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Abstract: Hot compression tests were carried out in the temperature range of 1223—1473 K and strain rate range of
0.01—30 s ! to investigate the {low bchavior and microstructural cvolution of super duplex stainless steel 2507
(SDSS2507). It is found that most of the [low curves cxhibit a characteristic of dynamic recrystallization (DRX) and
the flow stress increases with the decrease of temperature and the increase of strain rate. The apparent activation en-
ergy Q of SDSS2507 with varying true strain and strain rate is determined. As the strain increases, the value of Q de-
clines in different ways with varying strain ratc. The microstructural evolution characteristics and the strain partition
between the two constituent phases arc significantly affccted by the Zener-Hollomon parameter (Z). At a lower InZ
dynamic recovery (DRV) and continuous dynamic recrystallization (CDRX) of the ferrite dominate the softening
mechanism during the compression. At this time, steady state deformation takes place at the last stage of deforma-
tion. In contrast, a higher InZ will facilitate the plastic deformation of the austenite and then activate the discontinu-
ous dynamic recrystallization (DDRX) of the austenite, which leads to a continuous decline of the [low stress even at
the last deformation stage together with CDRX of the ferrite.
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Duplex stainless steels (DSSs) have the excel-
lent combination of mechanical properties, stress
corrosion resistance and weldability, and have been
considered as the alternatives to the single austenitic
and ferritic stainless steels in many industrial fields' "',
It is well known that the excellent properties of DSSs
mainly rely on a duplex microstructure comprising
approximately equal proportion of austenite and fer-
rite phases. During the hot deformation, the flow
behavior of each constituent phase is severely affect-
ed by the others''!.
products are easily caused due to the difference in

Generally, surface defects of

thermal expansion coefficient and flow behavior be-
tween the two constituent phases'®'. Therefore, it is
vital to investigate the flow behaviors of these spe-

clal materials in more detail in order to seek an ef-

fective way to control the hot deformation behavior
and thus improve the quality of the products.

The deformation mechanism of austenite differs
largely from ferrite during hot deformation. For a
single phase ferritic stainless steel, the high stacking
fault energy (SFE) can make dislocations climb or
cross slip easily, leading to the occurrence of dy-
namic recovery (DRV), sub-grain formation and
other microstructural evolution mechanisms'®*!. Dif-
ferently, austenitic steel undergoes a limited DRV
due to the relatively low SFE. As a result, dynamic
recrystallization (DRX) will take place because of the
large driving force once a critical strain is reached™*'*,
The deformation will be non-uniform when a duplex
microstructure of ferrite and austenite deforms jointly.
It is found that the harder austenite and softer fer-
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rite usually cause a strain partition when deformed
at high temperaturel™, which has actually increased
the difficulties of research on the flow behavior of
DSSs. There has been ongoing controversy on the
dominant softening mechanism of DSSs during hot
deformation in recent years.

Some researcherst %'

proposed that both aus-
tenite and ferrite in DSSs might soften by their own
softening mechanism as in the corresponding single
phase alloys. On the contrary, the study of Zou et
al. ' showed that the softening mechanism of the
ferrite in DSSs would be DRX. Liu et al. " con-
firmed that the softening mechanism of ferrite phase
in a DSS was quite different from that in the single
phase stainless steels, and both ferrite and austenite
softened by DRX. Moreover, Fan et al. """ pointed
out that DRX of austenite was inhibited in duplex
structures, and only DRV occurred in the cast
DSS2205. The interaction and strain partition be-
tween austenite and ferrite phases at varying tem-
peratures and strain rates should be considered for
the research on the softening mechanism of each
constituent phase in DSSs, Unfortunately, the previ-
ous reports have not addressed this aspect clearly.
Thus, investigations on the characteristics of flow
curves, together with relevant microstructural evo-
lution referring to the microstructural morphology
and adjacent grain misorientation angle distribution
of each phase become essential and significant.
Super duplex stainless steel 2507 (SDSS2507)
i1s a typical third-generation DSS. The dynamic re-
sponse mechanism and hot deformation behavior of
this steel have not been clearly understood so far. In
this paper, hot uniaxial compression tests were con-
ducted under varying deformation conditions to in-
vestigate the effects of strain rate, true strain and
deformation temperature on the flow behavior of
SDSS2507 and verify the relation between the flow

behavior and microstructural evolution.
1 Experimental Procedure

The chemical compositions of the SDSS2507
used in the present research are shown in Table 1.
The cast billets were hot forged in the temperature
range of 1323—1423 K and then annealed at 1323 K

Table 1 Chemical compositions of the experimental steel

mass%
Ct Mo Ni N Mn C Si S

for 300 s followed by water quenching.

Cylindrical specimens of 10 mm in diameter and
15 mm in height were machined with the axis paral-
lel to the forging direction. Hot compression tests
were carried out on a Gleeble-1500 thermal-mechani-
cal simulator. The specimens were first preheated to
1423 K, and then held for 300 s followed by cooling
to the preset temperature with a cooling rate of 5 K/s.
The purpose of soaking at high temperature is to en-
hance the homogenization in the composition and
microstructure of the starting materials., Prior to
compression tests, each cylindrical specimen was
held for 10 s at the deformation temperature to avoid
radial temperature gradient. A thermocouple was
welded at the middle of the specimen to monitor the
actual temperature during the test.

Compression tests were conducted in strain rate
range of 0.01—30 s '
1473 K and true strain range of 0—0. 8, followed by
water quenching. Deformed specimens were sec-

, temperature range of 1223 —

tioned parallel to the deformation axis and electro-
polished by a solution mixed with HCIO, C,H; OH
and H, O for optical microscope (OM) and electron
back-scattered diffraction (EBSD) observations, and
then electropolished by a 10 mass% NaOH solution.
The characterization of microstructure was investi-
gated quantitatively by the image processing soft-
ware-Image Pro-Plus, and at least twenty micro-
structure images were selected randomly for the
measurement of each specimen.

2 Results

2.1 True stress-strain curves

Fig. 1 shows the true stress-strain curves ob-
tained from hot compression testing under varying
deformation conditions. It is clear that the effects of
temperature and strain rate on the flow stress are
significant. The flow stress increases with the in-
crease of strain rate and the decrease of temperature.
Meanwhile, the flow curves within the temperature
range of 1223— 1423 K exhibit softening character-
ization after a peak stress, indicating that DRX has
occurred after the peak stress. When the compres-
sion is performed at 0.01—0.1 s ! with all the tem-
peratures and 1—30 s ' with 1473 K, a steady state
deformation occurs during the compression. By com-
parison, as strain rate increases and temperature de-
creases, the flow stress declines continuously even
at the last stage of deformation. Thus, it can be con-
cluded that strain rate and deformation temperature
are the main factors that affect the flow behavior and
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Fig. 1 True stress-true strain curves of SDSS2507 deformed under different deformation conditions

microstructural evolution of SDSS2507 during hot de-
formation.

2.2 Constitutive analysis
The effects of deformation temperature and
strain rate on the flow behavior can be described by

the Zener-Hollomon parameter, Z'"*!, as follows:

»
RT
where, ¢ is the strain rate, s '; R is the gas constant,
8.314 ] » mol™ « K™'; T is the absolute tempera-

ture, K; and Q, is the apparent activation energy of

(1

Z=cexp

the hot deformation corresponding to the peak
stress. Obviously, the higher the strain rate and the
lower the temperature are, the larger value of Z be-
comes. Accordingly, the value of apparent activation en-

ergy Q corresponding to a given strain can be deter-

mined by the Arrhenius-type equation®, as follows:
. Ilne dln[ sinh(as)]
Q=R dIn[ sinhCac) )1 a1/ T) : 2

where a is material constant determined by the linear

relation between ¢, Ins and lne, respectively. Ac-
cordingly, o is the stress for a given strain and va-
ries with the increase of strain in flow curves. Based
on Eq. (2), the values of Q with an increasing strain
can be calculated at the different strain rates, as
presented in Fig. 2. For all strain rates, the Q al-
most decreases as the compression continues due to
the softening behavior occurring in the alloy. At lower
strain rates (0.01 and 0.1 s '), the value of Q de-

creases gradually with the increase of strain from

0.1 to 0.5 and remains almost unchanged at last stage
of deformation. By comparison, when the compressions
are performed at higher strain rates (10 and 30 s '),
the value of Q remains the same or rises slightly
within the strain range of 0. 2—0. 4, and then falls
down once again as the deformation continues. Ac-
cordingly, the difference in the variation of Q with
different strain rates is considered to be related to
the different strain partitions in each phase, which
will be discussed in more detail later.

2.3 Microstructural evolution

The OM images for microstructural evolution
analysis have been taken in the center of axial sec-
tion because it could represent the real deformation
microstructure state. The light gray and dark gray
areas of the microstructural images represent aus-
tenite and ferrite phases, respectively. As shown in
Fig. 3(a), many coarse grains are observed in ferrite
and the average size of the grains reaches 46. 7 um at
the lowest InZ (T=1473 K, ¢ =0.01 s7%). As the
value of InZ increases, the grains of ferrite are sig-
nificantly refined while the average grain size of fer-
rite has decreased into 3. 1 pum at the highest InZ (T =
1223 K, e=30s '

exhibits the average grain size of ferrite with varying

), as shown in Fig. 3(1). Fig. 4

values of InZ. The quantitative relationship between
the ferrite grain size (D;) and InZ can be expressed by
D,;=09.714X10"(InZ) 7% (3

For the austenite, as exhibited in Figs. 3(a) —3(d),
most of the austenite islands still present almost eq-
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Fig. 2 Variation in Q by increasing the strain at different strain rates

uiaxed at a lower InZ, indicating that only limited
deformation occurs in the austenite. Set X as the average
ratio of long to short radius of the austenite islands,
and it can be found that the average X is 5. 31 when
InZ is lower than 48. 3. However, as seen in Figs. 3
(e) —3(1), the austenite islands are obviously elon-
gated due to the compression as the value of InZ in-
creases, and at this time the average X equals 12. 81.
However, it should be noted that the austenite islands
discussed above only represent “phase units” but not
“austenite grains”, and the microstructural evolu-
tion of austenite grains should be further investiga-
ted. The average volume fraction of austenite phase un-
der varying deformation temperatures is presented in
Fig. 5. It can be seen that the average volume frac-
tion of austenite phase increases as the temperature
decreases because of the occurrence of §—>7Y phase
transformation?,

Fig. 6 shows the EBSD images at different
strains, deformation temperatures and strain rates.
The light and dark grey areas in the EBSD images
represent austenite and ferrite phases, respectively.
The white lines reveal high-angle grain boundaries
(HAGBs, 0215%), and the black lines indicate low-
angle grain boundaries (LAGBs, 6 <X 15°). Before

compression, as presented in Fig. 6 (a), the steel

contains approximately half of the volume fraction of
austenite phase which is embedded in the ferrite ma-
trix. In ferrite, adjacent grain misorientation angles
distribute in the range of 0—15° (Fig. 6(b)), indica-
ting that most of grain boundaries in ferrite are
LAGB:s. For austenite phase, there is a certain num-
ber of HAGBs, most of which belong to the first-or-
der twin coincidence-site lattice (CSL) characterized
by 60° rotation from the [111] axis with an error of
2°. This result is consistent with the report on the
flow behavior of DSS21018,

After straining of 0. 15 at 1323 K and 0. 01 s™!
(InZ=46.0), as shown in Figs. 6(c) and 6(d), the
ferrite grains are obviously refined and adjacent
grain misorientation angles are still distributed in
the range of 0—15°. In austenite, the morphology of
islands keeps almost undeformed and the proportion
of 203 twin boundary remains to be approximately
35%. With continuously increasing the strain to 0. 8, as
shown in Figs. 6(e) and 6 ({), many LAGBs in fer-
rite are transformed into HAGBs, and the relevant
proportion of HAGBs in ferrite increases significant-
ly to 56 %. In austenite, the proportion of 23 twin
boundary declines directly to 5%. However, differing
from single austenitic stainless steels, a certain num-

ber of elongated grains are observed whereas only a few
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Fig. 3 Microstructure of the specimens after deformation
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Fig. 5 Variation of volume fraction of austenite
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recrystallized grains can be found in austenite, which  formation condition. Similar phenomenon can also be
indicates that almost no DRX occurs under this de- observed in Figs. 6(g) and 6(h) as the value of InZ
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Fig. 6 EBSD image and relative adjacent grain misorientation angle distribution diagram of ferrite and

austenite phases before and after deformation

decreases.

As InZ increases to 52.9 (1323 K, 10s7'), as
seen in Figs. 6(i) and 6(j), the refinement of ferrite
grains is very limited after straining of 0. 15 due to
the fewer ILAGBs formed relative to the lower InZ
shown in Fig. 6 (¢). As the strain increases to 0.8,
as seen in Fig. 6(k), a certain number of HAGBs in
ferrite have formed but there still contains 69% of
LAGBs, manifesting that the transformation from
LAGBs to HAGBs in ferrite is delayed at a higher
InZ. In the austenite, most of annealing twins have
disappeared even though only straining of 0. 15 due
to the plastic deformation, and the corresponding
proportion of 23 twin boundary has decreased to
6%. And when the strain increases to 0. 8, differing
from the lower InZ, a great amount of fine equiaxed
grains observed in austenite islands have formed a
necklace structure, indicating that the nucleation for
the new grain has completed during the compression
in these austenite regions. Moreover, with further

increasing the value of InZ to 54.8, similar DRX

grains of austenite can be found in more austenite

regions, as shown in Fig. 6(m).
3 Discussion

3.1 Flow behavior of each constituent phase

Figs. 4 and 6 indicate that the ferrite grains have
been refined after compression and this phenomenon
is enhanced with the increase of InZ. Generally, the
dynamic softening and refinement mechanism of an alloy
during hot deformation includes DRV, discontinuous
DRX (DDRX) and continuous DRX (CDRX)!*'6:221,
The DDRX has a grain nucleation phenomenon of
“grain boundary protruding” which usually occurs in
the y-Fel'""'™, In the present work, DRV of ferrite
firstly occurs at the beginning of deformation, as
seen in Figs. 6(¢) and 6 (d). During this process, a
lot of dislocations in the ferrite are annihilated by
climb or cross slip, and others are rearranged into
the LAGBs. As the deformation continues, DRX
grains form with the transformation from LAGBs to

HAGBSs. According to this mechanism, many of the



250 Journal of Iron and Stcel Rescarch, International

Vol. 23

mobile dislocations caused by plastic deformation are
continuously absorbed by ILAGBs, which makes
LAGBs gradually rotate and then increases the rela-
tive adjacent grain misorientation angle in ferrite'?*!.
The phenomenon discussed above is commonly
named as continuous dynamic recrystallization in
previous report:*,

The softening mechanism of austenite is differ-
ent from that of ferrite phase. DDRX dominates the
flow behavior of austenite. DDRX is commonly charac-
terized by nucleation and subsequent growth of new
grains at high-energy sites, predominantly along
grain boundaries. As presented in Fig. 6(k), a neck-
lace structure at the grain boundaries can be ob-
served. Accordingly, whether the DRX occurs as a
continuous or a discontinuous process is mainly de-
termined by the level of SFE of the investigated ma-
terial. In high stacking fault materials, such as alu-
minum or a-Fe, CDRX would take place after the
intense DRV. In contrast, in those low stacking
fault materials such as copper or y-Fe, DRV is sig-
nificantly inhibited, causing the occurrence of DDRX
as the strain increases™®”.

On the other hand, as presented in Figs. 6 (a)
and 6(b), a large number of annealing twins form in
austenite before compression. During compression,
the microstructural characteristics and quantity of
annealing twin boundaries have changed greatly. It
can be considered that the great change of these twin
boundaries is related to their interaction with the
mobile dislocations. According to the reports 2%7,
only a part of the mobile dislocations can pass
through the twin boundaries, and the others which
cannot pass through will interact with the twin
boundaries, causing disappearance of the 23 twin
boundary.

Based on the above analysis, it can be concluded
that only partial DDRX occurs within the austenite
during hot compression. Ferrite undergoes a well-de-
veloped CDRX, which is slightly different from the
previous study on the flow behavior of EDSS2101.
The dominant softening mechanism of both austen-
ite and ferrite are CDRX in EDSS2101M%. The
difference of flow behavior in austenite may be relat-
ed to the different chemical compositions between
EDSS2101 and the steel investigated in this work.

3.2 Softening mechanism of SDSS2507
Mirzaei et al. ' proposed that the parameter Z
can be used to predict the flow behavior of single

austenitic stainless steels at a certain deformation

temperature and strain rate. Souza et al. [2

sugges-
ted that the lower strain rate and higher tempera-
ture, the higher the migration of dislocations and
grain boundaries became, which was beneficial to
the occurrence of DRX during deformation of the
austenitic stainless steel. But in the present work,
DRX of austenite is activated with the increase of
InZ (higher strain rate and lower temperature)
whereas DRX of austenite is suppressed with the de-
crease of InZ although a lower Z benefits the migra-
tion of grain boundaries.

When the compression is performed in a duplex
structure region, the harder austenite and softer fer-
rite result in a strain partition, and DRV of ferrite
proceeds at the early stage of deformation as in this
stage the strain energy is the driving force for sof-

1991 The lower strain rate and higher

tening to occur
temperature will contribute to the dislocation climb
or cross slip, and then will lead to DRV and the
subsequent CDRX in ferrite being highly activated,
which will successfully relief the stress concentra-
tion at ferrite grain boundaries. At this time, the
flow stress in the alloy can be maintained at a rela-
tively low level, and only a few of austenite islands
yield and others are still equiaxed after compression
at a lower InZ. Thus, the proportion of twin bound-
aries in austenite also remains unchanged at the ear-
ly stage of deformation. Due to lacks of sufficient
strain partition and deformation energy, as seen in
Figs. 6(e) and 6(g), only very limited recrystallized
structure can be observed in the austenite. There-
fore, the decrease in flow stress (Fig. 1) after a peak
value should be mainly related to the flow behavior
of ferrite rather than austenite.

As strain rate increases and temperature decrea-
ses (InZ increases), the annihilation and rearrange-
ment of dislocations in ferrite are postponed at the
early deformation stage due to the insufficient re-
sponse time, which causes a drastically decreased
number of LAGBs, as seen in Figs. 6 (i) and 6 (j).
Undoubtedly, it will greatly increase the deforma-
tion resistance of the alloy with the increase of
strain. Thus, the strain has been gradually transmit-
ted into the harder austenite phase as the deforma-
tion continues. As a result, most of the twin bound-
aries only disappear after straining of 0. 15, as seen
in Fig. 6 (j). With the increase of strain, austenite
islands are seriously elongated, presenting a signifi-
cant enhancement in the value of X. And similar to
single austenitic stainless steels, DDRX takes place
when a critical strain for the nucleation of new
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grains is reached.

In previous studies, there are many controver-
sies on the softening mechanism of each constituent
phase in DSSs. Chen et al. '"*"! found that ferrite in
DSSs was softened by DRV. But Zou et al. ['*'* pro-
posed that the dominant softening mechanism of fer-
rite in DSSs would be DRX. In this paper, both
DRV and DRX occur in ferrite, and the degree of
DRX in ferrite is mainly affected by the strain parti-
tion between ferrite and austenite phases under dif-
ferent deformation conditions. For austenite, DRX
is inhibited due to the presence of softer ferrite,
which is similar to the most circumstances in this
paper. However, many DRX grains are observed in
austenite when the InZ increases to a very high
point. Therefore, in SDSS2507, activation of DRX
of austenite phase in a duplex structure under var-
ying deformation conditions is mainly determined by
the strain partition between each constituent phase.
At a lower InZ, most of the strain is accommodated
by the ferrite, and as a result, most of the austenite
islands still present undeformed. Under this condi-
tion, DRX of austenite does not occur due to the in-
sufficient strain. When the value of InZ increases,
the plastic deformation characteristic of austenite is
enhanced, presenting a relatively high value of X af-
ter straining of 0. 8. As a result, DDRX has occurred
in austenite by the large driving force for the nuclea-
tion of DRX grains.

3.3 Apparent activation energy

As exhibited in Fig. 2, the curves of Q have un-
dergone different changes with the varying strain
rate. Similarly, it can also be interpreted by consid-
ering the different strain partitioning in the two con-
stituent phases of ferrite and austenite when the
strain rate changes. As proposed by many research-
ers, strain partitioning can be found due to the dif-
ferent flow responses and hardness levels between
two constituent phases during hot deformation'*''.
At a lower strain rate, DRV of the ferrite has been
highly activated even at the beginning stage of de-
formation, leading to a large number of LAGBs af-
ter straining of 0. 15, as presented in Figs. 6(¢) and
6(d). In the following deformation, CDRX caused
by the interaction between dislocation and LLAGBs
significantly reduces the dislocation density in fer-
rite. The flow behavior characteristic of the alloy is
mainly dominated by the softer ferrite because the
relatively low level of flow stress inhibits the stress
transfer into the harder austenite. In the medium

stage of deformation, the well-developed CDRX of
ferrite relieves the stress concentration of the alloy,
presenting a continuous decline in the value of Q. By
comparison, at a higher strain rate, the flow stress
of the alloy increases very rapidly due to the weak-
ened DRV of ferrite which is caused by the insuffi-
cient response time, as shown in Figs. 6(i) and 6(j).
When the strain increases, the enhanced deforma-
tion resistance of the alloy accelerates the stress
transfer and induces the plastic deformation in many
austenite islands, inducing a large number of elon-
gated austenite islands. The austenite undergoes a
very limited DRV during hot deformation due to the
relatively low SFE. At the beginning of deforma-
tion, there are still no DRX occurring in austenite
islands because of the insufficient strain, as presen-
ted in Fig. 6 (i), which indicates a strain hardening
stage in harder austenite at this time. This stage will
increase the strain energy and make the further de-
formation of the alloy more difficult due to lacks of
dynamic softening in harder austenite. Thus, the oc-
currence of the platform in the curve of Q at a high-
er strain rate is the result of interaction between the
weakened dynamic softening in ferrite and increased
strain hardening in austenite. However, at the last
stage of deformation, CDRX of ferrite occurs al-
though the migration of dislocation has been post-
poned at the early stage of deformation, as shown in
Figs. 6(k) and 6(1). In addition, because of the large
strain occurring in the alloy, DDRX takes place in
the austenite at the last stage of deformation. Such
coexistence of CDRX in ferrite and DDRX in austen-
ite induces the second decline in the curve of Q after
the platform.

4 Conclusions

(1) The flow stress of SDSS2507 increases
with increasing the strain rate and decreasing the
temperature. Most of the flow curves exhibit a DRX
characteristic. When the compression is performed
in the range of 0.01—0.1s '
and 1—30 s ' at 1473 K, steady state deformation
occurs during the compression. By comparison, as

at all the temperatures

the strain rate increases and temperature decreases,
the flow stress decline continuously even at the last
stage of deformation.

(2) The apparent activation energy of SDSS2507
with varying true strain and strain rate is determined. At
the lower strain rates (0.01 and 0.1 s '), the value
of Q@ decreases gradually with the increase of the

strain range of 0.1 to 0.5 and then remains un-



252 Journal of Iron and Stcel Rescarch, International

Vol. 23

changed. By comparison, at higher strain rates (10
and 30 s7!), the decline of the value of Q is inter-
rupted within the strain range of 0.2 — 0.4, and
then falls down once again as the deformation con-
tinues. The difference in the variation of Q with var-
ying strain rate is affected by the different strain
partitioning in each phase.

(3) Zener-Hollomon parameter is the primary
factor controlling the microstructural evolution,
strain partitioning and flow behavior of SDSS2507.
As the value of InZ decreases, the microstructure of
ferrite is gradually refined and the grain size of fer-
rite can be described as a function of InZ.

(4) The dominant softening mechanism of SDSS2507
under varying deformation conditions is composed of
DRV and CDRX in ferrite and DDRX in austenite,
and is mainly affected by the strain partitioning be-
tween ferrite and austenite. At a lower InZ, the strain is
almost accommodated by the ferrite and CDRX of fer-
rite is the dominant softening mechanism, As InZ
increases, the strain partitioning is more uniform
and DDRX of austenite is activated, which makes
the flow stress decline continuously even at the last
stage of compression together with CDRX of ferrite.
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