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Abstract: The hot compression behavior of AISI 321 austenitic stainless steel was studied at the temperatures of 950-
1100°C and the strain rates of 0.01-1 s~ ! using a Baehr DIL-805 deformation dilatometer. The hot deformation equations
and the relationship between hot deformation parameters were obtained. It is found that strain rate and deformation
temperature significantly influence the flow stress behavior of the steel. The work hardening rate and the peak value
of flow stress increase with the decrease of deformation temperature and the increase of strain rate. In addition, the
activation energy of deformation (Q) is calculated as 433.343 kJ/mol. The microstructural evolution during deformation
indicates that, at the temperature of 950°C and the strain rate of 0.01 s~1, small circle-like precipitates form along grain
boundaries; but at the temperatures above 950°C, the dissolution of such precipitates occurs. Energy-dispersive X-ray
analyses indicate that the precipitates are complex carbides of Cr, Fe, Mn, Ni, and Ti.
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1. Introduction

AISI 321 austenitic stainless steel stabilized by tita-
nium has good mechanical properties and corrosion resis-

Despite the extensive works were carried out on some
aspects of AISI 321 stainless steel [2-9], but only a very few
study was reported on the high-temperature deformation
of this steel [10-12]. Therefore, the aim of this investiga-
tion was to evaluate the hot deformation behavior of AISI

tance, and is widely used in the power generation indus-

tries. This steel is also used in the super heater tubing

in conventional coal-fired boilers and other critical appli- 321 stainless steel and optimize the hot working processes

cations, such as tubes, pipes, and pressure vessels in gas-
cooled nuclear reactors [1].

Titanium combines with carbon and nitrogen to form
carbonitrides in this type of steel. This reduces the suscep-
tibility of intergranular stress corrosion cracking through
reducing the chromium carbide precipitation along grain
boundaries. Also as a solute in the matrix, titanium can
significantly retard the recrystallization and grain growth
during hot rolling operations [2-6].

Table 1.

C Cr Ni Mn Cu Si
0.056 18.91 11.19 1.28 0.15 0.79
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by analyzing the microstructural evolution. Moreover, the
appropriate constitutive equations and the relationship be-
tween hot deformation parameters were considered to cal-
culate the flow stress behavior of the steel during deforma-
tion.

2. Material and methods

The chemical composition of AISI 321austenitic stain-
less steel used in this investigation is given in Table 1.

Chemical composition of AISI 321 austenitic stainless steel wt%

Mo \W% Al \% P S
0.17 0.07 0.055 0.05 0.025 0.007
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Cylindrical specimens, with the diameter and height
of 5 and 10 mm, respectively, were prepared with their
axes aligned along the rolling direction. To minimize the
occurrence of inhomogeneous compression due to the fric-
tion between specimens and anvils, glass plates were put
into graves as a lubricant [13-14].

The single-hit hot compression tests were carried out
using a dilatometer machine equipped with the induction
furnace and vacuum chamber. All the samples were re-
heated to 1150°C and held for 10 min, then subjected to
the continuous hot compression tests at the temperatures
of 950, 1000, 1050, and 1100°C. The strain rates were set
as 0.01, 0.1, and 1 s !, and the strain was taken as 0.9
for all conditions in the measuring data recorder of the
dilatometer. This smart equipment did the hot deforma-
tion procedure automatically according to the needed force
to deform the specimens and the failure tolerance of AloO3
anvils.

A thermocouple was attached to samples to measure
the testing temperature directly. After each deformation
test, the samples were quenched in the argon gas. Met-
allographic preparation of samples was carried out using
the standard polishing procedure along the longitudinal
axis of samples, and etched electrochemically in a solu-
tion of 10wt% oxalic acid. To follow the microstructural
changes during hot deformation, the microstructures of
samples were characterized using both optical microscopy
and scanning electron microscopy (SEM). The method by
Ebrahimi and Najafizadeh [15] was used to minimize the
effect of friction on stress-strain curves.

3. Results and discussion

3.1. True stress-strain curves of AISI 321 stain-
less steel

Fig. 1 shows the true stress-strain curves obtained at
various deformation temperatures and strain rates. It is
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Fig. 1. True stress-true strain curves attained from

hot compression test.

evident that the peak stresses increase with the increase
in strain rate and the decrease in temperature (increasing
Zener-Hollomon parameter), and the deformation amount
in some conditions is less than 0.9. In hot deformation
processes, such as hot compression, many experimental dy-
namic recrystallization (DRX) flow curves are incomplete.
In some deformation conditions, the steady-state strain is
high, and reaching to the higher strains is difficult [16].

At temperatures above 1000°C, most flow curves ex-
hibit a peak stress followed by a slow continuous decrease
to a steady level due to the occurrence of DRX. When the
specimens deform at a strain rate of 1 s™! and the temper-
atures of 1050 and 1100°C, the flow curves exhibit a steady
flow after the initial work hardening with no signs of DRX,
but the occurrence of DRX is traditionally identified from
the presence of stress peaks in flow curves. However, not
all materials display the well-defined peaks under the hot
working conditions. Najafizadeh et al.[17] and Poliak et
al. [12] showed that the onset of DRX could be detected
from the inflections in plots of strain hardening rate vs.
stress. Therefore, this technique requires the differentia-
tion of stress-strain curves [14, 17].

Deformation at 950°C and a strain rate of 0.01 s~*
produces a wavy appearance on the flow curve, which is
more pronounced at the beginning of flow. The reason for
this may be the occurrence of discontinuous softening due
to the presence of more precipitates at this temperature
[18-19].

3.2. Constitutive equations of flow stress for
AIST 321 stainless steel

Constitutive equations are used to calculate the flow
stress of materials during deformation. The base equation
is generally determined by Zener-Hollomon parameter (Z),
expressing the relationship of stress (o), temperature (T'),
and strain rate (¢) as [20-21]

Z:éexp(RQT) = f(o) (1)
Alo™ ao < 0.8
f(o)=< A’exp(Bo) ao > 1.2 (2)

A [sinh (ao)]" for all &

where ¢ is the strain rate, s~!; R the molar gas constant,
8.314 J/(mol-K); T the thermodynamic temperature, K;
Q@ the activation energy, kJ/mol; o the flow stress for a
given strain, MPa; and A, A, A”, a, 8, n, and n' the
material constants (a ~ 3/n’). The stress multiplier ()
is an adjustable constant that brings ac into the correct
range, giving the linear and parallel lines in plots of Iné
vs. In[sinh(ao)] [22]. To determine these constants, the
stress-strain data were used.

In these equations, the characteristic stresses, such
as steady-state or peak stress, may be used [23-24]. The
peak stress is more important for the industrial processes,
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and the steady-state stress may not be obtained precisely,
which is based on the peak stress [14, 22].
3.3. Determination of material constants for
the constitutive equation

To obtain the constants of 3, n, and n’ at the peak
stress (op), f(o) from Eq.(2) is substituted in Eq.(1).
Taking the natural logarithm on both sides, it gives the
following equations.

Q

Iné + o7 = A"+ n'lnop ®)

Ine @ =InA" !
é+ pr =M + Bop (4)
., Q _ i

Iné + T InA + nln[sinh (aop) ]. (5)

The values of 3 and 7’ can be obtained from the slope
of lines in Iné—Inop and Iné—op for different deformation
temperatures, respectively. These are shown in Figs. 2(a)
and (b). The average values of 3 and n’ are found to
be 6.025 and 0.0534 MPa ™!, respectively. Then, o can
be calculated as a =~ 3/n'=0.0089 MPa~'. By obtaining
the slope of lines in the plot of Iné vs. In[sinh(aop)] for
different deformation temperatures in Fig. 2(c), the value
of n (n=4.533) can be determined.
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3.4. Calculation of the activation energy

The activation energy of deformation can be deter-
mined by the partial differential of Eqgs. (3)-(5) at a con-
stant strain rate, which yields as the following equations.

Olnop

o= yarm) )
o= 17n) "

According to the slopes of Egs. (6)-(8) (Inop, op, and
Infsinh(aop)] vs.1/T), the value of @ can be obtained.
These plots are shown in Fig. 3. The average values of ac-
tivation energy were obtained as 435.1, 434.25, and 433.343
kJ/mol from Eqs. (6)-(8), respectively. There is not a sig-
nificant difference between these values, but by analyzing
the correlation coefficient (R?), it can be understood that
Eq. (8) has a better fit to the experimental data. Thus,
the activation energy of AISI 321 austenitic stainless steel
is equal to 433.343 kJ/mol, which is the same for other
austenitic stainless steels and is considered as a reasonable
estimation [22].
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3.5. Relationship between Zener-Hollomon
parameter and peak stress

According to the deformation conditions and Eq. (1),
Zener-Hollomon parameter (Z) can be estimated by

0.00076
/i
Slopes of Egs. (6)-(8): (a) lnop vs. 1/T; (b) op vs. 1/T; (c) In[sinh(aop)] vs. 1/T.

0.00074 0.00078 0.00082

i ¥

0.00080  0.00084  0.00070

Eq. (2). The relationship between Z and op is determined
as the following equations.

3
7 = éexp (433.34 x 10 )

— 54 5.99
e ) 3677.540%
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7 — cexp (433.34 x 10%
N RT

) = 1.49 x 10"3exp (0.05230p )

(10)
. (433.34 x 103
7 = Eexp RT

(11)
By obtaining the linear regression equations and ana-
lyzing the correlation coefficient values, it is revealed that
Eq. (11) is appropriate to express the constitutive equation
of AISI 321 stainless steel because of its highest correla-
tion coefficient value. According to Eq. (11), the values of
A and n are found to be 3.01x10'% and 4.5, respectively.
Therefore, over the temperature range of 950-1100°C, the
hot deformation equation of AISI 321 stainless steel can
be expressed as

433.34 x 10°

: = 3.01 x 10*° —
£ X exp ( RT

) [sinh (0.00890p )]*®

(12)
3.6. Microstructural observations

Microstructures depicted in Fig. 4 are related to spec-
imens subjected to the different hot deformation condi-
tions. The black particles are precipitates that remain
undissolved during the reheating process. At all hot defor-
mation conditions, DRX occurs and DRX grains become
finer as the strain rate increases. This is mainly because

Fig. 4.

0.01 s~ !; (c) 1100°C, 1 s~ !; and (d) 1050°C, 1 s~ !

) = 3.01x10*® [sinh (0.00890p)]*®

Microstructures of hot deformed samples of AISI 321 stainless steel: (a) 1100°C, 0.01 s~

the grains have less time to grow up at higher strain rates.
Although DRX partially occurs at 1050°C and the strain

rate of 1 s7¢

, it is clearly seen that many austenite grains
are elongated. Also, there are no precipitated particles on
grain boundaries at the temperatures of 1050 and 1100°C
and the strain rates of 0.01 and 1 s~

In Fig. 5, the microstructures are obtained from the
specimen deformed at 950°C and 0.01 s™'.

Fig. 5(a), the grains are elongated and perpendicular to the

As seen in

compression direction. Compared with Fig. 4, because of
the lowest temperature and strain rate, wavy and serrated
boundaries are observed, and the microstructural feature
of DRX in the early stages, which is similar to the necklace
structure in Fig. 5(b), has occurred. Microstructures in
Figs. 5(c) and (d) are interesting. Separate and circle-like
precipitates seem to be partially formed along high angle
grain boundaries (HAGBs). Fig. 6 shows the SEM obser-
vations of these precipitates. Momeni et al. [18] have been
reported the similar behavior in a superaustenitic stainless
steel due to the high volume fraction of particles at 900 and
950°C. According to their approach, the presence of such
precipitates can lead to DRX by applying Zener pinning
force on grain boundaries.

Fig.7 presents the energy-dispersive X-ray (EDX)
spectrum taken from circle-like precipitates formed at
grain boundaries. The results prove that the precipitates
are complex carbides of Cr, Fe, Mn, Ni, and Ti.
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Fig. 7. EDX spectrum of the circle-like precipitates observed at grain boundaries.
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4. Conclusions

(1) For AISI 321 stainless steel, the hyperbolic sine
equation can be appropriate for the calculation of activa-
tion energy due to its high correlation coefficient (R?).

(2) The hot deformation activation energy of AISI 321
stainless steel is estimated to be 433.343 kJ/mol and the
hot deformation equation is established as

_ 433.34 x 103

: = 3.01 x 10%°
£ X exp ( RT

) [sinh (0.00890p)]*® .

(3) The microstructures of the steel are affected by de-
formation conditions. It is shown that, at the temperature
of 950°C and the low strain rate of 0.01 s™', the time for
precipitation partially along grain boundaries is sufficient.
However, at higher temperatures and strain rates, there is
no sign of precipitation at grain boundaries.

(4) EDX microanalyses show that the circle-like pre-
cipitates are complex carbides of Cr, Fe, Mn, Ni, and Ti.
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