stress without the correction of adia-
batic heating. By using the method described above,
isothermal flow stress can be obtained.

For a given strain, strain rate and initial temperature 7Ty,
the uncorrected flow stress for adiabatic conditions can be
expressed as a function of the isothermal flow stress:

0'0(8, g, To) = O'iSO(S, &, To + AT) (4)

Applying a first-order Taylor expansion of the i, in
Eq. (3) about the point T, a new function can be obtained:

00iso (TO)

O-iso(87 év TO) = 00(87 é7 TO) - oT,
0

AT, (5)
&€
where Oaiso(T0)/0T|, ; is the rate of the flow softening due
to adiabatic heating at Ty,

To acquire the isothermal flow stress, data of g, at
different T, and 7;, where T; = T, + AT, are plotted in
Fig. 6 according to Eq. (5). Figure 6a shows the linear
relationship between temperature and true stress, i, 1S
linear decreasing with the 7|, increasing, and it can be
acquired easily based on Eq. (5). Figure 6b shows that the
relationship between the temperature and true stress did not
obey a linear trend in some circumstances. In this case,
linear processing is not suitable for the determination of
Oiso» because some errors may be introduced. Hence,
polynomial fitting method was used to process data, and by
repeating the same procedures as described above, a;, at
any strain rate, strain and temperature can be obtained.

Figure 7 shows the comparison of the original experi-
mental flow curves and the adiabatic heating corrected flow
curves. It is observed that the difference between the two
groups of curves was more significant at higher strain
levels and lower deformation temperatures. This can be
attributed to the fact that more deformation heat was
accumulated with increasing strain level, consequently
causing greater thermal softening during deformation. At
lower temperature, it is more difficult to deform the
material and thus more plastic work is converted into heat.
In addition, the difference is more pronounced at higher
strain rate. This is because more deformation heat was
generated in unit time, and the time for deformation heat to
dissipate was reduced at higher strain rate. Therefore, the
difference was increased with the increase of strain rate.

3.3.2 Friction Corrected

Figure 8 shows the typical appearances of the specimen
after deformation, and it can be seen that barreled-like
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shape formed and the terminal size of the specimens after
deformation are of inconformity, proving that frictional
effect existed and was not the same for each specimen.
As discussed in introduction, the value of barreling
coefficient B is defined as:

B = hgd? [ (hod3),

(6)

where hy and d, are the initial height and diameter of the
specimen, respectively; k¢ is the final height, and df is the
diameter measured at the mid-length of the specimen after
deformed. In this work, all values of B are presented in
Table 3.
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Fig. 8 Typical appearance of the specimens after deformation

Table 3 Values of barreling coefficient B of investigated specimens

Strain rate (s_l) Temperature (°C)

950 1000 1050 1100 1150
0.01 1.205 1.204 1.219 1.205 1.218
0.1 1.256 1.197 1.197 1.191 1.205
1 1.137 1.218 1.205 1.183 1.455
10 1.147 1.160 1.122 1.191 1.218

It can be seen that all values of B were exceeded 1.1;
hence, the correction of friction for the obtained data
should be taken into account. A classical equation to cor-
rect the effect of friction has been used as follows [7]:

o
G= ; (7)
14 (2/3v3)m(ro/ho)exp(3e/2)
where & is the friction corrected flow stress, rq is the initial
radius, and m is the friction factor.

In Eq. (7), 0 would be substituted by o, for further
analysis. Determination of m is vital for the accuracy of
corrected flow stress data. Based on the method developed
by Ebrahimi and Najafizadeh [17], the friction factor can
be calculated by the following equation:

R /h)b
o (Ri/h) ’ (8)
(4/V3) — (2b/3V3)
where b is the barrel parameter, and R, and & are the
average radius and height of specimen after deformation.

_ ,(Rm/Rr)b  h
b=4 R, 'ho T (9)
Ry = ro(ho/h)'"?, (10)

where Ry and Rt are the maximum and top radius of the
specimens after deformation. Figure 9 shows the true
stress—strain curves corrected by adiabatic heating and
friction. It is observed that the effect of friction was sig-
nificant at test conditions, especially at higher strain rates.
The effect of friction was enhanced with the increase of
strain.

@ Springer

3.4 The Establishment of Constitutive Modeling

The relationship among flow stress, temperature, and strain
rate can be expressed by the Arrhenius-type equation,
especially at elevated temperatures. Zener—Hollomon
parameter (Z-parameter) represents the combined effects of
the temperature and strain rate on hot deformation behav-
ior, which can be established through constitutive equa-
tions of hyperbolic sine function [18, 19]. These equations
can be expressed by the following equations:

Z = éexp(Q/(RT)) = f(0), (11)

Ad"™ exp[—Q/(RT)] oo <0.8
&€ =< Aexp(fo)exp|—Q/(RT)] og > 1.2, (12)
Alsinh(a0)]" exp[—Q/(RT)] forall o

where Z is the Zener—Hollomon parameter, R is the uni-
versal gas constant (8.314 J mol~' K™1), Q is the defor-
mation activation energy for hot deformation, and A, ny, n,
o, and f§ are the material constants, o = fi/n;.

In Eq. (12), the power law description of flow stress is
conventionally employed for relatively low stress, and the
exponential law description is suitable for high stress, and
the hyperbolic sine law can be used for a wide range of
deformation conditions [20].

3.4.1 Determination of Material Constants

Material constants should be confirmed based on the flow
curves before the constitutive equations are established. It
is widely known that there exists a functional relationship
between strain and material constant in the constitutive
equations. Therefore, the material constants at various
representative strains can be calculated to find suit-
able values for constitutive equations. As an example, the
computational procedure of material constants at the strain
0.45 is illustrated below. The relationship between flow
stress and strain rate is formulated as follows:

{ é = Ad"™ exp[-Q/(RT)] = Byo™"
é = Aexp(fo) exp[-Q/(RT)] = B'exp(o)

0o <0.8
oo > 1.2

(13)

where B, and B’ are material constants, which are depen-
dent on deformation temperatures.

By taking natural logarithm on Eq. (13), the following
equations can be obtained:

1 1
Inoc =—Iné——InB;
n n
L : 1 L (14)
c=-Iné —-InB
B B
Then, substitute the values of flow stress and strain rate
under the strain of 0.45 into Eq. (14). By using linear
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regression for the data points, the values of n; and f§ can be
calculated from the reciprocal slope of lines in In ¢ versus
In ¢ and ¢ versus In ¢ plots in Fig. 10a, b, respectively. The
mean value of n; and f§ is calculated to be 7.5204 and
0.0322. The value of o = f/n; = 0.004283 can be
obtained. Stress multiplier o is an additional
adjustable constant which brings oc into the correct
range to make the constant 7 curves in Iné versus
In[sinh(xo)] plots linear and parallel [23].

By taking partial differentiation on the equation for all
the flow stress in Eq. (12), the deformation activation
energy Q can be expressed as:

Olné 0lIn[sinh(a0)]
= 10, 000R . 15
Q=10, {a[sinh(oca)}}T{a(IO,OOO/T) (15)
Substitute the values of strain rate, deformation

temperature, and flow stress at the strain 0.45 into
Eq. (15). By using linear regression for the data points,
values of n and Q can be calculated from the reciprocal
slope of lines in In[sinh(xc)] versus Iné and In[sinh(oo)]
versus 10,000/T plots in Fig. 10c, d, respectively. The
mean values of n and Q are calculated to be 5.458 and
463.26 kJ mol .

Substituting the equation for all the flow stress in
Egs. (12) into (11) yields:

Z = Alsinh(a0)]", (16)
Taking the natural logarithm on Eq. (16) gives:
InZ =1nA + nln[sinh(ag)], (17)

Substituting the values of o, n, Q, and other deformation
variables into Eq. (17), the plot of InZ versus In[sinh(o0)]
shown in Fig. 10e can be used to obtain the value of InA,
which was found to be 39.973. Employing the same
procedures described above, the values of o, n, O, and
InA at any strain level in the range of 0.1-0.6 with an
interval of 0.05 can be obtained.

3.4.2 Compensation for Deformation Strain

Figure 11 shows the variations of «, n, Q, and InA with true
strain. Polynomial fitting was used, and eighth-order
polynomial fitting represents a good fit for the effect of
strain on material constants, as shown in Eq. (18). The
corresponding polynomial coefficients
Table 4.

o= Cie — Cre? + C38% — Cue* + Cs&® — Cge®
n=De— D282 + D383 — 1)484 + D585 — D686
Q =Ee — Eye® + E3e® — Ege* + Esed — Ege®
InA = Fie — Fre? + Fz&® — Fye* + Fs&® — Fge

are given in

(18)

As can be seen in Fig. 11a, the value of « is in the range
from 0.004075 to 0.004468 MPa~'. In most cases,
0.012MPa~' is a “traditional value” for SASSs.
However, it has been suggested that o values are altered
for different materials and deformation conditions [21-23].
In Fig. 11b, the value of n decreases with the increase of
strain and reaches a steady state at the strain from 0.55 to
0.6, reflecting that better workability could be obtained at
relatively high strain. It is also noted that as o increases,
n decreases in the literature [24]. The activation energy
Q exhibits a similar trend with that of n. The value of
Q varies in the range from 463 to 598 kJ mol~'. These
values are bigger than that for self-diffusion in y-iron,
which is about 280 kJ mol_l, indicating that the
deformation mechanism is dominated by the DRX
instead of diffusion or DRV [13]. As compared to other
austenitic stainless steels, 304 is 400 kJ mol~!, 316L is
414 kI mol~', 904L is 463 kJ mol~', Sanicro 28 is
495-660 kJ mol ™', and SMO 254 is 577 kJ mol™’
[13, 20-22]. It is noted that the Q value for 20Cr—24Ni—
6Mo is close to those of Sanicro 28 and SMO 254 and
higher than others, indicating that the deformation for this
alloy is rather difficult. The truth should be clarified that
there exists some deviation in the deformation activation
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plotting In[sinh(oo)] versus 10,000/T; e InA by plotting InZ versus In[sinh(o)] at strain of 0.45

7 2/;’1—’—1

A

3.4.3 Verification of the Developed Constitutive Modeling

energy because of the nature of the linear regression 1/n 1/2
. 1 z
method applied to solve the Q value. c=-Ind (= +
According to Eq. (16), the constitutive modeling that * A

relates the flow stress to the Z-parameter is expressed as:

(20)

1 1/n
c=— [sinhl (—) ] . (19) .

o A In order to evaluate the accuracy of the established con-
stitutive modeling, Fig. 12 shows the comparison among
experimental data, modified data, and predicted data. It is
clearly seen that the predicted data are in good agreement

Based on the definition of the inverse hyperbolic sine
function, equivalent equation can be expressed as:
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Fig. 11 Relationships between a a; b n; ¢ Q; d In A and true strain ¢
Table 4 Polynomial coefficients of «, n, O, and In A for investigated alloy
o n ] InA
C; = 141.90078 D; = 403.44852 E; = 22,385.8426 F; = 2006.36665
C, = 1895.0011 D, = 6369.08584 E, = 318,032.5293 F, = 28,783.30076

C; = 13,299.762 D5 = 48,827.5076
Cy = 54,875.835 D4 = 214,080.063
Cs = 137,933.421 Ds = 562,823.928

Ce = 207,593.649
C; = 171,871.903
Cg = 60,182.7957

D¢ = 877,220.454
D; = 747,109.433
Dg = 267,789.971

Ey = 22817 x 10° F3 = 207,530.3504

E, = 9.4742 x 10° F, = 864,381.2256
Es = 23728 x 107 Fs = 2.1693 x 10°
E¢ = 3.5396 x 107 Fe = 3.2409 x 10°
E; = 2.8998 x 107 F; = 2.6579 x 10°
Eg = 1.0053 x 107 Fg = 922,130.2720

with the experimental data at some certain deformation
conditions; however, the predicted data are matched well
with modified data at all deformation conditions except at
950 °C and 0.01 s™' in Fig. 12a.

3.4.4 Analysis of Deviation at 950 °C and 0.01 s~*
of the Developed Constitutive Modeling

In Fig. 12a, it can be seen that the predicted data at 950 °C
and 0.01 s~! are lower than the modified data when the

true strain is in the range from 0.1 to 0.45. Moreover, the
difference gradually narrowed with the increase of strain
level. The specific reasons for the worst agreement should
be discussed. Figure 13 shows the magnifying
microstructures of the specimens compressed to 0.6 at
950 °C at different strain rates. Discrete precipitates along
grain boundary were detected only at 0.01 s~'. Transmis-
sion electronic microscopy (TEM) was used to analyze the
composition and the structure of these precipitates, as
shown in Fig. 13d—f. EDX result showed that these
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Fig. 12 Comparison between modified data and predicted data at strain

precipitates were rich in Cr and Mo. Combined with
selected area electronic diffraction (SAED) result, there
precipitates were identified as ¢ phase with a bct structure.
It is noted that long time exposure of austenitic stainless
steels to elevated temperatures may cause decomposition
of the austenite matrix to result in the formation of various
types of intermetallic compounds [25]. When the defor-
mation temperature is in a sensitive range for the inter-
metallic compounds and the deformation time is relatively
long, plenty of precipitates would be generated and change
the deformation behavior. For instance, fine precipitates
generated in the initial deformation stage could impede the
movement of the grain boundaries and cause the defor-
mation resistance to radically increase. In addition, fine
precipitates would inhibit the recovery and recrystallization
of the deformed structure. With the increment of defor-
mation, fine precipitates were coarsened and the effect of
inhibition to the movement of grain boundaries was
weakened so that the corresponding increment of flow
stress caused by precipitates was reduced. Moreover, adi-
abatic heating was accumulated with the increase of strain
level and dislocation mobility was enhanced, causing the
increment of flow stress reduced. Some studies suggested
that the actual deformation strain rates were inconformity
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rates of 2 0.01 s, b 0.1s els™';d10s™!

to the desired strain rates during hot deformation process
and the modified method of strain rates compensation was
adopted and satisfied results were obtained [26]. In addi-
tion, the calculation of material constants by using poly-
nomial fitting method also has a certain impact on the
results.

4 Conclusions

1. Flow behavior exhibited from the flow curve was
inconformity with the actual microstructure evolution
because of the existence of adiabatic heating and
friction, especially at higher strain, higher strain rate,
and lower temperature. The adiabatic heating during
hot deformation results in the transition from isother-
mal deformation to non-isothermal deformation.

2. DRX behavior was changed with the change of
deformation conditions. DRX behavior was completed
at any strain rate when the specimen deformed at
1150 °C, indicating that DRX behavior was more
sensitive to deformation temperature than strain rate at
1150 °C.
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Fig. 13 SEM microstructures of specimens deformed at 950 °C with strain rates of a 0.01 s™; b 0.1 s™*; ¢ 10 s~"; d precipitate morphology by
TEM at 950 °C, 0.01 s~", and corresponding results of e EDX, f SAED (GB grain boundary)

3. When the specimen deformed at 1050 °C, incomplete
DRX was found at the lowest strain rate 0.01 s_l, and
full DRX was completed at the highest strain rate
10 s™'. This is because adiabatic heating was more
pronounced at higher strain rate at 1050 °C.

4. When the specimen deformed at 950 °C and 0.01 s~ ',
plenty of ¢ phases were observed and those precipi-
tates inhibited the DRX behavior.

5. The activation energy of this alloy in hot deformation
at different strains was in the range from 463 to
598 kJ mol~'. The result indicates that the deforma-
tion of the studied alloy was more difficult than other
common austenitic stainless steels.

6. Constitutive equations based on the modified flow
curves were established to predict flow behavior well
at the all deformation conditions except at 950 °C in
0.01 s™'. The main reason is the large amount of
precipitations generated during hot deformation, caus-
ing the dramatic increase of deformation resistance.
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