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ABSTRACT

In the present investigation, different microstructures were obtained in AlISI 321 austenitic stainless steel
by cold rolling and subsequent annealing at different temperatures. The effect of initial microstructure on
the work hardening behavior was analyzed using tensile analysis. At annealing temperatures of 700 and
800 °C, the stage | hardening is not apparent due to the high density of dislocations existed inside the
austenite grains prior to tensile deformation. But the stage | hardening is seen in the In(o) ~ ln(e) curves of
the sample annealed at 900 °C and coarse grained one because the microstructures are consisted of
equiaxed and dislocation free austenite grains. More detailed results were also obtained by differential
Crussard-Jaoul analysis. This analysis indicated the occurrence of austenite to martensite transformation
during tensile deformation of as received sample and that was annealed at 900 °C, which is distinguished
by a positive slope in the ln(do/de) vs. In(g) curves.
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Introduction

For a work-piece to be suitable for utilization in a corrosive environment under external
loads, the material used in its manufacture must have a combination of excellent
corrosion resistance and outstanding mechanical properties [1]. Under these conditions,
austenitic stainless steels are a good candidate. Despite these excellent properties, most
of the austenitic stainless steels are susceptible to intergranular corrosion [2,3] and stress
corrosion cracking [4]. In order to improve the resistance to intergranular corrosion and
prevent sensitization, a sufficient amount of carbide forming elements such as titanium
and niobium is added to their chemical composition. In Ti stabilized the AISI 321
austenitic stainless steel, a suitable amount of titanium (wt. %Ti =5 x wt. %(C) is added to
favor the formation of TiC precipitates which keeps chromium in solution at the austenite
grain boundary area and improves resistance against the grain boundary sensitization [5].

Much research has been done on the corrosion resistance of this type of steel. For
example, Lima et al. [6] studied the sensitization evaluation of austenitic stainless steels
and reported that the stabilized steels (AISI 321 and AISI 347) are more resistant to
sensitization than non-stabilized steels (ISI 304 and AISI 316). It was also concluded that
niobium is more efficient stabilizing agent than titanium. Pardo et al. [7] studied the
influence of Ti, C and N content of chemical composition on the intergranular corrosion

© M.S. Ghazani, H.A. Rezai, 2025.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)



http://dx.doi.org/10.18149/MPM.5352025_9
https://orcid.org/0000-0003-4942-4157
https://orcid.org/0000-0002-2174-1495

109 M.S. Ghazani, HA. Rezai

resistance of AISI 316Ti and AISI 321 stainless steels. It was demonstrated that the
addition of Ti promotes intergranular corrosion resistance in stainless steels. Also, the
reduction of carbon content to below 0.03 wt. % increases the sensitization resistance
more than does Ti content.

Some research has also been done on the mechanical properties of the AISI 321
austenitic stainless steel. Zhao et al. [8] investigated the effect of solution treatment on
microstructures and mechanical properties of the AISI 321 steel. They reported that the
amount of sigma phase in the microstructure reaches to 18 wt. % after 1000 h service at
800 °C. It was concluded that the amount of sigma phase decreases from 18 to 2.6 wt. %
with increasing the duration of solution annealing to 2 h. Also, it was shown that the size
of austenite grains increases with solution annealing time which improves the fracture
toughness in AISI 321 stainless steel. The strain hardening capacity measured by tensile
testing is one of deformation characteristics of materials which determines the amount of
uniform plastic deformation [9,10]. In materials with low strain hardening exponent, the
onset of necking occurs earlier, and the total elongation and ductility decreases during
tensile deformation [11]. This parameter also affects the toughness and workability of
materials during metal forming processes. Dini et al. [12] investigated the effect of grain
size on the work hardening behavior of high manganese austenitic steel and demonstrated
that the optimum mechanical properties are achieved with varied work hardening
capacities that can be obtained by changing the grain size. Also, it has been approved that
the main reason for the low ductility of nanostructured materials is the low work hardening
rate during uniform plastic deformation stage [13]. Therefore, Wang et al. [14] proposed
three different strategies to achieve uniform tensile deformation in nanostructured
metals. Producing bimodal or multi-modal grain size distribution is one of these methods.
Considering the available literature, it is observed that the work hardening behavior of
the AISI 321 stainless steel has been studied only in the work of Zhang et al. [15]. In this
investigation, the difference in the work hardening behaviors of AISI 321 and Hadfield
steels were attributed to the occurrence of twining in the Hadfield steel. Also, they
declared that work hardening of the AISI 321 stainless steel is mainly resulted from
dislocation interactions. They did not report any other microstructural evolution, such as
austenite to martensite transformation (TRIP effect), that can affect the work hardening
behavior of this steel. It is to be mentioned that our previous work [16] was mostly
focused on post-deformation annealing’s role on microstructure and mechanical
properties of the cold-rolled AISI 321 stainless steel. In contrast, this work reports a
thorough and detailed investigation of work hardening behavior by both Hollomon and
differential Crussard-Jaoul (C-J) methods. In addition, the impact of different initial
microstructures (coarse-grained, fine-grained, bimodal, and cold-worked) on absence or
presence of visible hardening steps is described and the role of austenite-to-martensite
transformation is highlighted (TRIP effect). These points have not been expressed in the
literature and constitute the innovation of this study.

Materials and Methods

The chemical composition of the AISI 321 austenitic stainless steel used in the present
study is represented in Table 1. In this type of stainless steels, chromium and nickel are
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added to increase the corrosion resistance and stabilize the austenite phase respectively.
Moreover, the addition of titanium by 0.3 wt. % prevents the sensitization of material to grain
boundary corrosion through the formation of titanium carbide (TiC) precipitates instead of
chromium carbide (Cr,;3C7) which depletes grain boundaries from chromium. The material was
received in the form of a sheet with 10 mm thickness. The sheet was cut into smaller pieces
with dimensions of 150 x 25 mm? to be suitable for cold rolling. All pieces were solution
annealed at 1200 °C for 15 min and then quenched in water to obtain a fully austenitic
structure. All samples were then rolled at room temperature with 80 % cross-section
reduction. After cold rolling, samples were annealed for 15 min at 700, 800, and 900 °C.

Table 1. Chemical composition of the AISI 321 austenitic stainless steel
C Si Mn Cr Ni Mo Ti N Fe
0.036 0.421 1.910 17.154 8.620 0.374 0.303 0.013 bal.

Microstructure analysis was performed using optical microscopy after surface
preparation by conventional metallographic procedure. For this reason, sample surfaces
were ground with sandpapers of 100-2500 grit and then mechanically polished with
0.05-pm alumina suspension. To reveal grain structure, the electrolytic etching was used
in the solution of 50 % nitric acid and distilled water by applying the current density of
0.1 mA/cm? Optical images were taken using Olympus PMG3 microscope. Tensile testing
at room temperature was used for analyzing mechanical properties and work hardening
behavior of cold rolled and annealed samples. Tensile samples were prepared according
to ASTM E8 standard and tensile tests were conducted using Gotech Al-7000-LA20
testing machine with the cross-head speed of 0.1 mm/min. The work hardening behavior
of cold rolled and annealed samples were then analyzed employing the Hollomon and
differential C-J methods.

Results and Discussion
Tensile properties

Figure 1(a) shows the engineering stress-engineering strain curves of the AlSI 321
austenitic stainless steel at different annealing conditions. As can be seen, the as received
sample exhibit a lower tensile stress and higher elongation than the cold rolled and
subsequently annealed samples. Also, exceptionally high value of tensile elongation
observed during tensile testing as received sample, can be attributed to microstructural
evolutions during deformation, and will be discussed later. For annealed samples, it is
seen that the tensile strength increases and elongation to failure decreases with
decreasing annealing temperature. The true stress-true strain curves obtained from
engineering curves are shown in Fig. 1(b). These curves were plotted up to the strain
corresponding to the maximum stress in the engineering stress-engineering strain curves.
Obtained true stress-true strain curves were then used for evaluation of the work
hardening behavior of the AISI 321 steel during tensile deformation. The tensile
properties of the AISI 321 austenitic steel at different annealing conditions, obtained
from engineering curves, are summarized in Table 2. The yield and tensile strengths of
as received sample are 92 and 439 MPa respectively. The yield strength of as-received
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sample is increased from 92 to 330, 586, and 800 MPa after cold rolling and annealing at
900, 800, and 700 °C respectively. Also, the tensile strength increases from 439 to 668,
956, and 1189 MPa by cold rolling and annealing at 900, 800, and 700 °C, respectively.
The variations of tensile properties by cold rolling and annealing could be discussed
considering the obtained microstructures.
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Fig. 1. Engineering stress vs. engineering strain (a), and true stress vs. true strain (b) curves of AISI 321
austenitic stainless steel after cold rolling and annealing at different temperatures

Table 2. Tensile properties of the as-received and cold rolled and annealed AISI 321 steels

Sample Yield Tensile | Total elon- | Uniform | Non-uniform | Hardening | Uniform/non-
strength | strength gation, % strain strain capacity uniform
700 °C | 800+12 | 1189+ 20 131 0.06 0.07 0.49 0.86
800 °C | 586*16 | 955*13 31+2 0.24 0.06 0.63 3.77
900 °C | 33010 | 667 *12 674 0.59 0.08 1.02 7.37
A?' 9238 439+9 127 6 1.23 0.04 3.78 30.75
received

Figure 2 shows the optical micrographs of the as-received and cold rolled and
annealed samples. It is seen that the initial microstructure (Fig. 2(d)) is consisted of
equiaxed austenite grains where their mean size was measured to be 120 um with
average intercept method. Fig. 2(c) shows the microstructure of the AISI 321 steel after
cold rolling and annealing at 900 °C. This microstructure is also consisted of equiaxed
austenite grains with the mean grain size of 5 ym. This uniform microstructure is obtained
due to the occurrence of three different phenomena during annealing: static
recrystallization in cold deformed austenite grains, martensite to austenite reversion and
subsequent grain growth. The increase in strength after cold rolling and annealing at
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900 °C is attributed to the reduction of mean grain size of austenite from 120to 5 um. It
should be emphasis that the grain size strengthening follows the Hall-Petch relation in
which the yield strength is proportional to the inverse of the square root of mean grain
size (o, =0y + kd=1/2). According to Hall-Petch relation, the strength of material
increases with decreasing grain size. It is worth to note that the number of dislocations
at pile-ups decreases with grain refinement which produces smaller strain concentrations
at the boundary with the nearing grain. Therefore, higher applied stresses are required to
cause slip to pass to the neighboring grains through the grain boundary [17].

Fig. 2. Optical microstructures of AISI 321 austenitic stainless steel after cold rolling and annealing
for 15 min at different temperatures: (a) 700 °C, (b) 800 °C, (c) 900 °C, and (d) initial coarse-grained sample

Figure 2(b) shows the microstructure after cold rolling and annealing at 800 °C for
15 min. The microstructure appears to consist of elongated austenite grains, together
with ultrafine austenite grains formed by martensite reversion. The presence of relatively
equiaxed and bright regions suggests that partial recrystallization might have occurred
locally, although this cannot be confirmed with certainty using only optical
metallography. Advanced characterization (e.g., electron backscatter diffraction (EBSD) or
transmission electron microscopy (TEM)) would be necessary to unambiguously verify
recrystallization. At this condition, the annealing time and temperature is probably not
high enough for the sufficient growth of the ultrafine austenite grains, so that the bimodal
grain size is produced. Whereas, annealing at 900 °C results in a uniform microstructure
may be due to the intense growth of ultrafine austenite grains, after the martensite to
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austenite phase transformation, so that their sizes are almost become equal to the mean
size of the coarse austenite grains obtained by static recrystallization. Therefore, it could
be mentioned that the increase in yield strength from 330 to 568 MPa and tensile
strength from 668 to 956 MPa with decreasing the annealing temperature from 900 to
800 °C is mainly due to the refinement of equiaxed austenite grains. As it is seen in
Fig. 2(a), the microstructure after annealing at 700 °C for 15 min is consisted of ultrafine
austenite grains (dark regions) developed as a result of martensite to austenite
transformation and elongated austenite grains (bright regions) with the traces of shear
bands which indicates that the annealing temperature is not high enough to trigger static
recrystallization inside cold worked grains. Therefore, increasing yield strength to
800 MPa and tensile strength to 1189 MPa by annealing at 700 °C is due to the effect of
grain refinement and also higher dislocation density inside the elongated grains.

Hollomon analysis of work hardening behavior

In the present study, the Hollomon power low expression was used to describe the strain
hardening characteristics of the AISI 321 austenitic stainless steel at different annealed
conditions. The Hollomon equation is as follows [18]:
o =ke", (D
where € is true strain, o is true stress, n is the strain hardening exponent, and k is the
strength coefficient. As it is evident, by writing the logarithmic form of the above
equation, it is possible to evaluate the strain hardening exponent (n) and the strength
coefficient (k) from the slope and intercept of the curves, respectively. The logarithmic
form of the Hollomon equation is written as below:
In(o) = In (k) + nlin (e). (2)
Figure 3 shows the n (o) vs. Ln (€) curves obtained from the experimental true stress vs.
true strain curves of the as received and the cold rolled and subsequently annealed samples.
The obtained plots indicate that none of the samples exhibited the linear variation of the
n(o) vs. Ln(g) with a unique value for strain hardening exponent (n). As can be seen, for
samples annealed, after 80 % cold rolling, at 700 and 800 °C for 15 min, the two-stage
work hardening behavior is evident where the value of work hardening exponent is higher
at first stage compared with second stage (Fig. 3(a,b)). Also, for sample annealed at 900 °C
for 15 min after cold rolling and as received coarse grained one, the two-stage work
hardening behavior is obvious (Fig. 2(c,d)) but the strain hardening exponent in the second
stage is higher than the first stage. The two-stage work hardening behavior of steels has
been reported earlier by other researchers. Shin et al. [19] studied the variation of tensile
behavior after aging heat treatment of precipitation hardened martensitic steel. They
suggested that the plastic strain regimes can be divided into two different stages by a
rapid increase in strain hardening followed by a comparatively lower increase. It was
revealed in their investigation that the strain hardening exponents at the first and the
second stages is associated with the NisAl precipitates. Kosaka et al. [20] investigated the
work hardening behavior of the ferritic steels containing fine carbides varied from
3to 15 nm. They concluded that work hardening proceeds in two stages and the plastic
strain at which the later stage starts during tensile deformation decreases with the
increase in the diameter of carbides. It is worth to note that work hardening in FFC single
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crystal materials occurs in three different stages based on the nature of the dislocation
interactions during tensile deformation. Comparing the results obtained in this study with
the work hardening behavior of FCC materials [21], it is inferred that the stage | is absent
during tensile testing of all samples. It should be noted that the stage | work hardening
is representative of the easy glide of dislocations at the beginning of plastic deformation
of single crystal materials. At this step, dislocations can slip over a long distance on the
primary slip system without interacting with other dislocations and obstacles. The stage |
work hardening is characterized by the low values of strain hardening exponent. Whereas
the stage | work hardening shown in Fig. 3(c,d) for sample annealed at 900 °C for 15 min
and as received coarse gained one does not occur due to easy glide of dislocations. For
polycrystalline materials such as the present steel, the initial stage of deformation is more
appropriately attributed to early multiple slip, which provides deformation compatibility
between grains, rather than easy glide on a primary slip system as in single crystals. The
low strain hardening rate observed in the stage | of the present samples is therefore
interpreted as resulting from limited dislocation interactions at the onset of multiple slip,
prior to significant dislocation accumulation and forest hardening.
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Fig. 3. In(g) vs. In(e) curves of the AISI 321 stainless steel after 80 % cold rolling and annealing for 15 min
at temperatures of (a) 700 °C, (b) 800 °C, (c) 900 °C, and (d) the as received coarse grained sample
in the annealed condition

As it is seen in Fig. 2(a), annealing at 700 °C for 15 min is not enough to transform
the cold worked microstructure with high dislocation densities to the recrystallized and
dislocation free austenite grains. Therefore, the dislocation tangles inside elongated grains
may become an obstacle for generated dislocations during tensile testing which results in
high levels of strain hardening at the initial stage of tensile deformation and the absence
of the stage | work hardening. Also, some ultrafine austenite grains are evident in the
primary elongated austenite grain boundaries which are the result of martensite to
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austenite transformation. These ultrafine grains are also contributed in the high work
hardening rate as previously reported by Del Valle et al. [22] for magnesium alloys
processed by equal channel angular pressing. For sample annealed at 800 °C, Fig. 2(b),
microstructure before tensile testing is composed of ultrafine, cold worked, and
recrystallized austenite grains. In this case, the cold worked austenite and ultrafine
equiaxed grains are responsible for the absence of the stage | work hardening. Whereas,
for sample annealed at 900 °C for 15 min after cold rolling and initial coarse grained one,
which has been annealed at 1200 °C, microstructures just before tensile testing are
consisted of equiaxed dislocation free austenite grains due to the occurrence of static
recrystallization and grain growth. In this case, the dislocation density inside grains is
very low. For these two samples (coarse and equiaxed grain structure), the stage | of work
hardening accompanies by the initiation of the stage Il work hardening when the
dislocation density inside each austenite grain increases and act as an obstacle for
generated dislocations during continued deformation. Therefore, in the stage Il, work
hardening increases rapidly due to the interactions between dislocations on the activated
secondary slip systems and those on the primary slip systems. A similar trend was
observed during tensile deformation of the annealed AISI 321 and Hadfield steels in the
work conducted by Zhang et al. [16]. For samples annealed at 700 and 800 °C, high
density of dislocations which already existed inside elongated austenite grains, become
an obstacle for generated dislocations so that the deformation process initiates from
stage Il hardening.

Table 3. Extracted data from the plots of ln(g) vs. In(e) curves for the as received and annealed AISI 321
austenitic stainless steel
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The stage Il work hardening initiates when the dislocation density inside grains
reaches a critical value and the annihilation of dislocations by recovery become
significant so that the work hardening rate decreases with further straining. For samples
annealed at 700 and 800 °C, stage Ill work hardening is observed because the high
density of dislocations exists prior to tensile deformation and further straining in
the stage Il increases dislocation density to a level that dislocation annihilation become
predominant. But for sample annealed at the temperature of 900 °C and initial coarse
grained one, dislocation density at the beginning of tensile deformation is very low and
after the stage | (limited dislocation interactions at the onset of multiple slip) and stage
II, remains in the lower levels so that the dislocation annihilation processes become
insignificant compared with work hardening processes leading to the absence of
the stage lll work hardening. In Table 3, the results extracted from the ln(o) vs. In(g)
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curves are represented, which include the work hardening exponent at different stages
of work hardening and corresponding transition strains.

Differential C-J analysis of work hardening behavior

Here, it is useful to emphasis that the change in the deformation mechanisms during
tensile testing of materials results in the development of different stages in the true
stress-true strain curves. In the case of the single crystals of FCC materials, as previously
mentioned, variations of the true stress (o) with true strain (€) shows three distinct stages
in the uniform plastic deformation region [23]. These stages are the stage |, stage Il and
stage Il of work hardening which relate respectively to the easy glide of dislocations on
primary slip systems, high work hardening rate due to the activation of secondary slip
systems, and the dynamic recovery of dislocations. Nevertheless, the changes in the
deformation stages have not always an obvious effect on the tensile curves of
polycrystalline materials. In this case, some forms of analysis are required to reveal
different deformation stages using the data acquired from the rue stress- true strain
curves [24]. Hollomon analysis in the previous section is the simplest of these methods.
This analysis was previously used for prediction of the deformation stages in ferrite-
martensite dual phase steel [25], but results showed a continuous decrease in the work
hardening exponent (n) with strain and district stages was not revealed. Similar results
were also reported by Umemoto et al. [26] for ferritic, martensitic, and bainitic single
structure steels. In the present investigation, although the variations of the strain
hardening exponent (n) with strain is near continuous (as seen in Fig. 3), but deformation
stages can be approximately deduced from these plots. For precise analysis of the tensile
stress- strain curves, the Crussard-Jaoul (C-J) method has been applied to many kinds of
alloys and reasonable results have been obtained [25,27,28]. The differential C-J analysis
of the work hardening behavior of materials is based on the Ludwik equation as below [29]:
o =0y + ke, 3)
where o is true stress, € is true strain, n. is work hardening exponent, k. and oo are material
constants. After differentiation, the above equation can be written as follows:

In (Z—Z) =In(k;n,)+ (n,—1)Ine. 4)

Before analyzing the tensile true stress- true strain curves using the differential C-J
method, it should be mentioned that the ln(do/de) vs. In(e) curves for polycrystalline
materials comprises four distinct stages as reported by Reed-Heel et al.[30] for
polycrystalline nickel. The typical form of the In(do/de) vs In(g) curves for polycrystalline
materials with different stages is shown in Fig. 4. During the initial accommodation stage,
multiple slip starts at largest grains and spreads in to finer grains with further straining.
The stage | begins when all grains deform simultaneously by multiple slip. Therefore, the
slope of the Ln(do/de) vs. In(g) curves increases when the stage | initiates. It is worth to
note that stage | in the description of the work hardening behavior of poly-crystals differs
fundamentally from the stage | of single crystals where the crystal deforms by easy glide
of dislocations on primary slip system. In the stage Il dislocation slip occurs on a single
slip system with hardening effect of the dislocations on the secondary systems [31].
During this stage, the in-grain subdivision is a predominant phenomenon. It is worth
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to note that grain subdivision inside large austenite grains is primarily driven by multiple
slip activity, which ensures deformation compatibility and promotes the gradual
formation of dislocation substructures and misoriented sub-boundaries. This process is
not confined to a particular stage of work hardening but occurs continuously from the
very early stages of deformation until ultrafine-grained structures are eventually formed.
The slope of the In(do/de) vs Ln(g) curve decreases when stage Il initiates. Similar to work
hardening behavior of single crystals, stage Ill is characterized by the occurrence of
dynamic recovery due to the annihilation of dislocations. So, the slope of the
In(do/de) vs. In(g) curve decreases when the stage Il starts.

The differential C-J analysis of the true stress- true strain data for annealed samples
was carried out using the Ludwik equation and the results are shown in Fig. 5. For the
sample annealed at 700 °C for 15 min, as seen in Fig. 5(a), the three-stage hardening
behavior is detected. Inspection of the microstructures of annealed samples in Fig. 2
reveals that after 15 min annealing at 700 °C (Fig. 2(a)), the microstructure is mainly
composed of elongated austenite grains with cold deformed characteristics and some
ultra-fine grains resulted from the reversion of deformation induced martensite. It is also
obvious that the fraction of ultrafine-grained austenite is much less than the fraction of
elongated grains where the occurrence of recovery is expected during annealing. As it is
clear, the initial work hardening stage is not observed in the In(do/de) vs. ne curve of the
sample annealed at 700 °C. This stage is observed when the initial microstructure of
tensile sample is consisted of equiaxed grains with normal size distribution. The initial
stage occurs with lower work hardening characteristics when the multiple slip starts only
at larger grains. This stage accompanied with the stage | hardening when multiple slip
occurs at all grains simultaneously. As the microstructure mainly consisted of cold
deformed grains with high dislocation density which arranged in pileups, the initial stage
is not observed and deformation starts with the occurrence of multiple slip at the
elongated grains resulting to the stage | hardening.
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Fig. 5. Differential C-J analysis of the true stress-true strain curves of the AISI 321 austenitic stainless steel after
annealing for 15 min at different temperatures: (a) 700 °C, (b) 800 °C, (c) 900 °C, and (d) initial coarse-grained steel

During the stage Il, grain subdivision is predominant at elongated grains and also
deformation of - ultra-fine austenite grains start with increasing the tensile stresses.
As the work hardening capacity declines with grain refinement, the work hardening rate
decreases in the stage Il compared with the stage I. Finally, the stage Il initiates when
the dislocation annihilation occurs inside grains and work hardening rate decreases
(Fig. 5(a)). For the sample annealed at 800 °C, as shown in Fig. 5(b), the ln(do/de) vs. In(g)
curve comprises three different stages. Comparing this curve with Fig. 3, it is deduced
that the initial stage occurs with the characteristics of the multiple slip in large grains
and accompanies with the stage | of work hardening due to the occurrence of multiple
slip in all grains. This work hardening characteristics can be verified considering the
initial microstructure of tensile sample (Fig. 2(b)). As said in the previous section, the
microstructure after annealing at 800 °C is consisted of elongated austenite regions with
the recrystallized features and also ultra-fine austenite grains due to the reversion of
deformation induced martensite. Comparing this microstructure with Fig. 2(a), it is
concluded that the size and volume fraction of ultra-fine austenite grains are increased
with increasing the annealing temperature. Also, the static recovery inside elongated
austenite grains is replaced by static recrystallization. In the presence of large austenite
grains with low dislocation densities, due to static recrystallization, in conjunction with
the ultra-fine grains, the plastic deformation starts with initial stage (high decrease rate
of the work hardening) and accompanies with the stage | hardening, where the plastic
deformation occurs simultaneously in ultra-fine and recrystallized austenite with
different grain sizes.

Finally, the stage Il hardening initiates at the final stage of the uniform plastic
deformation region. This stage is characterized by the predominance of the subdivision
of large austenite grains in the recrystallized regions (Fig. 2(b)) with the occurrence of
single slip. So, the work hardening rate decreases in the stage Il compared with
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the stage I. As shown in Fig. 2(c,d), for samples annealed at 900 °C and initial coarse
grained one, the trend similar to the behavior of the sample annealed at 800 °C is
observed with this exception that the increase in the work hardening rate is noticed in
some portion of the In(do/de) vs. In(g) curves. This increase in the rate of work hardening
is attributed to the transformation of austenite phase to martensite during tensile testing
which is known as TRIP effect.

Similar behavior has been reported by Cai et al. [32] for transformation induced
plasticity (TRIP) steel with the chemical composition of Fe-0.18C-11Mn-3.8AL. They also
explained that the superior tensile ductility is achieved in TRIP steels when the
occurrence of austenite to martensite transformation is delayed. As can be seen in
Fig. 5(c) the austenite to martensite transformation (TRIP) occurs in the early stage of
uniform plastic deformation region for sample annealed at 900 °C. But for initial coarse-
grained sample (Fig. 5(d)) this transformation is delayed and occurs in the later stage of
the uniform plastic deformation region. This difference is attributed to the difference in
the mean grain size of the austenite phase before the occurrence of TRIP phenomenon.
As the austenite grain size of the sample annealed at 900 °C is lower than the initial
annealed one, the dislocation density inside grains reaches to the critical value with
higher rates than the coarse-grained sample. So, the TRIP effect is seen at the early stages
of the uniform plastic deformation region. The total elongation of 127 % in initial coarse-
grained sample is achieved due to the occurrence of TRIP at the later stages of the
uniform plastic deformation region. The lower elongation of 67 % for sample annealed
at 900 °C compared with as received sample is due to the lower austenite mean grain
size and also the occurrence of TRIP at the early stages of plastic deformation. It is also
worth to note that the stage Ill hardening is not observed during tensile deformation of
initial coarse grained (Fig. 5(d)) and annealed samples at 800 and 900 °C (Fig. 5(b,c)).

As previously explained by Flinn et al. [33], the stage Ill hardening is expected when
the high levels of plastic deformation could be imposed on sample before the necking
during tensile testing. In the case of the sample annealed at 700 °C, the microstructure
just before tensile testing is composed of elongated austenite grains with the
characteristics of the cold work state (Fig. 2(a)). So, the initial dislocation density is high
enough to trigger dislocation annihilation process during tensile deformation. Whereas,
in samples annealed at 800 and 900 °C and initial coarse grained one, the microstructure
mainly consisted of equiaxed and recrystallized austenite grains with low levels of
dislocation densities. Therefore, the dislocation density during tensile testing does not
reach to a value for the annihilation process to occur extensively.

Conclusions

In the present investigation, the AISI 321 austenitic stainless steel was cold rolled with
80 % reduction and then annealed at 700, 800, and 900 °Cfor 15 min to produce different
initial microstructures for subsequent analysis. Then, the work hardening behaviors of
annealed samples were analyzed using room temperature tensile testing. The main
results are as follows:

1. In the Holomon analysis, all samples with different initial microstructures showed two-
stage work hardening behavior. The absence of the stage | hardening in all samples and
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the stage Ill hardening in sample annealed at 900 °C and as received specimen was
confirmed by this analysis.

2. The stage Ill of hardening is not apparent in sample annealed at 900 °C and coarse
grained one. The reason for this observation is that the density of dislocations in the
sample at the final stages of the tensile testing does not reach to the critical value
necessary for dynamic recovery to occur.

3. In the C-J analysis, the initial hardening stage, which is the indication of multiple slip
at large grains, is not observed in the sample annealed at 700 °C for 15 min. At this
annealing temperature, the microstructure is mainly consisted of elongated austenite
grains with high density of dislocations which arrange in the form of dislocation cells and
ultrafine grains resulted from martensite to austenite reversion. At other annealing
conditions, the initial stage is observed due to the presence of large austenite grains in
microstructures.

4. The stage Ill work hardening in the C-J analysis was observed only for the sample
annealed at 700 °C. This is due to the high density of dislocations existed inside austenite
grains before tensile testing.

5. The positive slop in the In(do/de) vs. In(e) curves of the sample annealed at 900 °C and
coarse grained one is attributed to the occurrence of austenite to martensite transformation
(TRIP effect) which results in higher ductility and elongation to failure at these conditions.
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