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Abstract: Dynamic Recrystallization (DRX) is one of the likely mechanisms for fine-graining in metals and alloys. The
dynamic recrystallization (DRX) phenomena occur in different thermo-mechanical processing (TMP) conditions for
various metallic materials. DRX depends on various materials and thermo-mechanical parameters such as tempera-
ture, strain rate, strain, stress, and initial microstructure. in the present study, the restoration mechanism of the 17-7PH
stainless steel has been investigated using a hot compression test under different conditions of thermo-mechanical
treatment. The microstructural characteristics and the behavior of the hot deformation of the understudy steel are
investigated using flow curves and microstructure images obtained from optical microscopy. The results show that the
maximum and steady-state stresses are significantly affected by the strain rate and the deformation temperature. So, the
flow stress increases with a decrease in the deformation temperature and an increase in the strain rate. Microstructural
studies confirm the occurrence of DRX as a restoration mechanism in the microstructure for the two phases of austenite

and ferrite.

Keywords: Dynamic Recrystallization, Thermo-mechanical processing, 17-7PH Stainless steel, Compression test.

1. INTRODUCTION

Restoration mechanisms in metals during hot
work have been one of the main issues in recent
decades. In most cases, dynamic recovery has
been reported as the only restoration mechanism
for alloys with high stacking fault energy (SFE)
[1-2]. Besides, in metals and alloys with high SFE,
continuous dynamic recrystallization (CDRX)
occurs instead of discontinuous dynamic recrys-
tallization (DDRX). CDRX plays a prominent
role in producing finer grains through hot defor-
mation [3-5]. This mechanism mostly occurs in
low carbon ferritic steels [6-7], and even to some
extent in austenitic stainless steels [8-10]. Gener-
ally speaking, ferritic microstructures prefer the
work softening by an extended dynamic recovery
which results in CDRX at higher applied strains.
Dynamic restoration leads to an increase in the
density of dislocations at low-angle grain bound-
aries (LAGBs) thereby transforming them into
high-angle grain boundaries (HAGBs). It is gen-
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erally accepted that sub-grains may rotate to the
point that the adjacent sub-grains reach a similar
orientation due to boundary diffusion processes. In
this case, already existing LAGBs will be deleted
[11]. These sub-grains will combine and convert to
larger subgrains. The driving force necessary for
this process will be obtained by the decrease in the
surface area of LAGBs in unit volume.

Ferrite and austenite behave differently during
deformation at high temperatures. The diffusion
rate in ferrite is greater than the austenite. There-
fore, the movement of the dislocations is signifi-
cantly faster in ferrite than in austenite. Austen-
ite Instead prefers dynamic recrystallization by
DDRX mechanism. DDRX happens by the nu-
cleation and growth of new grains (mostly by the
strain-induced boundary migration, SIBM) [11].
However, austenite possibly experiences CDRX
under special conditions such as a lack of favor-
able nucleation sites and a decrease in driving
force for the SIBM mechanism. For example, the
decrease in high-angle austenite/austenite bound-
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ary in dual-phase steels may decrease the possi-
bility of DDRX in comparison to fully austenitic
structures. Therefore under these circumstances,
the alternative softening mechanism, i.e. CDRX,
comes into operation [12]. the occurrence of
CDRX during hot deformation of super austenitic
stainless steels confirms this idea [13].

17-7PH (AISI 631) stainless steel is a precipi-
tation-hardenable stainless steel with semi-auste-
nitic microstructure. It is the first semi-austenit-
ic PH stainless steel that has been commercially
produced. This steel contains austenite and delta
ferrite (in the range of 5 to 20 %) at room tem-
perature. Austenite in this steel is thermodynam-
ically metastable and may transform into another
phase during heat treatment or cold working. On
the other hand, the amount of delta ferrite depends
on ferrite promoting elements such as chromium,
aluminum, and titanium. This steel has a good
combination of properties such as good ductility,
high strength, and great resistance to corrosion
which has led its application in various applica-
tions such as nuclear powerhouses [14-15]. The
addition of light elements such as aluminum has
been considered as a good and interesting way for
increasing strength and meanwhile decreasing the
weight [16]. However, such changes in chemical
composition often results in sophisticated mi-
crostructural evolution during hot working. The
mechanism of microstructural evolution depends
on different thermomechanical and material fac-
tors such as temperature, strain rate, strain, ma-
terial nature, chemical composition, and initial
microstructure. In this study, the effect of ther-
momechanical parameters such as strain, tem-
perature, and strain rate on the microstructure of
17-7PH stainless steel has been investigated using
hot compression tests.

2. EXPERIMENTAL PROCEDURE
The chemical composition of the steel used in

this research is given in Table 1. To study the hot
working behavior of the steel, cylindrical speci-

mens of 12 mm in height and 8§ mm in diameter
were used.

The specimens were initially homogenized by
holding at 1050 for 30 minutes and then cooled in
the air. After preheating at test temperature for 5
minutes, hot compression tests were applied using
a Santam tensile/compression machine equipped
with a furnace at temperatures of 950 and 1050
with strain rates of 0.01 and 0.1 s™' until reaching
true strains of 0.15, 0.3, 0.45 and 0.6. After the hot
compression tests, the deformed specimens were
promptly quenched in water. The deformed spec-
imens were then cut in the middle and etched in
an electrolyte solution containing nitric acid, for
6 seconds using a voltage of 1.5 V. The etching
procedure was designed to reveal the prior aus-
tenite grain boundaries rather than the martensitic
structure.

3. RESULTS AND DISCUSSION
3.1. Stress-Strain Curves

The flow curves of 17-7PH stainless steel un-
der hot working conditions are shown in Fig. 1. It
is evident that the flow stress decreases with an
increase in deformation temperature (Fig. 1 (a))
and a decrease in strain rate (Fig. 1 (b)). Indeed,
faster diffusion at higher temperatures leads the
dislocations to move more easily and the drop in
flow stress is its result. This phenomenon indi-
cates the acceleration of work softening processes
with increasing deformation temperature. Also,
it is observed that by increasing the deformation
temperature, the stress increases to the maximum
stress at a smaller strain. In fact, the maximum
strain is transmitted to lower strains as tempera-
tures rises or strain rate declines. The reduction
of the maximum strain to lower strain indicates
that the increase in temperature can be a factor in
intensifying the occurrence of DRX [17].

By increasing the strain rate, due to reduced
deformation time, the strain is applied in less time.
Therefore, there is less chance for the occurrence

Table 1. Chemical composition of 17-7PH steel used in this research (wt. %)

elements C Cr Ni

Mn Si Al Fe

sample 0.04 17.06 7.2

0.674 0.385 1.06 Bla
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of dynamic recovery in the material. However, at
high strain rates, there is not enough time for dis-
locations to join together to form sub-boundaries
[18]. Therefore, at high strain rates, recovery pro-
cesses are postponed and work hardening over-
comes. The flow curves in Fig. 1 (a) show that the
peak stress at 950 occurs at a strain almost equal
to 0.4. At larger strains, i.e. 0.4- 0.6, the stress
drops, and the plateau of steady-state deformation
is hardly visible even at a strain of 0.6. Howev-
er, at 1050, the peak stress appeared at a strain
of 0.3; then the flow stress dropped and eventual-
ly reached the stable state at a strain of 0.5. This
indicates that at both deformation temperatures
there is a relative balance between work harden-
ing and dynamic softening at large strains. Fig. 1
(b) indicates that the peak strain and the steady-
state condition are less sensitive to strain rate than
temperature. This is because the peak stress for
0.01 and 0.1 s appears at strains of 0.4 and 0.43,
respectively. Besides, the strains corresponding to

the steady-state plateau are very close together.
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Fig. 1. True stress-strain curves of deformed specimens:
a) at constant strain rate of 0.01 s and b) at constant
temperature of 950 °C.
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3.2. Microstructural Studies

The initial microstructure of the 17-7PH stain-
less steel is shown in Fig. 2. In this microstruc-
ture, the matrix phase is austenite with the average
grain size of about 42.5 um and the co-axial fer-
rite phase which is visible as islands at the grain
boundaries and triple junctions of austenite is del-
ta ferrite.

Fig. 2. Initial microstructure of 17-7PH stainless steel. The outline
shows the equiaxed austenite grains revealed by the special
etching method. The island phase is delta (6) ferrite.

Fig. 3 shows the microstructure of deformed
samples at 950 °C and strain rate of 0.01 s at
strains 0f 0.15, 0.3, 0.45, and 0.6. Fig. 3 (a) shows
that the y grains and 6 islands have almost re-
mained equiaxed at low strains. Although a strain
of 0.15 is in the middle of the work hardening
region of the flow curve (Fig. 1 (b)), the serrat-
ed grain boundaries (shown by the black arrows)
indicate the progress of DRV in the substructure.
We know that HAGBs are serrated due to the ten-
sions of LAGBs which intersect them [11]. The
appearance of serrated grain boundaries at low
strains is therefore a sign of fast DRV in the stud-
ied material.

A comparison between Fig. 3 (a) and starting
microstructure in Fig. 2 reveals that some small
grains, presumably due to DRX, are appeared
around the original grain boundaries. Failure to
observe the necklace structure in the early stag-
es of recrystallization shows that the probability
of DDRX, which occurs through the nucleation
and growth of new grains almost at prior grain
boundaries is very weak in this alloy. Moreover,
as a strain of 0.15 is well below the peak strain,
around 0.3, the appearance of small grains cannot
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Fig. 3. Microstructure of deformed samples at 950 °C and strain rate of 0.01 s! to strain of a) 0.15, b) 0.3, ¢) 0.45 and d) 0.6.

be ascribed to the activation of DDRX. Alterna-
tively, the evolution of microstructure and the ap-
pearance of serrated grain boundaries should be
due to cooperation between DRV and CDRX. It
should be emphasized that the major discrepan-
cy between DDRX and CDRX is that the former
needs the build-up of deformation energy (dislo-
cation density) to be activated almost nearby the
peak strain [19], while the latter can be activated
by fast DRV at much lower strains. As the defor-
mation continues to reach the peak strain (around
0.3) (Fig. 3 (b)), the original grains and J islands
are elongated and oriented perpendicular to the
compression axis. The number of new CDRX
grain has obviously increased. The new grains are
observed everywhere, inside the original elongat-
ed grains and along the grain boundaries. Various
mechanisms have been proposed for CDRX [5,
20]. Bricknell and Edington [21] suggested that
the decomposition and combination of the sub-
grain boundaries could lead to the formation of
high-angle boundaries. Nes [22] suggested that
high-angle boundaries could be as a result of the
rapid growth of the sub-grains during severe plas-
tic deformation. However, the mechanism which
seems to be prevailing is the gradual rotation of
sub-grains with an increase in the applied strain.
Through this process, the misorientation along the

sub-boundaries increases with strain until exceeds
15 °, where the transformation of well-developed
sub-grain into CDRX grain happens [23]. As the
formation of sub-grains preferably occurs near
the grain boundaries it seems that at least a part
of recrystallization is also done by SIBM at low
strains. At high strains, however, the gradual evo-
lution of sub-grains is the prevailing mechanism
for the appearance of small CDRX grains inside
the old grains. These characteristics are similar to
the CDRX process which occurs in 304 austenitic
and duplex stainless steels [8,9].

As the deformation continues and the strain
increases to 0.45 (Fig. 3 (c)), which is located af-
ter the peak strain, the number of recrystallized
grains increases again. It is evident that the disso-
ciation of original grains by the CDRX grains has
progressed and the fraction recrystallized is about
40 %. Further increase in the amount of strain to
0.6, Fig. 3 (d), increases the recrystallized frac-
tion to about 85 %. Some islands of original de-
formed grains indicate that the microstructure of
a material has not been fully recrystallized at 0.6.
This is in agreement with the absence of steady-
state flow behavior on the flow curve in Fig. 1 (a).
It suggests that further deformation is needed to
complete the recrystallization process and reach
the steady-state deformation. The micrographs
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show that the same microstructural evolution, i.e.
consecutive deformation, DRV, CDRX, has oc-
curred in the § islands. In most cases, the dynamic
recovery has been reported as the only dynamic
restoration mechanism for the ferrite phase due to
its high SFE. The emergence of new boundaries
in the ferrite phase in deformed specimens under
different conditions of thermo-mechanical oper-
ations, compared with the initial structure (Fig.
1), suggests that CDRX has also occurred in the
ferrite phase. The occurrence of dynamic crystal-
lization in the ferrite phase has also been reported
by other researchers [24, 25].

The microstructures of deformed samples at
950 °C and strain rate of 0.1 s-1 are shown in Fig.
4. Unlike to Fig. 3 (a), grain boundary serrations
and small recrystallized grains are absent in Fig. 4
(a) (¢ =0.15). It appears that the increase in strain
rate has decreased the progress of DRV which is
responsible for the formation of serrations on the
grain boundaries. Probably, the reduction of de-
formation time due to the increase in the strain
rate has led to a limitation of diffusion and the
difficulty of dislocations motion. The weakness
of DRV at a higher strain rate possibly retards the
evolution of sub-grains and therefore postpones
CDRX.

Fig. 4 (b) exhibits the delayed initiation of
CDRX at a strain of 0.3, which is around the
peak of the flow curve in Fig. 1 (b). Similar to
the previous observations in Fig. 3, grain dissoci-
ation by the well-developed sub-grains seems to
be the prevailing mechanism of CDRX. Figs. 4
(c) and 4 (d) indicate that as the amount of defor-
mation rises, the number of new grains increases.
By reaching the strain of 0.6, the deformed grains
have replaced with the CDRX grains. A compari-
son between Figs. 3 (d) and 4 (d) suggests further
recrystallized fraction but a bit larger grain size
at a strain rate of 0.1 s’.. It can be proposed that
more deformation heating is responsible for tem-
perature rise and more recrystallization at 0.1 s™'.
At low strain rates, however, the heat of deforma-
tion is dissipated to the ambient and cannot heat
the sample. The higher local temperature in the
sample deformed at 0.1 s is revealed in a higher
recrystallized fraction in y matrix and & ferrite is-
lands as well as a bit larger grain size in Fig. 4 (d).

The average grain size of the matrix phase af-
ter various conditions of a hot compression test is
reported in Table 2. The grain size measurement
was carried out alongside and perpendicular to
the compression axis and then the average was
recorded.

Fig. 4. Microstructure of deformed samples at 950 °C and strain rate of 0.1 s! to strain a) 0.15, b) 0.3, ¢) 0.45 and d) 0.6.
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Table 2. Average austenite grain size after different deformation conditions.

Average grain size Average grain size in different directions Test conditions

(um) Perpendicular to the Parallel to the Temperature (°C) — Strain
pressure test (um) pressure test (um) rate (S?) - Strain

41.15 47.02 35.29 950-0.01-0.15
36.51 44.53 28.49 950-0.01-0.3
19.86 23.66 16.06 950-0.01-0.45
13.57 15.51 11.64 950-0.01-0.6
35.71 37.99 33.42 950-0. 1-0.15
29.66 32.81 26.51 950-0. 1-0.3
20.27 21.13 19.42 950-0. 1-0.45
14.83 14.76 14.89 950-0. 1-0.6
40.92 45.07 36.78 1050-0.0 1-0.15
41.53 44.97 38.08 1050-0.0 1-0.3
33.21 34.82 31.59 1050-0.0 1-0.45
29.01 30.69 27.34 1050-0.0 1-0.6

The variations in the average austenite grain
size with strain at the strain rates of 0.01 and 0.1 s’
and deformation temperature of 950 °C are shown
in Fig. 5. It is observed that with an increase in the
amount of strain, the average austenite grain size de-
creases. This is simply attributed to the progress in
the recrystallization of the sample, which was also
observed in Figs. 3 and 4. It is worthy to note that
even though at low strains of 0.15 and 0.3 defor-
mations at 0.1 s leads to finer grain size, at higher
strains of 0.45 and 0.5 the accumulation of deforma-
tion heating leads to larger grain size at 0.1 s with
respect to 0.01 s'. These results also comply with
the recrystallization fractions in Figs. 3 and 4.

50

T=950°C

45
40 -
535— "
g
o 304
=
‘S 254
1S
O
» 20 ¥
on
=+
E 15
<10

= 001S"
51 = oas?
o T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 06 0.7

Strain
Fig. 5. Variation in the average austenite grain size with
strain rate at constant temperature of 950 °C.

The volume fractions of ferrite and austenite after
various deformation conditions were determined us-
ing the MIP image analyzer software and the results
are drawn in Fig. 6. It is evident that with an increase

in the amount of strain at both strain rates of 0.01
and 0.1 s the volume fraction of the ferrite phase
reduces and that of the austenite phase rises. In addi-
tion, the role of strain rate on the volume fraction of
phases increases with increasing strain. It is inferred
that the hot deformation, especially at higher strain
rates and larger strains, leads to the strain-induced
transformation of ferrite into austenite [26].
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The microstructures of the deformed sam-
ples at 1050 °C and the strain rate of 0.01 s are
shown in Fig. 7. As seen the austenite grains are
considerably refined with an increase in the ap-
plied strain. Similar to the micrographs of Fig. 3,
the elongation of original grains and formation
of new CDRX grains at original grain boundaries
or inside the grains are the major microstructur-
al mechanisms which proceed with the applied
strain. A comparison between the micrographs
of Figs. 3 and 7 show that the fraction recrystal-
lized in 1050 °C is much more than in 950 °C. In
addition, larger grain sizes in Fig. 7 suggest that
CDRX is followed by grain growth at 1050 °C.
The faster kinetics of CDRX at 1050 °C is due
to the acceleration of DRV with an increase in
the deformation temperature. Besides, it is con-
firmed that the volume fraction of ferrite increas-
es by an increase in the deformation temperature
from 950 to 1050 °C. It should be noticed that, the
existence of large 6 ferrite islands is a challenge
to the hot working of stainless steel. It has been
shown that cracking alongside the &/ y interphase
boundary is a possible failure mechanism through
hot working [27]. This challenge is intensified
when v and & tend to soften by various mecha-
nisms such as DDRX and CDRX. But, the simi-

larity of the DRX mechanism in the y matrix and
o ferrite islands in the studied material decreases
the risk of inhomogeneous deformation. The ab-
sence of cracking along the interphase boundary
at both temperatures of 950 and 1050 °C con-
firms this idea.

The variation of average austenite grain size
with strain at 950 and 1050 at a constant strain
rate of 0.01 s is shown in Fig. 8. It is revealed
that with increasing strain at both deformation
temperatures, the average size of y matrix de-
creases. It is also evident that deformation at
1050 °C leads to a larger grain size at all strain
values. As aforementioned, the completely re-
crystallized micrographs in Fig. 7 suggest that
grain growth after recrystallization should be the
reason for the larger grain size at 1050 °C. The
increase in temperature facilitates the diffusion
process and thus increases the grain boundary
mobility.

Changes in the volume fraction of ferrite and
austenite with strain and temperature at a con-
stant strain rate of 0.01 s are reported in Fig.
9. In this Fig, it is also observed that the volume
fraction of 6 ferrite increases with an increase in
the deformation temperature from 950 to 1050
°C. This is the rationale because o ferrite is the

S
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Fig. 7. Microstructure of deformed samples at 1050 °C and strain rate of 0.01 s up to strain of a) 0.15, b) 0.3, ¢) 0.45 and d) 0.6.
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stable phase at higher temperatures. It is also ob-
vious that the amount of ferrite decreases by an
increase in the applied strain due to its transfor-
mation into austenite. A comparison between the
slopes of curves in Fig. 9 indicates that the rate
of d ferrite to austenite transformation is higher
at 950 °C, where ferrite is less stable.

4. CONCLUSIONS

In the present study, the hot-deformation
behavior of semi-austenitic precipitation hard-
ening 17-7PH stainless steel was investigated
using hot compression tests at 950 and 1050
°C and strain rates of 0.01 and 0.1 s'. The
main results of this research can be summa-
rized as follows:

1. The flow stress of the 17-7PH stainless
steel is affected by the thermomechanical
parameters (temperature and strain rate).
It was found that the flow stress increases
with a decrease in the deformation tem-
perature and an increase in the strain rate.

2. In the austenite phase, the reduction in
grain size during deformation proves the
occurrence of dynamic recrystallization.
From the absence of strain-induced grain
boundary migration, it was inferred that
continuous dynamic recrystallization by
the mechanism of rotation of the sub-grains
is responsible for the grain refinement.

3. The emergence of new boundaries in the
ferrite phase confirms the occurrence of
DRX The high stacking fault energy in the
ferrite provides the possibility for contin-
uous dynamic recrystallization.

4. It was found that the volume fraction of
ferrite decreases with strain during hot
working. The rate of this reduction is high-
er at 950 °C. The strain-induced transfor-
mation into austenite can be proposed for
the decrease in the amount of ferrite.
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