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Dynamic recrystallization flow curve was studied in AISI 410 martensitic stainless steel by performing
hot compression tests in a temperature range of 900-1150°C and at strain rates of 0.001-1s~!. The
Estrin and Mecking’s equation for dynamic recovery was used to model the work hardening region of the
flow curves. The critical strain and stress for the initiation of dynamic recrystallization were determined
using the method developed by Poliak and Jonas. The critical dislocation density for starting dynamic
recrystallization was estimated using the Estrin and Mecking’s dynamic recovery model. A modified
Arrhenius-type equation was used to relate the critical dislocation density to strain rate and temperature.
The proposed model was also verified by the model proposed by Roberts and Ahlblom and developed to
describe the variation of dislocation density and fractional softening due to dynamic recrystallization up
to the peak of flow curve.
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1. Introduction

Dynamic recrystallization (DRX) is the most important
microstructural phenomenon during the hot deformation of
austenite in stainless steels [1-6]. As DRX often results in grain
refining, taking advantage of this process during hot working has
been of great interest [7-12]. In alloys with low stacking fault
energy (SFE), such as austenite phase, the processes of dislocations
annihilation and rearrangement associated with dynamic recovery
(DRV) proceeds sluggishly. This leads to the build-up of dislocation
density until reaching a critical value for triggering DRX. Although
DRX and DRV are known to be competitive, DRV essentially plays
an important role in the initiation of DRX. In a representative flow
curve of DRX, flow stress increases up to a peak where DRX actu-
ally comes into operation and leads to a pronounced flow softening.
When the flow softening due to DRX balances the work hardening,
flow stress attains a steady state region.

Many attempts have been devoted to model a typical flow curve
of DRX. Different flow behaviors before and after the peak have
obliged researchers to establish respective constitutive models for
each region. The Avrami-type equations often have been used to
model the flow softening due to DRX [13-16]. Otherwise, different
approaches were taken to model the material flow up to the peak.
In this way, different evolutionary laws describing the variation of
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dislocation density under the concurrent influence of DRV and work
hardening have been used [17-19]. The evolution law proposed by
Estrin and Mecking [20] has been widely used in the literature to
model the variation of dislocation density with strain. The proposed
models were firstly used to formulate the flow curves of high SFE
materials characterized by DRV. However, they were also useful
to describe the work hardening region of the DRX flow curve in
low and medium SFE materials. On the other hand, some efforts
were made to model the work hardening region of the DRX flow
curve using the empirical equations. Cingara and Mcqueen [21]
described the work hardening region of the flow curve of different
austenitic stainless steels by an exponential equation in which peak
strain and stress were used as empirical constants. Considering the
fact that DRX starts actually before the peak, both aforementioned
approaches are not well representing the contribution of DRV in
the initiation of DRX. Hence, the present research has been devoted
to develop the current understanding of the dislocation evolution
approach for the formulation of DRX curve and to clarify its link
with the preceding DRV.

2. Materials and methods

The material used in this investigation was AISI 410 martensitic stainless steel
whose chemical composition is given in Table 1. Cylindrical compression samples of
15 mm height and 10 mm diameter were prepared from the as-received hot forged
bar according to the ASTM E209. Lubrication of samples surfaces was done to min-
imize the effect of friction between the contacting surfaces of samples and anvils.
A Zwick Roell 250 testing machine was used to perform hot compression tests.
Before testing, all the specimens were reheated to 1200°C, held for 15 min fol-
lowed by cooling down to testing temperature. After soaking for 2 min at testing
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Table 1
Chemical composition of AISI 410 martensitic stainless steel used in the present
investigation.

Cr Mn Si C P S Fe
13.00 1.00 0.80 0.06 0.04 0.03

Balance

temperature, hot compression tests were carried out in a temperature range of
900-1150°C and at strain rates of 1073 to 1s~! with the interval of an order of
magnitude [13].

3. Results and discussion
3.1. Constitutive analysis

The flow curves and the constitutive analysis of flow stress
data were detailed in the previous paper published by the authors
elsewhere [13]. Using the equation of hyperbolic sine function pro-
posed by Sellars and Tegart [22] flow stress of the studied alloy is
correlated to the Zener-Hollomon parameter (Z) as follows [13]:

448, 000

Z=2¢exp (W) =2.2 x 10'®[sinh(0.011 o)]*° (1)

The peak of a typical DRX curve is a characteristic point that
plays an important role in modeling and the interpretation of flow
curve. This is because the dependence of peak strain and stress
to the Z parameter is of great importance. The following power-
law equations can be used to define the relation between the peak

position and deformation regime [13]:
op = 0.2720-13 (2)
&p = 0.0032%12 (3)

According to the equations, with an increase in Z value, the stress
and strain of peak are shifted to higher strains. That is because the
higher strain rate or lower temperature slows down the process
of nucleation and growth of DRX grains. Moreover, higher Z value
increases the rate of dislocation generation leading to an increase
in flow stress level.

3.2. Description of work hardening

The evolution of dislocation density with strain during hot
working is controlled by the generation and annihilation of dis-
locations during work hardening and DRV, respectively. Hence, the
evolution law can be assumed as the sum of differential hardening
and softening terms:

dp do\T /dp\~

- _(ZF -F 4
de (ds) +(Cl8) @
where p is the dislocation density. On the right-hand side of Eq.
(4), the first term stands for work hardening part and the second
term denotes the contribution of DRV. In the present study, the
dependence of the dislocation density on plastic strain is expressed
by the equation proposed by Estrin and Mecking [20]:

dp

T = h—rp (5)
where h is the athermal work-hardening rate and r denotes the rate
of dynamic recovery at a given temperature and strain rate. Both h
and r are considered independent of the applied strain. The above

differential equation gives rise to the following description of flow
stress:

2

o =[0%. — (0% — oé)exp(—rz?)]o'5 (6)
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Fig. 1. (a) Plots of Ho against o2 used for the determination of dynamic recovery
factor, r, and the steady state stress, o, according to Eq. (14), (b) 6-o curves where
the critical stress for the initiation of DRX, o, is determined by the Poliak and Jonas
method.

where o and o denote the initial and saturated stress defined
as (eMGb)2(h/r) and («MGb)? pg, respectively. « is a shape factor
in the order of unity, M is the Taylor factor (3.07 for FCC materi-
als), G is the shear modulus, b is the magnitude of Burger’s vector
and py is the initial dislocation density. Work hardening rate at the
early stages of deformation is high enough to justify the simplifying
assumption that pg is nearly negligible as compared to the stored
dislocation density during hot deformation. This assumption is also
more pertinent to a low SFE material such as austenite character-
ized by a sluggish DRV. Therefore, in the formulation of flow curve
using Eq. (6), o can be neglected and the simplified description of
work hardening curve can be as follows:

0 = 0rec(1 - exp(-1¢))" (7)
The differentiation of which gives:
do

T = 0.50%.1 exp(—re)(1 — exp(—re)) %> (8)

Substituting 1 — (o'/orec )? for exp(—re), Eq. (8) can be written as:

2 2
‘;‘; —0.5r (%UU> 9)

The plots of 06 =(do/de) versus o2 shown in Fig. 1(a) were there-
fore linearly fitted according to Eq. (9) from which the slope and the



A. Momeni et al. / Journal of Alloys and Compounds 509 (2011) 9387-9393 9389

intercept are tantamount to —0.5r and 0.5r0%,, respectively. In the
literature, the plot of 8 versus o has been also used for the determi-
nation of o, which is the critical stress required for the initiation of
DRX [16]. According to the method developed by Poliak and Jonas
[23-26], the onset of DRX can be identified as the inflection point
of the -0 curve near the saturated or peak stress. The observed
inflection in the 6-o curves is associated with the softening due
to the first bulges at the early stages of DRX. Fig. 1(b) exhibits the
typical plots of 0 versus o used to estimate the critical point from
which DRX is started.

Fig. 2indicates the variation of r and o, with the Z parame-
ter defined in Eq. (1). The dependence of r and o on Z reflects
that the efficiency of DRV decreases as strain rate increases
or temperature declines. Substituting the obtained values of r
and o in Eq. (7), gives a way to predict the work hard-
ening part of flow curve as shown in Fig. 3. The modeling
curves show an acceptable prediction of the experimental flow
curves especially at low stress level where DRV is dominant.
However, at high stress levels approaching the peak point of
flow curve, the modeling and empirical curves deviate due to
DRX.
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Fig. 2. Variation of (a) dynamic recovery coefficient, r, and (b) the saturation stress
of DRV, oec with the Zener-Hollomon parameter.
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Fig. 3. DRV curves according to Estrin and Mecking’s equation used to predict the
flow curve of DRX up to the peak.

3.3. Correlation between DRV and DRX

The value of athermal work hardening rate, h, can be calculated
from orec and r at any deformation condition using the following
equation:

h—r( Ofrec )2 (10)
~ \aMGb

To calculate h, «MGb should be estimated at different deformation
conditions. As mentioned earlier « and M can be taken respectively
as 1 and 3.07 and G is estimated from simple linear relations with
temperature, reported in the literature [17,27]. The shear modu-
lus of different steels in the austenite phase has been proposed as
follows [28]:

(T — 300)
1989

where T is the absolute temperature. The magnitude of Burger’s
vector in austenite is determined from the lattice parameter as
ag/~/2. ag actually depends on the chemical composition as follows
[29]:

G = 81,000 [1— } (MPa) (11)

o = 3.573 + 0.033C + 0.0095Mn — 0.0002Ni + 0.0006Cr
+0.0031Mo + 0.0018V (12)

Substituting the chemical composition of the studied material men-
tioned in Table 1, ay is obtained about 3.58 A and therefore, b takes
the value of 2.53 A which is in a good agreement with the values
reported in the literature [28,30]. Referring to Eq. (10), the values
of h are used to estimate the dislocation density in the steady state
regime of DRV. The steady state condition is obviously attained
when DRV balances the work hardening and therefore 6=do/de
is zero. As o =aMGbp®>, the steady state regime can be defined as
dp/de=0. From the evolution law described by Eq. (5), at the steady
state condition, the average dislocation density depends on h and r
as:

h
Prec = T (13)

Fig. 4 indicates the variation of steady-state dislocation density,
Prec, With the Z parameter. As observed, prec increases with increas-
ing Z.This is because hincreases and r decreases as Zrises. Itis worth
noting that in case of low and medium SFE materials such as the
studied material, DRX starts before the dislocation density reaches
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Fig. 4. Variation of the steady state dislocation density, prec, obtained from the DRV
model with the Zener-Hollomon parameter.

Prec. In order to examine the required condition for the initiation
of DRX, the critical strain, &; and stress, o, were determined by
the method shown in Fig. 1(b). The dependence of &. and o, on Z
is depicted in Fig. 5. Referring to Eq. (3), the ratio of &/, takes the
average value of 0.8 which is consistent with other reports [31].
The critical strain can be therefore correlated with the correspond-
ing critical dislocation density for starting DRX. For this purpose,
the proposed model for the evolution of dislocation density during
DRV, Eq. (5), was utilized to calculate the critical dislocation density
for the initiation of DRX. Integrating Eq. (5) and substituting &, for
&, the critical dislocation density for the initiation of DRX, p., can
be derived as follows:

pe=(F01 - exp(-rec) (a4

The plot of p. obtained from Eq. (14) versus pr.. depicted in Fig. 6
indicates that p./prec takes the average value of 0.8.
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Fig. 5. Dependence of critical strain and stress for the initiation of DRX on with the
Zener-Hollomon parameter.
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Fig. 6. Dependence of the critical dislocation density for the initiation of DRX, p¢,
on the steady state dislocation density, pre, obtained from the DRV model.

3.4. Verification of critical dislocation density, pc

The critical dislocation density for the initiation of DRX evi-
dently depends on the deformation condition. From the plot shown
in Fig. 4, the steady state dislocation density, prec, when DRV is
dominant, depends strongly upon the Z parameter. Therefore, from
Fig. 6, the dependence of p. to deformation regime can be inferred.
However, the dependence of p. to deformation conditions becomes
more complicated when DRX also contributes. To clarify this, the
variation of p. with the strainrate and the reciprocal of temperature
are plotted in Fig. 7. The results indicate that p. bears a modi-
fied Arrhenius-type equation with the strain rate and deformation
temperature as follows:

pc = AEP exp (%) (15)

where A and p are the material constants and Qc is the activation
energy for the initiation of DRX. According to the experimental
results, Eq. (15) gives a good description of the critical dislocation
density if A, p and Q take the values of 8.2 x 109, 0.3 and 99 k] mol !,
respectively. In order to formalize the proposed model, the results
can be verified by the DRX nucleation criterion proposed by Roberts
and Ahlblom [30]. This approach involves the local bulging of a pre-
existing high-angle grain boundary into a grain with a critical value
of dislocation density which is expressed as:

1/3

20S¢
Pcrit = (W) (16)

where S is the grain boundary energy per unit area, b is the magni-
tude of burger’s vector, | denotes the dislocation mean free path,
M is the grain boundary mobility and t is the dislocation line
energy. The dislocation mean-free path is approximately equal to
the size of subgrains developed during deformation. The sub-grain
size depends on the applied stress as follows [32]:

l%D%LGb 17)
o

The mobility of boundary depends actually on the grain bound-
ary diffusion and can be expressed as follows [33]:

M =M exp (#) (18)

where My is a constant and Q; denotes the activation energy for the
boundary migration. The values of My and Q, for 18-9 austenitic
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Fig. 7. Dependence of the critical dislocation density for the initiation of DRX, pc,
on (a) strain rate and (b) the reciprocal of deformation temperature.

stainless steels have been reported to be 4.1 x 10°m*]~2s-! and
420k] mol~1, respectively [33]. The dislocation line energy, 7, can
be expressed in terms of the magnitude of the Burger’s vector and
shear modulus as:

T = aGb? (19)

Substituting Eqs. (17)-(19) for Eq. (16), the critical dislocation
density can be expressed as:

o 2S0¢é v
Pcrit = 302G3bS M, exp(—Qy/RT)

Considering o =0 =kZ9, Eq. (20) can be written as:

(256 keexp(@/RTY | 1)
Pcrit = 3a2G3bS Mg exp(—Qy, /RT)

(20)

After doing some algebraic operations, Eq. (21) is therefore final-
ized as follows:

2kS 13 Q
Perit = (m> 2H(1+9)/3) exp (ﬁ) (22)

Referring to Eqs. (15) and (22), the first term on the right-hand
side of Eq. (22) is tantamount to A and p=(1+q)/3. Considering

0.=0.26201>, from Fig. 5, the value of p is calculated as 0.38 which
isin a good agreement with the experimental value of 0.3 obtained
from Fig. 7(a). Assuming Q, =420k] mol~!, as mentioned in the lit-
erature for austenitic stainless steels [30] and Q=440k]J mol-! as
calculated in the present research, Q. takes the value of 162 k] mol~!
which is higher than 99 k] mol~! obtained from the experimental
results in Fig. 7(b). One reason for this inconsistency could be the
difference in the chemical composition of the low alloy stainless
steel used in the present research with that of 18-9 austenitic stain-
less steels for which Q, has been reported about 420 k] mol~! in the
literature. The activation energy for boundary migration strongly
depends on the grain boundary diffusion of segregated alloying ele-
ments. Therefore, the lower alloy content in the studied stainless
steel may give rise to lower Q, that in turn leads to lower Q.. Con-
sidering S=0.835]m~! and « =1, the critical dislocation density is
estimated using Eq. (22) comparing to the results obtained from
the experimental model proposed in Eq. (15). The results indicate
that the ratio of p.¢/pc is about 0.3. Considering the values of Q.
obtained from two models and the differences between p. and pit,
it seems that the model proposed by Roberts and Ahlblom [30]
underestimates the critical dislocation density for the initiation of
DRX whereas the proposed model may somewhat overestimate it.
This is because in the model proposed by Roberts and Ahlblom [30]
the influence of DRV has been neglected; while in the model pre-
sented here p. has been predicted utilizing a DRV model which may
give rise to some overestimation.

3.5. Evolution of dislocation density during DRX

Based on the theory of strain induced grain boundary migration
shown in Fig. 8, the moving bulge sweeps away dislocations while
advancing through the deformed matrix [34]. The evolution of dis-
location density during DRX can be therefore considered using this
model. As observed in Fig. 8, the critical dislocation density in front
of the bulge, p¢, is decreased to zero and then regenerated by the
concurrent deformation behind the moving boundary. Rationally,
the dislocation density behind the moving boundary is considered
to be a function of position and the amount of deformation after
the critical point. In the simplest way, p(x, €) can be described by:

p(x, &)= p'(x)- p"(€) (23)

where o’ (x) and p” (&) express the dependence of regenerated
dislocation density to position and strain after the critical point,
respectively. The evolution of dislocation density behind the DRX
bulge obeys the generation and annihilation mechanisms during
DRV. Therefore, the evolution function described by Eq. (5) can
be used to explain the variation of regenerated dislocation density
with strain as follows:

pe)= 111 — exp(-re)] (24)

Roberts and Ahlblom [30] showed that the dislocation density
regenerated bears a linear dependence upon the position behind
the moving bulge as:

&

P = Biviepe

According to Eq. (17), the dislocation mean-free path is
approximated to 10Gb/o. Considering o = aGb./p, the dislocations
mean-free path is related to the dislocation density as follows:

(25)

10
I~xD=— 26
= (26)
This expression can be combined with Egs. (23)-(25) as follows:
éx h 1/2
p(x’8)|DRX= m : {F[l *EXP(*r(S*SC))]} (27)
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Fig. 8. Schematic illustration of the SIBM mechanism of DRX nucleation with the
corresponding change in the dislocation density.

According to Eq. (27), at a given position, dislocations are regener-
ated behind the moving boundary so that the dislocation density
reaches a maximum at the peak point of flow curve. Nearly at the
peak the pre-existing grain boundaries are totally occupied by a
layer of DRX grains which is termed as “necklace structure”. The
average dislocation density at the peak can be therefore written as
follows:

/

Pep) e = 7 / plx. £p)dx (28)
0

Here r’ denotes the radius of grains which can be considered iden-
tical to the critical radius of DRX nuclei. Integrating from Eq. (28)
yields:

- 1/2
560 o = g 11— exPrCen — ec)] } (29)

The value of 1’ can be obtained from the analysis of Roberts and
Ahlblom [30] as follows:

, _3bDMt
Assuming D ~ 10/,./pp at the peak point, Eq. (30) can be combined
with Eq. (29) to form a simple following relation as follows:

_ 3
p(gp)‘DRXZ ﬁpc (31)
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Fig. 9. Predicted fractional softening due to DRX at the peak point of flow curve

versus the Z parameter. Xpgrx reaches the average value of 0.1 at the peak and remains
nearly constant at different deformation regimes.

Albeit, it is evident that ,Z)(sp)’DRX is pertaining to a part of
microstructure in which DRX has taken place and other parts have
justundergone DRV. The total density of dislocation in the structure
at the peak can be therefore expressed as follows:

Prot(p) = XDRXP(Ep) |y, + (1= XorX) PEp) 5y (32)

where Xpgrx denotes the fractional softening at the peak due to DRX
and ,?)(sp)|DRv is determined from Eq. (24) for £=¢p. Combining

Egs. (31) and (32) with the expression of pr(gp) = og/(aMGb)z,
the fractional softening of DRX at the peak is given by:

(03 /(aMGbY*) = plep)| ey

e b(gp)|DRX - Z)(SP)|DRV

XDRX| (33)

It was mentioned earlier that all the terms on the right-hand side
of Eq. (33) are functions of Z and therefore Xpgx at the peak should
depend on deformation condition. But, as observed in Fig. 9, Xprx
at the peak point of flow curve decreases gently with increasing Z
so that it can be considered nearly independent of Z. The values of
Xprx were calculated in range of 0.06-0.15 and the average value
obtained about 0.1 which is in a good agreement with previous
reports [16].

It is evident that during DRX dislocation regeneration is con-
trolled not only by DRV but also by the speed and mobility of the
moving boundary. Hence, to estimate the dislocation density dur-
ing DRX, it is necessary to present an evolution function describing
the velocity of the moving bulge. The velocity of a moving boundary
depends on its radius, mobility and driving pressure as follows:

V= r? —MP (34)
Here r’ is the instant radius of bulging, t is time after the initiation
of DRX and M and P denote the boundary mobility and moving
pressure, respectively. The net pressure propelling a bulge during
the early stages of DRX arises from the difference of dislocation
density on the sides of the moving boundary. As the dislocation
density decreases from pg to zero, according to Fig. 8, the driving

pressure for bulging is defined as follows:

P =tpc (35)
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Fig. 10. Variation of DRX fractional softening with strain from & to &,. The experi-
mental data comprise a part of the sigmoidal curve of Xprx with strain according to
the Avrami’s kinetics equation.

The time taken to a bulge reach a given radius can be defined as
the ratio of instant strain to the applied strain rate. Therefore, Eq.
(34) can be rewritten to the following form:

p_ Mrp(e - &c) (36)
&
Substituting 1’ in Eq. (36) for x in Eq. (28) and considering instant &
instead of ¢, gives a new model for the estimation of the average
dislocation density after the initiation of DRX:

1/2
_ £ — & h
PO orx = g5 - { 711~ exp(=re -~ ecl | (37)
Using Eqs. (24), (33) and (37), the fractional softening due to DRX
can be generalized for any given strain from & to &p as follows:

_ (0/(aMGb))” — (h/r)[1 — exp(-re )] 38)
((& = £¢)/20b)((h/r)[1 — exp(—r(g — e)]}'/? = (/)1 — exp(re)]

Fig. 10 exhibits the results of Eq. (38) versus true strain at different

deformation temperatures and constant strain rate of 0.01s~1. It

is obviously seen that the results consist a part of the sigmoidal

curve of Xprx with strain which is also expected from the Avrami’s

kinetics equation.

XpRx

4. Conclusions

The dynamic recrystallization and flow curve of 410 martensitic
stainless steel was analyzed and modeled by means of a dynamic
recovery model. The major conclusions are listed below:

1. The Estrin and Mecking’s equation for dynamic recovery was
used to model the work hardening part of the flow curve.

2. The critical strain and stress for the initiation of DRX were deter-
mined using the method proposed by Poliak and Jonas. The
critical dislocation density for starting DRX was estimated using
the DRV model.

3. A modified Arrhenius-type equation was used to relate the crit-
ical dislocation density to strain rate and temperature.

4. The presented model for the estimation of critical dislocation
density was verified by the model proposed by Roberts and
Ahlblom. It was found that Roberts and Ahlblom’s model bears
some underestimation, whereas our results may exhibit some
overestimation.

5. The DRV model was utilized to understanding the dislocation
density evolution during DRX. The fractional softening of DRX
at the peak point of flow curve was found about 10% and nearly
independent of Z parameter. The variation of Xprx with strain
up to the peak in flow curve was observed to be sigmoidal and
consistent with the Avrami’s kinetics equation.
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