JMEPEG (2018) 27:1168-1176
https://doi.org/10.1007/s11665-017-3030-y

©ASM International \
1059-9495/$19.00 | CrossMark

Effect of Post-deformation Annealing Treatment
on the Microstructural Evolution of a Cold-Worked

Corrosion-Resistant Superalloy (CRSA) Steel
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The post-deformation annealing treatments of a commercial cold-worked corrosion-resistant superalloy
steel (Sanicro 28 steel) were carried out at different temperatures in the range of 900-1100 °C for different
holding durations of 5, 10, and 15 min. The effects of post-deformation annealing time and temperature on
the microstructural evolution and subsequent mechanical properties of the processed Sanicro 28 steel were
investigated. The observations indicated that twin—twin hardening in cold deformation condition mainly
correlates with abundant nucleation of mechanical twins in multiple directions resulting in considerable
strain hardening behavior. Microstructural investigations showed that the static recrystallization takes
place after isothermal holding at 900 °C for 5 min. Increasing the annealing temperature from 900 to
1050 °C leads to recrystallization development and grain refinement in the as-recrystallized state. In
addition, an increase in annealing duration from 5 to 15 min leads to subgrain coarsening and subsequently
larger recrystallized grains size. The occurrence of large proportion of the grain refinement, which is
achieved in the first annealing stage at 1050 °C after 5 min, is considered as the main factor for the

maximum elongation at this stage.

Keywords austenitic stainless steel, mechanical twin, static
recrystallization, work hardening

1. Introduction

The corrosion-resistant superalloy (CRSA) steels with high
contents of molybdenum, chromium, nickel, nitrogen and
manganese are the most frequently used pipeline alloys in oil
and gas transferring industries due to their remarkable physico-
chemical, mechanical and corrosion-resistant characteristics
(Ref 1-3). It is shown that the intrinsic properties of corrosion-
resistant superalloys can be further improved through thermo-
mechanical processing (TMP), which can take advantages of
the corresponding microstructural evolutions (Ref 4).

In practice, the thermomechanical processing (TMP) of
CRSA steels includes several rolling stages, either cold or hot,
to shape the ingots into steel plates, considering the different
combinations of thermal and mechanical treatment routes by
which the final mechanical properties of the alloy can be
controlled (Ref 2, 5-8). However, it is well known that the
optimum mechanical properties of CRSA steels can be
achieved simply through cold working followed by annealing
treatment (Ref 9). The cold working step is usually considered
as the shaping stage, while the annealing is an essential step to
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relieve the stress and to generate the desired microstructure
(Ref 10, 11).

In general, the microstructural evolution during the post-
deformation heat treatment is dictated by the state of deformed
matrix (including the amount of deformation stored energy) and
the annealing parameters, i.e., temperature and holding time
(Ref 12). From the metallurgical point of view, the accumu-
lation of strain energy during cold working provides the driving
force for the activation of different microstructural evolution
mechanisms (Ref 8, 13). For instance, the occurrence of static
recrystallization during thermal processing or inter-pass anneal-
ing may result in significant grain refinement. The statically
recrystallized microstructures usually exhibit great combination
of strength and ductility mainly due to the effective of grain
refinement and newly formed dislocation-free grains, respec-
tively (Ref 14, 15). The process of grains nucleation and
growth is mainly accompanied by the long-range grain
boundaries migration, which may consume the strain-hardened
microstructure (Ref 16). These new grains are the result of
static recrystallization through activating different mechanisms
during annealing process such as gradual subgrain growth (Ref
17). In the latter mechanism, the sub-boundary misorientations
are progressively increased until all the low-angle boundaries
are transformed into the high-angle grain boundaries (Ref 18-
20). During annealing, the microstructure is characterized by a
mixture of increasing amounts of recrystallized grains and
decreasing amounts of strain-hardened grains. The latter is
related to the barriers facing the dislocation movement such as
twin boundaries (Ref 21). The obstructing effect of mechanical
twins which is related to the low stacking fault energy (SFE),
on the motion of dislocations slip, is believed to be the main
characteristic of the high work hardening potential alloys. In the
most low-SFE alloys, the interaction of slip and twinning with
the preexisted grain boundaries and prior twins in the
microstructure introduces another complex component to the
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work hardening sensitivity, which includes back stress and
accommodation effects at twin—grain boundary interfaces (Ref
22-25). Consequently, the generation and rearrangement of
dislocation and twins during cold deformation result in
additional strengthening behavior in the alloys. It is well
reported that the work hardening rate increases when a large
amount of twin—twin interactions occurs in the low-SFE alloy
(Ref 26, 27). It is shown that the density and frequency of
twinings increase by increasing the amount of strain and the
stress (i.e., the alloy strength) by twin—twin interaction.
Therefore, a cold-worked metal is in a state with a higher
energy and therefore thermodynamically unstable (Ref 28, 29).
In order to increase the microstructural stability and simulta-
neously generate the desirable combinations of mechanical
properties, the predetermined post-deformation annealing treat-
ment is necessitated. In fact, the precise control of post-
deformation annealing treatments affects the final mechanical
properties by: (1) decreasing the defect/dislocation density in
the cold-worked material and (2) controlling the final
microstructure in terms of grain size and morphology (Ref 30).

Despite the fact that many applied researches have been
devoted on the dynamic restoration characterization of Sanicro
28 corrosion-resistant superalloy (CRSA) and considering that
the alloy is strategically important and has great industrial
applications (Ref 2, 6, 31), there are few studies focusing on the
microstructural design through static restoration phenomena in
this CRSA (Ref 9, 28, 32, 33). Moreover, the occurrence of
twin—twin interaction during cold working of Sanicro 28 steel
and evaluating the work hardening behavior has not been
investigated. So, it is necessitated to understand the microstruc-
ture evolution and concurrent effect on the mechanical
properties of a cold-worked and isochronally annealed Sanicro
28 austenitic stainless steel. Accordingly, in the present work,
the effect of twin—twin interaction during work hardening and
the static softening during post-annealing treatment on mechan-
ical properties of Sanicro 28 corrosion-resistant superalloy
(CRSA) with respect to microstructure characteristics are
presented.

2. Experimental Procedure

The investigated Sanicro 28 steel was received in as-radial
forged condition with the chemical composition given in
Table 1. To eliminate any chemical and microstructural inho-
mogeneity, the alloy was homogenized at 1150 °C for 45 min.
Cylindrical specimens were machined from the homogenized
material with a length-to-diameter ratio of 1.5 (©®10 mm x
H15 mm) and subjected to uniaxial cold compression test. The
tests were carried out using an Instron 4208 universal testing
machine at the strain rate of 0.1 s~ up to the true (logarithmic)
strain of 0.7 in accordance with ASTM E209 standard. The
variations of stress and strain were monitored continuously by a
personal computer equipped with an automatic data acquisition
system. A high-accuracy interface load cell (model: SSM-DJM-
20 KN) with the capability of measuring the load forces down

Table 1 Chemical composition of the experimental steel (wt.%)

to 0.1 kg was employed to record the load values. A set of
interruption tests was executed at the strain rate of 0.1 s~ to
investigate the effect of strain on the microstructural evolution.
The cold-deformed specimens were then subjected to a
predetermined set of annealing treatment at 900, 1000, 1050,
and 1100 °C for 5, 10, and 15 min. Each annealing cycle was
followed by immediate water quenching to preserve the
microstructure. The applied thermomechanical processing
cycles are shown schematically in Fig. 1.

The specimens for microstructural observations were cut
parallel to their longitudinal section. For all the samples, the
center of the rectangular cross section was considered for
representative metallographic observations. The selected sec-
tion of the thermomechanically processed specimens was then
mounted using cold curing resin and prepared through con-
ventional metallography techniques. In order to reveal the
microstructural features, the specimens were electro-polished
and then etched in a 3:2:3 mixture of HCI, HNO5 and H,O
solution. X-ray diffraction (XRD) analysis was also employed
to assure obtaining a single-phase austenitic structure and
identify the absence of martensitic structure in the cold-worked
specimens. For these tests, a high-resolution x-ray diffractome-
ter (model Philips X’pert, Netherlands) with a rotating copper
anode (Cu Kal) radiation (wavelength, A's 1.5406 Al) was
employed.

The room temperature mechanical properties of the pro-
cessed material were evaluated using the shear punch tests
(SPT) with a $p3-mm cylindrical punch and a clearance distance
of 0.04 mm. The SPT specimens were prepared by cutting the
processed specimens into sections with an approximate thick-
ness of 300 £ 15 um via electro-discharge machine. In order to
assure a sufficient technical accuracy in obtained data, the SPT
was repeated three times for each condition. The tests were
performed at the room temperature with the constant crosshead
speed of 0.2 mm min~'. The shear elongation was then
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Fig. 1 Schematic representation of the applied thermomechanical
processing cycles
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calculated from SPT data by employing the following empirical
equation (Ref 34, 35):

(Eq 1)

where D is the difference of displacement at failure and ¢ is
the specimen thickness.

Elongation = D,

3. Results and Discussion

3.1 The State of Cold Deformation Behavior

Figure 2(a) shows the initial microstructure of the experi-
mental alloy after solution annealing prior to deformation. It
represents a typical austenitic microstructure with the initial
grain size of 132 pm, which was measured by linear intercept
method including quite a few annealing twins. The corre-
sponding x-ray diffraction pattern (Fig. 2b) also confirms that
the steel is fully austenitic.

The typical flow curve of the experimental CRSA steel
obtained from the room temperature compression test at the
strain rate of 0.1 s~' up to the logarithmic strain of 0.7 is shown
in Fig. 3(a). It can be seen that the material yields at a true
compressive stress of about 300 MPa and undergoes a
continuous strain hardening behavior up to 900 MPa at the
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Fig. 2 (a) Initial microstructure, and (b) the XRD pattern of the
experimental CRSA steel in as-annealed condition
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true strain of 0.7. The variation of strain hardening rate
(0 = 0a/0¢) is calculated and plotted versus the true strain in
Fig. 3(b). As is seen, the variation of work hardening rate can
be classified into three linear stages (Fig. 3b inner image). In
the first hardening regime, stage A, the hardening rate is started
to decrease from 0.02 to 0.21 true strains. Stage A is followed
by another drop in strain hardening rate which is observed at
higher strain levels from 0.21 to 0.4 true strains (stage B). At
stage B, the strain hardening rate is decreased more rapidly.
After the true strain of 0.4 is reached (stage C), the reduction
speed of work hardening rate is lowered compared to stage B.
According to previous studies, the deformation twins play a
dominant role in the strain hardening response of low stacking
fault energy (SFE) metals and metallic alloys (Ref 36). In the
present study, the effect of deformation twining on strain
hardening behavior is discussed under the following subtitles:

i. Low strain regime (stage A)

The decrease in work hardening rate at stage A is usually
attributed to the twin formation which may act as a dislocation
barrier (Ref 37). It is well established that the annealing twin/
austenite interfaces are potential sites for the nucleation and
growth of mechanical twins (Ref 13). In addition, there is a
critical resolved shear stress for activating mechanical twinning
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Fig. 3 (a) Cold compression true stress—true (logarithmic) strain
curve obtained under strain rate of 0.1 s™', (b) the variation of work
hardening rate with true (logarithmic) strain
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in each twinning system. Where the resolved shear stress on the
twinning plane in the twinning direction reaches its critical
value, the formation of new twins may occur as is observed in
Fig. 4(a). It is assumed that the primary twinning may divide
the original austenite grains into submicron regions, thereby
playing an important role in restricting the dislocation move-
ment during the further plastic deformation. The twins would
lead to a local stress concentration. Therefore, a higher rate of
strain hardening can be observed at stage A. This is the reason
why the formation of mechanical twins can prevent the typical
decrement in the rate of work hardening at early stages of
deformation.

ii. Medium strain regime (stage B)

As shown in Fig. 3(b), the work hardening rate decreases
more rapidly during deformation at stage B. The most probable
hypothesis is that the stage B occurs where there is a drop in the
rate of primary twin formation. This experimental result may
then call for a new explanation, since very few models are
available in the literature to explain the decreasing rate of twin
formation. Therefore, the following model based on our
observations of the microstructural evolution (Fig. 4b) can be
proposed in the present study. In low-SFE materials (apart from
twin formation), the strain is found to be inherently nonhomo-
geneous at the grain scale (both within the grain and between
the grains) (Ref 38). Consequently, significant misorientations
may arise within grains even at moderate strains. According to
the relevant microstructure (Fig. 4b), the curvatures in twins
would be a clear indication of such in-grain misorientations,
which has been resulted from the strain inhomogeneity within

the grains. As it is well known, the higher stresses are required
for the nucleation of deformation twins in smaller grains
compared to that of larger ones (Ref 39, 40). Hence, it is
expected that the development of in-grain misorientations
caused by inhomogeneous strain in the grain would signifi-
cantly impede the formation of new deformation twins within
the grains. This effect can be best justified from the data
presented by Remy (Ref 41).

iii. Large strain regions (stage C)

In accordance with Fig. 4(c), at logarithmic strains between
0.4 and 0.7 (stage C), having multiple twin directions within
annealing twins and grains would inevitably lead to the
formation of several parallel twin bands and the mutual
intersection of mechanical twins in the grains. Therefore, the
twin—twin interactions would contribute to an additional
strengthening during the further twin formation at relatively
higher amounts of deformation (Ref 26, 42). From the enlarged
image in Fig. 4(d), it is noticeable that the intersection of the
twins would form at the interface of the annealing twin/
austenite region. The occurrence of twin—twin interactions in
fcc low stacking fault energy alloys (such as Co33Ni, Fe-
20Mn-4Cr-0.5C and Co-Fe alloys) have been widely investi-
gated (Ref 27, 43, 44). The corresponding findings show that
the strain hardening could be affected where a large amount of
twin—twin interactions followed in these alloys. As is seen in
Fig. 5(a), the twin—twin interactions at the true strain of 0.7 are
more clearly observed.

In the present study, XRD patterns reveal an austenite single
phase without martensitic or ferrite transformation during the

Fig. 4 Microstructures of the experimental CRSA steel after interrupted compression tests at 25 °C: (a) after straining to 0.2, the initiation of
mechanical twinning is seen, (b) after straining to 0.4, indicating the deformation twins, (c) the mechanical twin intersections are seen, after
straining to 0.7, and (d) the enlarged image of mechanical twin interactions in stage C
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Fig. 5 (a) Twin—twin interaction and (b) the XRD patterns of the
corresponding specimen after straining to 0.7 (true strain)

cold work process. This can be taken as a proof for the fact that
mechanical twining is the solely and one of the most important
mechanisms which is more likely to appear in the ambient
temperature for the experimental alloy (Fig. 5b).

3.2 Microstructural Characterization After Annealing
Treatment

In the second part of the present work, the effect of
annealing conditions on the static recrystallization (SRX)
behavior of the cold-deformed structure of the experimental
alloy was studied by heating and holding some samples at
different temperatures for various durations. It is important to
note that a special attention is devoted on the role of twins on
recrystallization behavior of the CRSA steel. The microstruc-
tural evolution of the cold-worked specimens after isothermally
annealed at 900 and 1000 °C for 5, 10 and 15 min is illustrated
in Fig. 6 and 7 respectively. As is seen, the recrystallized grains
are emerged at the grain boundaries especially at the junctions
of deformed grains in the specimen annealed at 900 and
1000 °C. It is well known that the strain energy of cold forming
is highly accumulated at the preexisting high-angle boundaries
(Ref 45). The deformation stored energy is a great source of
driving force for providing preferential nucleation sites for
static recrystallization (SRX). As a result, intergranular forma-
tion of new grains at the onset of SRX is expectable. In the
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present study, an additional driving force for SRX can be
provided due to the presence of twinning boundaries inside the
grains. As is clearly observed, the recrystallization proceeds
through the formation of a necklace type structure where the
new grains are formed at the initial gain boundaries (Fig. 6 and
7). Besides, under such deformation condition, some austenite
grains have remained in their original condition, which
highlights the inhomogeneous evolution of the recrystallization
process (shown in Fig. 6a and 7a). The reason for such
inhomogeneous evolution is attributed to the inhomogeneity of
deformation during cold working. In fact, the grain boundaries
and triple junctions are more prone to the deformation stored
energy because of the required compatibility strain to accom-
modate an incongruent shape change of grains at their common
grain boundaries. This makes them particularly potential
nucleation sites of SRX (Ref 46, 47). With respect to a non-
uniform distribution of deformation stored energy within the
microstructure, the nucleation first begins in the areas with the
relatively highest stored energy and proceeds progressively
toward the less energetic sites as the holding time and
temperature are increased. For a better comparison, the
obtained recrystallized grain size and the values of the volume
fraction of recrystallized grains in the case of various times and
temperatures for the annealed specimens are shown in Fig. 8.
The fraction of the recrystallized grains is gradually increased
with increasing annealing temperature and holding time. As is
seen, the volume fraction of recrystallized grains increases from
25 to 36% when the holding time is increased from 5 to 15 min
at 900 °C. Nevertheless, the relationship between holding time
and the recrystallized grain size has insignificant alteration at
900 °C. As is expected, an increase in annealing temperature
from 900 to 1000 °C leads to an increase in the recrystallized
volume fraction and grain size regardless of holding time.
Furthermore, annealing for 5-15 min leads to an increase in the
volume fraction of recrystallized grains from 38 to 52% at
1000 °C. The distribution and the morphology of recrystallized
grains are more uniform and equiaxed as the annealing time is
increased at 1000 °C.

The corresponding microstructures of annealed specimens at
1050 and 1100 °C for 5, 10 and 15 min are shown in Fig. 9 and
10, respectively. As it can be seen, the microstructure is
completely transformed to a fully recrystallized one in the
temperature range from 1050 to 1100 °C as it consists of
uniformly distributed fine grains. According to Fig. 8 and 9,
annealing for 5 min at 1050 °C leads to the smallest grain size
of about 6.7 um among the studied experimental conditions.
Annealing for longer holding time, i.e., 10 and 15 min results
in dramatic grain growth of recrystallized grains (Fig. 8b) from
6.7 to 10.1 pm and 16.7 um for 10 and 15 min annealing
durations, respectively. The microstructural evolution during
the annealing process at 1100 °C (Fig. 10) reveals that the
annealing temperature has a profound effect on recrystallization
which means the larger grains ensues from the higher
temperature at these conditions. In fact, while SRX is the
microstructural mechanism, rapid grain growth at 1100 °C
results in a considerable coarsening of the initial fine-grained
structure. As is shown in Fig. 8(b), by increasing temperature
up to 1100 °C, the grain sizes are almost multiplied by 1.5
compared to those in 1050 °C. However, the longer annealing
duration at 1150 °C, i.e., 10 and 15 min, is not seemed to cause
a noticeable change in recrystallized grain size compared to the
shorter annealing period of 5 min.

Journal of Materials Engineering and Performance
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3.3 Static Recrystallization Kinetics

In the previous investigation concerning the thermomechan-
ical behavior of steels (Ref 48, 49), the kinetic equation of the
static recrystallization has been well developed. The variety of
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average recrystallized fraction, X;, determined using metallo-
graphic observation method, as a function of annealing time, is
shown in Fig. 8(a). The static recrystallization kinetics can be
described by an Avrami equation of the following form
(Ref 50, 51)
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Fig. 9 Optical micrographs of isothermally annealed specimens at 1050 °C for (a) 5 min, (b)10 min and (c¢) 15 min

Fig. 10 Optical micrographs of isothermally annealed specimens at 1100 °C for (a) 5 min, (b)10 min and (¢) 15 min

t n

Xs=1—exp [—0.693 (—) } (Eq 2)
fo.s

where n is the Avrami exponent and fys is the time or

responding to 50% recrystallization. It can be defined by the

widely used equation (Ref 51):

) 0 o
= g = | = =
tos = A& D%exp( ) Bexp( )

(Eq 3)
where D, is the initial austenitic grain size, which is 132 pm
(shown in Fig. 2a) in this research; R is the gas constant and
is equal to 8.314 J/(mol K); T is the absolute temperature, K;
Q is the apparent activation energy of static recrystallization,
J/mol; A4, p, q, s are constants, and the value of s is generally
considered as 1 according to some researches (Ref 49, 52). In
this research, all calculations were done at strain rate of
0.1 s~' and true strain of 0.7 and the initial grain size of
132 pm.

Taking the natural logarithm of Eq 2, the following
expression can be obtained:

1
ln{ln(l X)} =In0.693 +nlnt —nlntys (Eq 4)

By plotting In [ln (ﬁ)} versus In¢ and linear regression un-

der each deformation condition, the Avrami exponent n can

be determined as shown in Fig. 11(a). The average value of n

under all the deformation conditions can be obtained as 0.38.
Take the natural logarithm of Eq 3,

1174—Volume 27(3) March 2018

Infos =InB + 2

RT (Eq 5)
The relationship between In#ys and 1/T is linear and Q/R is
the slope. By the linear regression, O/R could be obtained as
20.1149 (Fig. 11b). Then Q can be calculated as
167,235 J mol™!. The constant of B can be derived from
Eq 5 as 1.78E—06. Then, the static recrystallization kinetics
of Sanicro 28 austenitic stainless steel can be described as
follows:

Xo=1—exp [—0.693(t/t05)0'38}

(Eq 6)
tos = 1.78 x 10 % exp(167235/RT)

3.4 Mechanical Properties of Annealed Specimens

Figure 12 illustrates the effects of annealing temperature and
holding time on the tensile elongation of the experimental alloy
obtained from shear punch testing method. According to the
above discussion, the soaking temperature and/or holding time
affect static recrystallization, since the microstructural evolu-
tion was strongly dependent to the deformation history of the
alloy, as well as subsequent heat treatment parameters. In
general, it is found that the elongation of processed CRSA steel
increases with increasing the annealing temperature and
decreases slightly with increasing holding time because of
gradually grain growth (Ref 12). By increasing temperature
from 1050 to 1100 °C, the grain coarsening brings down the

Journal of Materials Engineering and Performance
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percentage elongation values, as observed in the present work.
Therefore, grain growth is the one responsible for the decrease
in elongation values.
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4. Conclusions

The cold work process followed by annealing treatment
which produces a structural evolution of restoration and
recrystallization is a standard practice for alloys to improve
their mechanical properties. Based on investigation results, it
was concluded that the post-deformation annealing treatment
has a great influence on characteristics of the Sanicro 28 steel.
Therefore, the dependency of mechanical properties to anneal-
ing conditions at elevate temperatures is of practical impor-
tance. Increasing the annealing temperature in the range of 900-
1100 °C leads to an increase in volume fraction of the grains
which underwent partially static recrystallization. The anneal-
ing treatment at 1000 °C leads to the formation of fine-grained
structure as a result of recrystallization. Such microstructure
shows evident increase in the characteristics of elongation in
comparison with annealing at lower temperature. The increase
in annealing temperature up to 1050 °C leads to the completely
static recrystallized and the further increase in the character-
istics of elongation. By increasing temperature up to 1100 °C,
the grain coarsening after complete recrystallization occurs at
higher temperatures under whole times.
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