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Hot compression tests were performed on the samples of AISI 630 stainless steel in the temperature range of
900-1050 �C and at strain rates of 10–3- 1 s21. Single peak stress flow behavior was observed at all
deformation conditions. An irregular relationship was found between the peak point of flow curves and
processing condition, i.e., temperature and strain rate. The stress relaxation tests at the temperature range
of 900-1050 �C revealed that dynamic precipitation (DP) of carbides in the matrix and grain boundaries
causes the considered irregularities in the peak stress. The FE-SEM studies also showed that DP of carbides
could be responsible for the retardation of dynamic recrystallization (DRX). The phase extraction by
residual testing ascertained that fine niobium carbides are the major sources for the effect of DP on the
microstructural mechanisms. EBSD and optical microscopy confirmed the occurrence of continuous dy-
namic recrystallization by the progressive evolution of substructure toward the formation of new small
grains. The enhancing rotated (cube) or slight weakening of copper and brass/ Goss texture components
were mainly associated with the DRX. The hyperbolic sine equation is used in calculating the activation
energy at strain of 0.4 as 485.6 kJ/mol.

Keywords AISI 630, constitutive analysis, dynamic precipitation,
dynamic recrystallization, hot deformation, stress
relaxation

1. Introduction

AISI 630 (also known as UNS S17400) is a hardenable
martensitic stainless steel (SS) with high strength, accept-
able corrosion resistance, proper welding characteristics and
relatively good ductility rather than other SSs. Its valuable
combination of properties gives designers opportunities to add
reliability to their products while simplifying fabrication and
often reducing costs. Chemical processing, biomedical, aero-
nautics, nuclear waste disposal, turbine production and
mechanical parts manufacturing are just a few of the fields
where it can be used (Ref 1, 2). Hot deformation is a vital
forming step in the early stage of processing (Ref 3). The
microstructure evolution and flow behavior during hot working
are affected by the processing parameters (i.e., strain, strain
rate, temperature) as well as nature and type of metals,
especially their stacking fault energy (SFE).

The most common softening mechanisms through hot
deformation of metals are dynamic recovery (DRV) and
dynamic recrystallization (DRX) (Ref 4-7). In low-SFE metals,

DRX nucleation occurs by the discontinuous mechanism
(DDRX) in which grain boundary serrations and bulges are
formed by the strain-induced boundary migration (SIBM) (Ref
5, 8, 9). Then, the bulged area becomes new grains when they
cut from the parent grain. Otherwise, in materials having high
SFE values the new DRX grains form by a continuous process
(known as CDRX) (Ref 5). In CDRX, the well-developed
subgrains initiated by developed DRV, steadily evolve to the
new grains, while the misorientation along the boundaries
exceeds 15�. Although CDRX generally occurs in high-SFE
metals, it can also be an alternative softening mechanism in
low-SFE metals, when the conventional DDRX is restricted.
DDRX in low-SFE metals is frequently constrained as the grain
boundaries are immobilized. Deformation at low temperatures
and the formation of fine second-phase particles before or
during hot working (dynamic precipitation, DP) are the major
reasons which restrict DDRX and propel CDRX (Ref 10).

In materials susceptible to the DP of second phases at hot
working temperatures, interactions with DRX occur because
both phenomena tend to consume the stored deformation
energy (Ref 11). The force applied to the high angle grain
boundaries (HAGBs) by the particles effectively pins them and,
thus, retards the recrystallization by DDRX (Ref 12, 13).
Although the interplay between microalloyed carbides and
recrystallization in HSLA steels has been studied successfully
(Ref 14), fewer have been published in stainless steels (Ref 15-
18). The coexistence of C with carbide forming elements, e.g.,
Cr, Nb and Ti, makes stainless steels easily affected by the
interaction between various types of carbides and grain
boundaries. Niobium used in AISI 630 often promotes the
formation of NbC instead of Cr23C6 and boosts strength by
grain refinement (Ref 19). The possible formation of NbC
during hot working indicates that the deformation behavior of
AISI 630 is much more complicated than other Nb-free
stainless steels. In the current research, hot compression tests
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have been conducted to investigate the flow behavior and
microstructural evolution in AISI 630 with attention to the
precipitation of alloying elements and its effect on the
restoration mechanisms.

2. Experimental Procedure

2.1 Hot Compression Tests and Microstructure
Characterization

The chemical composition of the AISI 630 stainless steel
used in this investigation is presented in Table 1. The
cylindrical specimens with the dimension of /10 9 15 mm
(Fig. 1a) were machined for hot compression tests. Graphite
was utilized on the contacting surface between specimen and
tooling head to reduce friction. The tests were conducted on the
samples with the initial grain size of 10 lm at temperature of
900, 950, 1000 and 1050 �C and strain rates of 0.001, 0.01, 0.1
and 1.0 s�1, and the strain of 0.7 (Fig. 1b). The interrupted tests
at strains of 0.3 and 0.7 were also analyzed to monitor the
influence of strain on the progress of microstructural evolu-
tions. In order to ensure that the temperature distributed
homogenously inside the specimen, the temperature was
maintained for 3 min before the compression tests. The samples
were rapidly quenched after deformation to retain the
microstructures. They were then cut into two halves parallel
to the compression axis using wire cutter and optical micro-
graphs were taken from the center point of each sample. For
this reason, the samples were mounted and their surface was
sandpapered using 100-2500 grit in a standard manner.
Afterward, mechanical polishing was done utilizing suspen-
sions of 0.3 lm Al2O3 powder. Eventually, the prepared
samples were electrolytically etched in an aqueous reagent of
60% HNO3 under the potential of 2 V dc to characterize the old
austenite boundaries. Microscopic observations were imple-
mented using Meiji ML7100 optical microscope, and the grain
size was determined by the MIP image analysis software.
Figure 1(c) represents the initial microstructure of material
showing a martensitic structure at the ambient temperature.

Also, FEI Nova NanoSEM 450 FEG-SEM supplied with the
EDX and EBSD detectors was employed to better characterize
the microstructural evolutions. The samples for EBSD-analysis
were electropolished in Struers A2 solution at 25 V for 60 s.
TexSEM Labs orientation imaging microscopy software was
used to evaluate the raw data.

2.2 Stress Relaxation Test

The stress relaxation was carried out to examine the strain-
induced precipitation at the hot compression temperatures.
Before starting the test, samples were reheated to 1200 �C, held
for 10 min and quenched to room temperature. This step was
performed to keep all primary carbides into solution. After
soaking for 5 min, a primary small strain (5%) was applied to

the samples and then the location of anvils maintained constant.
When starting the test, the machine (SANTAM STM5)
recorded stress required to keep anvils at the first location.
The internal elastic strain gradually changes to the dislocation
movement (plastic strain), leading to a gentle decrease in stress.
The test was repeated for all deformation temperatures applied
in the previous section.

Fig. 1 (a) Drawing of test sample, (b) schematic of the
thermomechanical cycles and (c) initial microstructure of AISI 630
stainless steel

Table 1 Chemical composition of AISI 630 stainless steel utilized in the present study (all in wt.%)

C Cr Ni Cu Mn Si Nb Mo S Co W Fe

0.043 14.8 4.12 3.1 0.67 0.52 0.23 0.35 0.021 0.15 0.03 Rest
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2.3 Electrolytic Extraction of Precipitated Particles

The type of precipitates in the deformed samples was
analyzed by an electrolytic method. A film with 2 mm in
thickness of samples at various conditions was prepared. To
separate the second-phase particles from the matrix, the film
was dissolved into an acidic solution composed of 10%
hydrochloric acid, 1% citric acid and methanol. The dissolution
of film was carried out in an electrolysis cell, in which a direct
power supply with variable voltage and current applied a
current density of 0.1% A /cm2 between the anode (the film)
and cathode (platinum). During electrolysis, the precipitates
were extracted and filtered for the next step. Finally, the filtered
residue was analyzed by XRD (Philips diffractometer model
PW1800, Cu Ka) to identify the type of precipitates.

3. Results and Discussion

3.1 Flow Curves Analysis

3.1.1 Effect of Strain Rate. The stress–strain curves at
several strain rates are illustrated in Fig. 2. All the flow curves
consist of two or more regions. The first region is more
controlled by hardening and the flow stress sharply increases up
to the peak stress. In this region, DRV also brings about, but
with lower rate than work hardening. In the second region,
beyond the peak stress, slight flow softening or a plateau (at
large strains) is observed. The plateau is introduced when the
material is fully recrystallized and the effects of DRX and work
hardening are balanced (Ref 5, 20-24).

The results tentatively show that the peak stress (start of
DRX) is changed to greater strains and stresses as strain rate

increases (Ref 25). This is attributed to the enhancement of
dislocation generation rate and the negative effect on the rate of
DRV (Ref 26). However, some atypical positions of the peak
have been revealed at 900 �C. The irregularities appear as the
unusual increase in the peak strain, eP, at strain rate of
0.001 s�1, decrease at 0.01 s�1 and the next increase at 1 s�1.
In other words, less recrystallization is expected to occur at the
strain rate of 0.001 s�1 from the abnormal increase in eP. At
low strain rates (e.g., 0.001 s�1), the long deformation period
allow the precipitation of fine carbides by DP, which can delay
or even inhibit DRX (Ref 27). This idea has been further
studied in Sect. 3.2, 3.3 and 3.4 using detailed microstructural
analyses.

3.1.2 Effect of Deformation Temperature. When the
temperature rises at a given strain rate, the level of flow stress
and peak stress decreases (Fig. 2). Due to the increase in the
mobility of dislocations and grain boundaries, DRV and DRX
are popular at higher deformation temperatures (Ref 28). This
easily signifies the lower flow stress and the transfer of peak
point to less strains at higher temperatures (Ref 29).

Although one might expect sharper peaks and more steep
flow softening at higher temperatures, weaker peaks and flow
softening at 950-1050 �C can be found. In addition, the
variation of eP with temperature in Fig. 3(a) indicates that eP at
900 �C is unexpectedly lower than that in higher temperatures.
These observations further corroborate the idea that the material
behaves uncommonly at specific deformation conditions. The
hypothesis of interaction between DRX and DP at specific
deformation temperatures and strain rates, likely 950-1050 �C
and 0.001 s�1, can be proposed again to justify the observed
irregular behavior.

Since the peak point is actually the starting point of DRX,
the observations in Fig. 3(a) imply on the delayed DRX at

Fig. 2 Flow curves of AISI 630 stainless steel at different strain rates and temperature of (a) 900 �C, (b) 950 �C, (c) 1000 �C and (d) 1050 �C
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temperatures over 900 �C. It appears that a secondary
microstructural mechanism, likely DP, is facilitated at high
temperatures, i.e., 950-1050 �C, to occur before and postpone
DRX. Although, the increase is expected to occur even at
900 �C, it appears that at 900 �C, DRX precedes DP and it is
the reason for the decreased eP. To support this idea further
microstructural evidence is presented in the forthcoming
sections.

3.2 Precipitation Behavior

The phase diagram of similar material (the same values of
alloying elements), with various carbon contents, established
by the Thermo-Calc program, is presented in Fig. 3(b). The
dotted line, indicating the position of AISI 630 (0.043 wt.% C),
shows the presence of M7C3 and M23C6 (M = Fe, Cr, Nb, Mo
and W) carbides within a matrix of a and c at low and high
temperatures, respectively. However, in non-equilibrium con-
dition it is also possible to obtain the third type of carbide, i.e.,
MC (M is often Nb and W) in the matrix. Other phases, such as
sigma and Laves, are often formed during aging and are absent
during normal or fast cooling after post-deformation conditions.

To confirm the above calculations, a piece of deformed
samples at 900 and 1050 �C (outside and inside the irregular

behavior region), was dissolved electrolytically according to
Sect. 2.3, and the residue was analyzed by the XRD method.
The results in Fig. 4 represent the existence of NbC and
Cr15.58Fe7.42C6 (M23C6) carbides in the deformed materials,
which supports the irregular behaviors in the peak strain,
observed in Fig. 2 and 3(a). According to the research by Jonas
et al. (Ref 12), Nb and Cr have, respectively, the highest and
lowest potential to form carbides effective on the interaction
with recrystallization. They have stated that NbC in stainless
steels has two important effects: reducing the tendency for the
chromium-rich precipitation and pinning the grain boundaries
which should contribute to DRX.

Jonas et al. (Ref 12) also reported that coarsening of NbC
before or during deformation results in resuming the DRX in
Nb-microalloyed steels. The interaction between NbC and
DRX often happens at low strain rates, such as 0.001 s�1,
where there is enough time for DP to start before DRX. At high
strain rates, however, as the deformation time is short, enough
precipitates for interaction with DRX do not usually form.
Moreover, the rapid production of dislocations in the structure
promotes the tendency for DRX, so that it commonly exceeds
DP (Ref 5). This is consistent with the results expressed in
Fig. 2.

The absolute solubility temperature of NbC carbides in
austenite depends on the concentrations of Nb and C, as follows
(Ref 30):

logð½Nb�½C�Þ ¼ 3:11� 7520

T
ðEq 1Þ

where, [Nb] and [C] are the concentration of niobium and
carbon in terms of weight percentage, respectively. Using the
above equation and the contents of Nb and C (Table 1), the
solubility temperature of NbC can be calculated as 1193.66 �C.
This temperature also confirms that precipitation of NbC
carbides and their interaction with DRX are possible during
deformation at the studied temperatures.

3.3 Stress Relaxation Results

The stress relaxation test is capable of revealing the starting
and finishing times for the strain-induced precipitation at a
given deformation temperature (Ref 31, 32). In the obtained
stress-time curves (Fig. 5a), three major regions are distin-
guished (Ref 11). In the first region, stress decreases slightly
due to the recovery effect. The drop in stress in the second
region is attributed to the conversion of internal elastic stresses
into the dislocation movement. In the third region, the stress
drop stops due to the start of precipitation (shown by arrows)
and the decrease in stress demonstrates the dissolution of
precipitates.

The precipitation-recrystallization interaction is possible at
all studied deformation temperatures. These observations well
comply with the calculation of NbC solubility temperature
made by Eq 1. By drawing the precipitation start times (PST)
vs. temperature, the precipitation–time–temperature (PTT)
diagram has been constructed (Fig. 5b). This curve has a
classical C-shape, showing the decrease of PST by enhancing
the deformation temperature in range of 900-1050 �C. The PTT
curve predicts that PST is minimized at around 1100 �C and
then rises again toward infinity at the solution temperature of
NbC (1193.66 �C). Indeed, DP is facilitated by an increase in

Fig. 3 (a) Variations of peak strain with temperature at several
strain rates and (b) phase diagram of steels with the similar values of
alloying elements as Table 1 and different carbon percentage. The
location of AISI 630 SS (0.043 wt.% C) is shown by the dashed line
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the deformation temperature, indicating the irregular flow
behavior of the material at 950-1050 �C, shown in Fig. 2 and
3(a).

3.4 Microstructural Analysis

3.4.1 Effect of Deformation Temperature. Figure 6
illustrates the microstructure of samples at strain rate of
0.001 s�1 and various temperatures. The equiaxic morphology
of prior austenite grains at all temperatures indicates that DRX
has occurred to some extent depending on the temperature. The
simultaneous presence of recrystallized (small) and deformed
(large) grains in Fig. 6(b, c and d) implies on the incomplete
DRX at 950-1050 �C with no steady state plateau in the
corresponding flow curves (Fig. 2). The incomplete DRX can
also be related to the interaction between DP and DRX
(proposed in the previous section). As shown by the hot
compression and stress relaxation results (Fig. 2, 3a and 5a) and
confirmed by the phase analysis data in Fig. 3(b) and 4, at 950-
1050 �C, DP precedes DRX and may retard the recrystalliza-
tion progress. At 900 �C, however, the PTT curve (Fig. 5b)
showed that the PST is long enough to let DRX happens before
DP. This prediction is in agreement with the fully recrystallized
microstructure in Fig. 6(a).

Figure 6(b) and(c) indicates that DRX has progressed
without the formation of a ‘‘necklace structure’’ along the

prior grain boundaries. As the ‘‘necklace’’ is a typical feature
along with the DDRX mechanism, it appears that an alternative
mechanism should be responsible for the formation of new
DRX grains at 950-1050 �C. In addition, the appearance of
some evolving boundaries (highlighted by arrows in Fig. 6(b
and c) proposes that CDRX might be the dominant mechanism
of microstructural evolution (Ref 33, 34). The idea of CDRX is
more corroborated when the role of DP in pinning the original
grain boundaries is taken into account. Although austenite is a
low-SFE phase and tends to bear DDRX, when it is hindered by
fine grain boundary particles, the material is solicited for the
alternative mechanism to soften. At this time, DRVextends and
joins to CDRX. It is common knowledge that CDRX starts with
the progressive growth of sub-grains by the gradual migration
of sub-boundaries (Ref 35). These characteristics have also
been reported during CDRX in 304 austenitic and duplex
stainless steels (Ref 36, 37).

The average grain size for the samples deformed at 900,
950, 1000 and 1050 �C was determined using the standard
intercept method as 4.56, 8.17, 10.07 and 24.87 lm, respec-
tively. This trend confirms two facts: first, DRX is completed at
900 �C but incomplete at higher temperatures; second, less
recrystallization at higher temperatures because of more DP and
further grain growth are supportive to the predictions made by
the PTT curve, see Fig. 5(b).

Fig. 4 X-ray diffraction spectra achieved after electrolytic dissolution. The residues were obtained from the samples compressed at strain rate
of 0.001 s�1 and temperatures of (a) 900˚C and (b) 1050˚C
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3.4.2 Effect of Strain Rate. From the presence of small
grains around large grains in Fig. 6(b) and( e), it can be inferred
that DRX is still in progress at 950 �C and strain rates of 0.001
and 0.01 s�1. However, at 0.1 and 1 s�1, Fig. 6(f) and( g), the
grain structure is more uniform, showing the complete DRX.
The trend of average grain size as 6.12, 7.55 and 5.42 lm, for
strain rates of 0.01, 0.1 and 1 s�1 confirms that DRX has not
been completed at low strain rates of 0.001 and 0.1 s�1. This is
an uncommon behavior because, in general, the opposite effect
appears and DRX is completed at low strain rates, where the
deformation period is long enough. This anomalous behavior
can be again addressed with respect to the feasible interplay
between DRX and DP, as evidenced in the prior sec-
tion. According to the results presented in Fig. 3(a) and 5(a),
the temperature of 950 �C lies in the interaction region between
DP and DRX. This interaction is more pronounced at lower
strain rates, where there is enough deformation period to lead
appropriate amount of fine particles at the original grain
boundaries. While at high strain rates (i.e., 0.1 and 1 s�1) the
deformation time is shorter than required tooccur enough DP.
Hence, DRX happens freely and a more uniform microstructure
is obtained.

Figure 7 demonstrates the SEM micrographs of samples
deformed at 1050 �C and strain rates of 0.001 and 0.1 s�1.

Figure 7(a) and( b) exhibits fine precipitates inside the grains
and at the grain boundaries. According to the EDS analysis
presented in Fig. 7(c), the fine particles mainly perceived at the
boundaries are NbC carbides with an average size of 100-
200 nm. The presence of NbC on the grain boundaries (denoted
by arrows) supports the previous results and confirms the
interaction between DRX and DP at high temperatures.

3.4.3 EBSD Observations. Figure 8 shows the inverse
pole figures (IPFs) and grain boundary maps (GBMs) of
samples deformed at different strains. A comparison between
the GBMs in Fig. 8(b) and( d) suggests the formation of further
DRX grains with the increase in strain from 0.3 to 0.7 at 950 �C
and 0.01 s�1. The same result is elicited from the IPFs in
Fig. 8(a) and( c), showing the gradual progress of DRX so that
it only leads to a very slight flow softening as observed in
Fig. 2(b). Too many incomplete HAGBs (colored black) joint
to LAGBs (shown by arrows) infer that DRX is taking place
through the gradual evolution of LAGBs into HAGBs. As
discussed before, this is the general characteristic of the CDRX
process (Ref 38, 39). These observations are consistent with the
optical micrograph in Fig. 6(e), which showed DRX fine grains
with only a few larger old grains after the strain of 0.7.
Meanwhile, Fig. 8(e) and( f) exhibits the typical EBSD-GBM

Fig. 5 (a) Stress relaxation curves at different temperatures. The arrows show the precipitation start times at the deformation temperatures and
(b) PTT curve for the precipitation of NbC particles in AISI 630 stainless steel
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results from the samples deformed at different temperatures and
strain rates. A comparison between Fig. 8(d) and( e) indicates
that the increase in strain rate from 0.01 to 0.1 s�1 (at 950 �C to
a strain of 0.7) has promoted the DRX. More HAGB, less
LAGB and more uniform grain structure with regular grain
boundaries are all signs of more progressed DRX. However,
there are some incomplete grain boundaries, shown by arrows,
which imply that DRX is not fully completed yet. Shorter
deformation time at 0.1 s�1 and therefore less DP can be
responsible for the further progress of DRX. Figure 8(f) shows
the lower volume fraction of HAGBs with respect to LAGBs,
indicating sluggish DRX at temperature of 1050 �C and strain
rate of 0.01 s�1. In other words, DRV can be introduced as the
dominant softening mechanism. This is contrary to our
expectation to have further DRX at higher temperatures. As
mentioned in the former section and confirmed by the PTT
curves in Fig. 5(b), these unusual behavior can be attributed to
the interplay between DP and DRX. The NbC particles formed

by DP interact with DRX in the temperature range of 950-
1050 �C. They actually pin the grain boundaries and therefore
postpone DRX. The PTT curve showed that the PST for DP is
considerably reduced with an increase in the deformation
temperature; and this leads to the formation of more NbC
particles at the grain boundaries. The DRX at 1050 �C is more
delayed by DP comparing to the lower temperatures, such as
950 �C. In the absence of DRX, DRV proceeds inevitably
toward CDRX at larger strains. This can also explain why the
corresponding flow curves in Fig. 2(d) show a long plateau
with weak flow softening.

The typical results of pole figure and ODF analyses of
deformed samples have been demonstrated in Fig. 9. It appears
that in the specimen deformed to the true strain of 0.7 at
temperature of 1050 �C and strain rate of 0.01 s�1, texture is
nearly random with some bias to the Brass {110} < 12 > ,
Goss {110} < 001> and the Copper {112} <11> compo-
nents, Fig. 9(a). These components are generally observed in

Fig. 6 Microstructure of samples deformed at strain rate of 0.001 s�1 and temperatures of (a) 900 �C, (b) 950 �C, (c) 1000 �C, (d) 1050 �C; at
950 �C and strain rates of (e) 0.01 s�1, (f) 0.1 s�1 and (g) 1 s.�1
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hot deformed FCC metals (Ref 40). The texture developed in
the sample deformed at 950 �C–0.1 s�1 has been exhibited in
Fig. 9(b). It is evident that near-Cube {001} <100> and
Rotated Cube {001} <110> are the dominant texture com-
ponents, which are typical of DRX. The ODFs in the u2 = 0�
and 45�, Fig. 9(e) and( f) suggest that texture evolution can be
influenced by temperature and strain rate due to the acceleration
of precipitation formation and deceleration of DRX. There is a
distinct texture with the corresponding peak intensity of 7.864
when the deformation temperature is low. Also, when the stored
energy is large enough to form a large fraction of DRX at

higher temperature, the relative peak intensity is remained
nearly unchanged, 7.932 9 R (Fig. 9 e, f). On the other hand,
in several alloys, it has been reported that DRX may weaken
the texture (Ref 41, 42). This contradiction might be ascribed to
the recrystallization texture along with CDRX (Ref 43).

3.5 Constitutive Analysis

Constitutive equations for describing the effect of variables
on flow stress are widely used through the numerical modeling
of hot working processes (Ref 44). The Zener–Hollomon
parameter has been proposed to express the combined effect of
strain rate and temperature on the flow stress of metals (Ref 5):

Z ¼ _e exp
Qdef

RT

� �
ðEq 2Þ

where, Qdef is the activation energy, R is the universal gas
constant and T is the absolute temperature. The most commonly
used constitutive equations are the exponential, the power-law
and the hyperbolic sine functions presented as follows (Ref 45-
47):

Z ¼ _e exp
Qdef

RT

� �
¼ A½sinhð arÞ�n ðEq 3Þ

Z ¼ _e exp
Qdef

RT

� �
¼ A0rn0 ðEq 4Þ

Z ¼ _e exp
Qdef

RT

� �
¼ A00 expðbrÞ ðEq 5Þ

where, A, A�, A��, n, n�, a and b are the constants. As shown
in the above equations, the Z parameter clearly correlates with
the flow stress. This means, when the temperature increases or
strain rate decreases, the Z parameter and flow stress is reduced.
This can be observed in the experimental flow curves in Fig. 2.
Taking natural logarithm of Eq 3, 4 and 5 leads to:

ln ½sinhð arÞ� ¼ 1

n
ln _eþ 1

n

Qdef

RT

� �
� 1

n
lnA ðEq 6Þ

lnr ¼ 1

n0
ln _eþ 1

n0
Qdef

RT

� �
� 1

n0 lnA
0 ðEq 7Þ

r ¼ 1

b
ln _eþ 1

b
Qdef

RT

� �
� 1

b
lnA00 ðEq 8Þ

The subsequent equations can be written by the partial
differentiation of Eq 6, 7 and 8:

n ¼ dðln _eÞ
dfln½sinhðarÞ�g ðEq 9Þ

n0 ¼ dðln _eÞ
dðln rÞ ðEq 10Þ

b ¼ dðln _eÞ
dð rÞ ðEq 11Þ

The plots of ln r� ln _e and r� ln _e for the typical strain of
0.4 are illustrated in Fig. 10. The mean of slopes in Fig. 10(a)

Fig. 7 SEM micrographs of samples deformed at 1050 �C and
strain rates of (a) 0.001 s�1, (b) 0.1 s.�1 and (c) EDX of the
precipitates presented in (a)
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and( b) gives the values of 1
n0 and

1
b as 0.1616 and 11.7493,

respectively.
Finally, the amount of stress coefficient in Eq 3 is achieved

equal to a = 0.0138 (¼ b=n0) (Ref 45-47). According to Eq 9,
the value of n is assessed by finding the average slope of lines
in the plot of ln_e vs. ln½sinhð arÞ�, as shown in Fig. 11(a). Also,
the activation energy can be determined by partial differenti-
ation of Eq 6:

Qdef ¼ Rn
dfln sinhðarÞ½ �g

dð1TÞ
ðEq 12Þ

Figure 11(b) indicates the changes in flow stress versus
reciprocal temperature. The term ¶{ln[sinh(ar)]}/¶(1/T) is
assessed via mean slope at various strain rates (� 1.3146).
Then, the amount of Qdef is obtained as 485.59 kJ/mol. This
value is in good agreement with the Qdef values published in the
literature for other stainless steels (Ref 48-50).

The value of A can be determined by taking natural
logarithm from both sides of Eq 3:

ln Z ¼ lnAþ n ln½sinhðarÞ� ðEq 13Þ

Therefore, the parameter A can be achieved using the
intercept in lnZ vs. ln[sinh(ar)] plot (Fig. 11c). By replacement

of the calculated constants, the hyperbolic sine equation for
AISI 630 stainless steel is given by:

Z ¼ _e exp
485590

RT

� �
¼ 9:81 � 1017½sinhð0:0138rÞ�4:44

ðEq 14Þ

The Qdef gives the average value of energy dissipated per
mole of material, at the deformation interval. By the same
method, the value of Qi at each pair of temperature and strain
rate (Ti, ei) can be determined. As Qi reflects the deformation
resistance, its calculation can help to better analyze the
underlying microstructural mechanisms at (Ti, ei, _e i). For this
purpose, the discrete form of Eq 9 and 12 can be written as
follows:

ni ¼
ln eiþ1 � ln ei

ln sinh ariþ1ð Þ� � ln sinh arið Þ½ �½ �

Qi ¼ Rni
ln sinh ariþ1ð Þ� � ln sinh arið Þ½ �½ �

1=Tiþ1ð Þ � 1=Tið Þ ðEq 15Þ

The map of Qi in the form of 3-D and 2-D (contour map)
diagrams is shown in Fig. 12. According to this figure, the
maximum amount of activation energy is in two ranges of:

Fig. 8 EBSD images of the samples deformed to strains of (a, b) 0.3 and (c, d) 0.7 at temperature of 950 �C and strain rate of 0.01 s�1; EBSD
images obtained at a strain of 0.7 and typical conditions of (e) 950 �C/ 0.1 s�1 and (f) 1050 �C/ 0.01 s�1. (a, c) represent the inverse pole
figures and (b, d, e, f) exhibit the grain boundary maps
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950 �C and low strain rates; and 950-1000 �C and medium
strain rates. This result is consistent with the observations
regarding the DP of NbC particles and their interaction with
DRX, presented in Fig. 3(a), 5, 6 and 8. Current observations

reveal that the NbC formation increases the deformation
resistance of material, presumably due to the delay in DRX
and its interplay with the matrix dislocations.

Fig. 9 The {111} pole figures and u2 = 0� and 45� ODF sections of samples subjected to compression under different conditions: (a, e) strain
of 0.3, strain rate of 0.01 s�1 and temperature of 1050 �C, (b, f) strain of 0.7, strain rate of 0. 1 s�1 and temperature of 950 �C, (c, d, g)
schematic illustration of the sample frame of reference, typical orientations of a FCC material in (111) pole figure and ODF
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4. Conclusion

Hot compression tests were performed on AISI 630 stainless
steel in the temperature range of 900-1050 �C and the strain
rates of 0.001-1 s�1. The major results of this research are as
follows:

1. Single peak flow behavior was observed at all deforma-
tion conditions. The peak stress is increased with rise in
strain rate and decline in temperature. The flow curves
were specified by a faint peak and slight flow softening
which assigned as continuous dynamic recrystallization.

2. XRD analysis of the residue obtained from the elec-
trolytic extraction of samples showed that NbC and
Cr15.58Fe7.42C6 (M23C6) are the major precipitates in the
deformed samples.

3. The stress relaxation tests exhibited that dynamic precipi-
tation of NbC can interact with DRX in the range be-
tween 950 and 1050 �C; and the precipitation start time
decreases with increasing temperature consistent with the
irregular variation of peak strain.

4. By applying the hyperbolic sine constitutive equation, the
amount of activation energy was assigned as
485.59 kJ/mol. The maps of activation energy in the tem-

perature-strain rate window showed that the precipitation
of NbC leads to increase in the deformation resistance of
material.

5. EBSD observations confirmed that CDRX occurs by the
developing transformation of sub-boundaries into high
angle grain boundaries. In addition, DRX was found to

Fig. 10 Relationships between flow stress and strain rate at typical
strain of 0.4: (a) log–log window for calculating n� (stress exponent,
Eq 4) and (b) semi-log window to determine b (coefficient of stress,
Eq 5)

Fig. 11 The dependence of hyperbolic sine function of flow stress
on (a) strain rate, (b) the reciprocal of deformation temperature and
(c) the dependence of ln Z on the hyperbolic sine function of flow
stress at the typical strain of 0.4
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be less developed at higher deformation temperatures due
to the dynamic precipitation.

6. The strong Brass, Goss and Copper components were
achieved via grains rotation through hot deformation pro-
cess shifting to the recrystallization texture after DRX.
The intensity of texture components remains unchanged,
indicating that the CDRX is likely to occur.
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