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Dynamic recrystallization behavior of austenite in a superaustenitic stainless steel containing 16%Cr
and 25%Ni was studied using hot compression tests in a temperature range of 900°C-1200°C and at
strain rate of 0.001s~'- 1s~1. The initiation and evolution of dynamic recrystallization were investigated
by microstructural analysis. The effect of deformation temperature and strain rate on the flow stress
during dynamic recrystallization was studied using the hyperbolic sine equation. The apparent activation
energy for the hot deformation was calculated to be about 484 kJ/mol. Dynamic recrystallization was
delayed when the logarithm of the Zener-Hollomon parameter fell within 13-15s~'. This retardation was
attributed to the segregation of substitutional impurity elements, mainly phosphorus, to grain boundaries
where recrystallization is originally initiated.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hot deformation is employed to optimize the microstructure
and mechanical properties of different steel grades. Being very
important from the industrial point of view, stainless steels have
drawn great attention concerning their hot deformation behav-
ior. Among the vast family of stainless steels the hot deformation
behavior of superaustenitic grades has been less investigated; even
though they provide very important industrial applications [1].

It has been understood that dynamic recrystallization (DRX) is
the dominant restoration mechanism for stainless steels which are
hot deformed in the stability region of austenite [2-8]. DRX often
occurs during the hot working of metals and alloys with low or
medium stacking fault energy (SFE). When SFE is low, e.g. in case
of austenite, the cross-slip of dislocations does not occur easily.
This gives rise to a slow dynamic recovery during deformation [9]
and therefore accumulative increase in the dislocation density until
starting DRX [10].

DRX often originates from high angle boundaries (HABs) by the
nucleation and growth of new strain-free grains [11,12]. HABs may
be the original grain boundaries, the boundaries of dynamically
recrystallized grains or the boundaries created during straining
such as deformation bands or shear bands. The local bulging of
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grain boundaries is frequently observed as a prelude to dynamic
recrystallization [10].

Inasmuch as DRX leads to the formation of new grains, it is often
treated as a potential way to the microstructural control aimed
at the controlled thermomechanical processes such as controlled
rolling or forging [2]. Undoubtedly, the kinetics and extent of DRX
process strongly depend on two variables, materials characteris-
tics and processing parameters. These may control the mobility
of HABs and therefore the easiness of the initiation of DRX. In
this regard, the dragging effect of segregating solute atoms and
the pinning influence of strain induced second phase particles to
the HABs are known to effectively postpone or even inhibit DRX
[1,13]. Some previous investigations have reported the interaction
of DRX with segregating solute atoms to HABs in low carbon and
microalloyed steels [13-15]. It is often observed that the affinity
between HABs and segregated solute atoms decreases the bound-
ary mobility and contributes therefore in the retardation of DRX.
Given profound investigations regarding the solute drag effect but
it has been less noted in the hot deformation of stainless steels.
The present research is therefore devoted to investigate the hot
deformation behavior of a 16%Cr-25%Ni superaustenitic stainless
steel with special attention to the interaction of DRX with solute
dragging effect.

2. Experimental procedure

The material used in this investigation was Cr16Ni25Mo6 super-
austenitic stainless steel with the chemical composition given in
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Chemical composition of the stainless steel used in this research.
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Table 1. According to the as-received microstructure shown in Fig. 1 S 100 0.001s™
o e . . . . B
the initial grain size was determined to be about 160 pm. Cylin- [
drical compression samples of 12 mm height and 8 mm diameter
were prepared from the as-received hot forged bar according to 50
the ASTM E209 standard. In order to minimize the effect of friction

and to keep the boron nitride as the lubricant material between
the contacting surfaces of samples and anvils some concentric
grooves of 0.5 mm depth were machined on the both surfaces of
each sample. A Zwick Roell 250 hot deformation machine was used
to perform hot compression tests at constant strain rates. Before
testing, all the specimens were reheated to 1200 °C, held for 5 min
and cooled down to testing temperature. This procedure was per-
formed to simulate the industrial hot working processes such as hot
forging. After soaking for 3 min at testing temperature, continuous
hot compression tests were carried out in a temperature range of
900°C-1200°C and at strain rates ranging from 0.001s~! to 15!
at an interval of an order of magnitude. The samples immediately
quenched after hot compression to preserve the microstructure for
the investigation of DRX. The water quenched specimens were sec-
tioned longitudinally and polished with 1 wm diamond paste and
then electrolytically etched in a solution of 10% hydrochloric acid
in pure water to reveal their microstructure.

3. Results and discussion

Single-hit hot compression tests were conducted at various
strain rates and four different temperatures. Fig. 2(a) shows typ-
ical true stress-strain curves indicating the effect of temperature
on flow stress at a given strain rate of 0.01s~!. As expected, the
flow stress value clearly declines with temperature. The influence
of strain rate at temperature of 1050 °C, is shown in Fig. 2(b) man-
ifesting the fact that flow stress level increases as strain rate rises.
Flow curves of Fig. 2(a) and (b) are obviously typical of DRX. They are
characterized by work hardening up to a peak following which flow
stress decreases until reaching the plateau of steady state region.

In order to characterize a typical flow curve of DRX the critical
and peak strains are commonly determined from the stress-strain
data [16-18]. The critical strain required for the initiation of DRX
can be identified as the inflection point of the 6-o curve (where
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Fig. 2. Representative stress—strain curves of the studied material (a) strain rate of
0.01s~! and (b) temperature of 1050°C.

6=do/de) [19-22]. One way to follow the microstructural events
during hot deformation is monitoring the changes in the value of 6
with respect to strain or stress. As seen in Fig. 3, when 6 is depicted
vs. true stress, three regions are discernible. In the first region, the
work hardening rate linearly decreases with stress to o, which
is known as the required stress for the formation of sub-structure.
In the second region, the slope decreases until reaching a point at
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Fig. 3. Variation of work hardening rate vs. true stress at 900°C and 0.01s!.
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Fig. 4. (a) Superimposition of flow curve obtained at 900°C and 0.01s~! and the related variation of work hardening rate with true strain, (b—e) microstructures obtained

respectively at the points marked by letters B to E in (a).

which o =0 and is known as the initiation point of DRX. In the third
region, 0 decreases with a higher slop towards 6 =0 at op. Similarly,
the strain at which DRX reaches the highest rate can be deduced
from 6-¢ curve as indicated in Fig. 4(a). The negative value of work
hardening rate in Fig. 4(a) is associated with the flow softening
due to DRX. Therefore, the minimum value of 6 corresponds to the
maximum softening rate. The relationship between the critical and
peak strain calculated here can be expressed as &c=0.73 ¢p which
is in agreement with previous reports [23,24,8].

Fig. 4(b—e) represents the evolution of microstructure with the
strains marked by the corresponding capital letters on the flow
curve of Fig. 4(a). It is observed in Fig. 4(b) that at the onset of hot
deformation microstructure is nearly equiaxed. However, the ser-
rated boundaries of highly elongated grains as well as locally bulged
HABs indicated by arrows in Fig. 4(c) are typical of the initiation of

DRX at the critical strain. Fig. 4(d) exhibits the microstructure at
the peak where coarse work hardened grains and fine dynamically
recrystallized grains are coexistence. This kind of microstructure is
termed as a “necklace structure”. At higher strains, the fraction of
DRX increases gradually at the expense of the deformed matrix so
that a fully dynamically recrystallized structure is observed at the
steady state region, Fig. 4(e).

Fig. 5 indicates the variation of peak stress with deformation
temperature at different strain rates. It is seen that deformation
resistance decreases with increasing temperature. Besides, the lin-
ear regression of curves using the least square fitting according to
the hyperbolic sine constitutive equation can be used to calculate
the value of apparent activation energy for the hot deformation
of the studied alloy. The relationship between flow stress and the
Zener-Hollomon parameter, embracing the influence of temper-
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Fig. 5. Peak stress versus deformation temperature and strain rate in the frame of (b) 0.35
the hyperbolic sine equation.
03
ature, and strain rate is often described by the hyperbolic sine
constitutive equation as follows [25-28]: 0.25 +
Z = sexp( Qdef) = A(sinh(a o))" (1) e 02}
RT =
]
where Qg.r denotes the apparent activation energy for deformation, b7 0.15 |
R is the gas constant and n, o and A are material constants. Refer-
ring to Eq. (1), the stress exponent, n, is identified as the slope of 01 F
strain rate vs. sin h(oo) in a logarithmic scale. The stress multiplier
« is an adjustable constant which makes the curves in Fig. 5 linear 0.05 | ——critical strain
and parallel. The activation energy for hot deformation can be cal- -=- peak strain
culated using the derivative of the hyperbolic sine function of flow 0 . : L
stress with respect to the reciprocal of temperature: 850 950 1050 1150 1250
dInsinh(«x o) Temp. (°C)
=Rn(—————— 2
Qqef ( 3,/T) )é (2) ©) g.36
Using Egs. (1) and (2), the values of o, n and the activation energy 03 |
are determined as 0.02, 2.1 and 484 k]/mol, respectively. ’
The peak and critical strains are plotted as a function of defor- 0.25 |
mation temperature at different strain rates in Fig. 6(a—c). At strain )
rate of 0.001s~! (Fig. 6(a)), although the general trend of curves e
indicates the decrease peak and critical strain with increasing tem- ‘s
perature, but an anomalous increase is observed at 1000°C. The b 0.15 |
peak strain is constantly about 5% higher than the critical strain
so that the mean ratio of &c/¢p is 0.67. At strain rate of 0.01 s—1 01 F
(Fig. 6(b)), the critical and peak strain decline with increasing
temperature more quickly and the anomalous increase in the char- 0.05 | — critical strain
acteristic strains is observed at about 1100 °C. The ratio of &¢/ep is - peak strain
around 0.55. The same downward variation of the characteristic 0 L L :
strains is observed for 0.1 s~! where the anomalous increase in the 850 950 1050 1150 1250
characteristic strains occurs at 1150°C, Fig. 6(c). In this case, the Temp. (°C)

discrepancy between the peak and critical strains is about 0.11 and
the ratio of &c/ep, is about 0.49. The decrease in &c¢/ep with increas-
ing strain rate reflects the fact that DRX is generally delayed as the
rate of deformation increases. In order to incorporate the influence
of temperature and strain rate the critical and peak strains can be
plotted against the Z parameter, as shown in Fig. 7(a) and (b). The
values of Z were calculated using the value of Qg.r determined from
Eq. (2). As expected, both peak and critical strains increase with
Z. However, the anomalous increase in the characteristic strains
behavior is observed at the Z value of about 10'43, It should be
noted that as the strain rate is increased, the temperature at which
the maximum deviation appears rises. In addition, the altitude of
the deviation decreases slightly as the strain rate rises.

The occurrence of the observed deviation in DRX behavior can
be predicted using the development of a mechanism map, Fig. 8.

Fig. 6. Variation of peak and critical strains with deformation temperature at (a)
0.001s7',(b)0.01s~" and (c) 0.1s" 1.

Four types of points as normal, lower boundary, upper boundary
and abnormal were defined for each strain rate. The normal points
were defined as points at which both the critical and peak strains
lie on the expected trend curves. The lower boundary points were
defined as the lowest temperatures at which at least one of the
two values deviates from the expected curve. The upper boundary
points represent the highest temperatures at which the same cri-
terion is met and the abnormal points are those that lie between
the two boundary lines. For all such points, the deviation for both
strains was at least two times the error value.
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(a) 0.3 i It is worthy of note that both the critical and peak strains are
i affected in the region of abnormal behavior and the deformation
e conditions that lead to deviations are essentially identical. Further-
028 T ; more, the relationship between the critical and peak strains, both
o i in absolute (ep — &c) and relative (e,/&c) terms is met in the abnor-
% 0.2 - i mal range. Therefore, it is concluded that the initiation of DRX is
% Epiﬂ - actually suppressed under the deviating deformation conditions. It
= 0415 | - o TN is very well known that solute atoms and precipitation of second
£ i phase particles can delay or even hinder DRX [1,13]. In the absence
'5 01 L B l of second phase particles, the probable mechanism responsible
H for the anomalous increase in the characteristic strains is there-
= ; fore the segregation of solutes to the boundaries being involved in
0.05 - = i the nucleation of DRX grains. The segregation of solute atoms to
i the grain boundaries seems to exert a dragging force on the local
0 . L At . . bulges which tend to contribute in the initiation of DRX. As the
1" 12 13 14 15 16 17 18 segregating solute atoms can exert a dragging pressure without an
Inz actual pinning effect on the moving boundaries, DRX resumes when
(b) 435 the critical amount of stored strain energy (i.e. the critical strain)

necessary to overcome the dragging effect is provided.
03 | The driving force for DRX or in other words grain boundary
movement depends strongly on temperature and strain rate. More-
0.25 = over, increasing temperature or decreasing strain rate lowers the
. driving force for DRX because they accelerate the annihilation of
T o2t dislocations by dynamic recovery. The mobility of boundaries con-
n tributing in the nucleation of recrystallization is also a function
§ 0.15 F a of diffusion and therefore increases as deformation temperature
o - rises. On the other hand, the diffusivity of segregating impurities
01 F o increases and the driving force for segregation decreases as the
deformation temperature rises. This is why the abnormal behav-
0.05 - ior is often observed over a specific temperature range which also

depends on strain rate.

0 . . P . . At lower temperatures (which correspond to the right-hand

11 12 13 14 15 16 17 18
InZ

Fig. 7. Variation of (a) critical strain and (b) peak strain with the Zener-Hollomon
parameter.

The best linear fit to the lower temperature boundary points
is met if the activation energy takes the value of 385 454 kJ/mol.
Similarly, for the upper temperature boundary points the activa-
tion energy should be about 420 + 40 kJ/mol. None of the calculated
activation energies could be related to any particular physical
phenomenon. However, as it will be discussed below this is not
surprising because the overall effect probably involves a number of
competing or overlapping temperature-dependent processes.

0.5

0

Log strain rate (s™)
in

-2 [ ]
= Normal
-2.5 ® Lower
boundary
3 = ©Upper
boundary
0 Abnomal
-3.5 ! : :
0.8 0.9 1 1.1 1.2

1000/T (1/°C)

Fig. 8. Mechanism map derived to predict the regions of normal and abnormal DRX
behavior in terms of the deformation variables.

“normal” points in Fig. 8), the diffusion rate of impurity elements
such as phosphorous are low and the accumulation rate of stored
dislocation energy is high (as indicated by the higher flow stresses).
Therefore, the rate of segregation is not enough to significantly
interfere with the moving boundaries contributing in the initia-
tion of dynamic recrystallization. At sufficiently high temperatures
(the left-hand “normal” points in Fig. 8), boundary mobility is high
enough to break away from the pinning solutes. The higher diffusiv-
ity of solute atoms helps this process. The increased mobility of the
boundaries at the higher temperatures also coincides with dimin-
ished segregation driving forces, which in turn correspond to lower
segregation level. At the intermediate temperatures (the abnormal
and boundary points in Fig. 8), the rate of segregation is sufficiently
high and the intrinsic mobility of the boundaries is low giving
rise an appreciable interaction between them. When strain rate
increases the driving force for DRX augments rapidly so that grain
boundaries tend to move to annihilate the excess amount of dis-
location. Therefore, at higher strain rates the interaction of solutes
and moving boundaries occurs at higher temperatures where solute
atoms can diffuse more rapidly and can keep pace with the moving
boundaries.

The elements responsible for the observed anomalous phenom-
ena are supposed to be silicon and phosphorus. The absence of the
retardation effect in the high-purity stainless steels eliminates Cr,
Ni and Mo as the potential causes of the deviations. Manganese
can likewise be excluded, as its segregation behavior in austenite
(specifically, its segregation driving force and diffusivity) is very
similar to that of Cr and Ni. This leaves S, Si and P as the potential
causes for the observed interaction with DRX.

Silicon has an intermediate misfit in austenite and the studied
steel contains over 0.5% Si. However, the atomic radius of silicon
is considerably larger than that of phosphorus or sulfur. This is
why silicon atoms have a lower diffusivity in austenite comparing
to phosphorus or sulfur. The investigation of equilibrium grain-
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boundary segregation in a commercial 304 stainless steel at 1050 °C
has showed that both sulfur and phosphorus appears significantly
greater than silicon at grain boundaries [27].

Sulfur and phosphorus exhibit similar segregating behaviors
in austenite, comparable diffusivities, similar segregation energies
(sulfuris slightly higher) and nearly identical diffusion kinetics [29].

(c) Nt

Mo

C 1 2 3 4 S5 6 7 8
keV
Fig. 9. (a) SEM micrograph of specimen hot deformed at 1100°C and 0.001s~"', (b)

magnified view of the area enclosed by a circle in (a) and (c) EDX microanalysis of
the grain boundaries shown in (b).

Although theretardation of DRX may be due to the combined effects
of these substitutionals, it is supposed that sulfur and silicon are
minor contributors to the present effect as compared to phospho-
rus. Because, the studies of Fe-Si-P alloys have shown that the
segregation enrichment ratio of phosphorus is almost 200 times
greater than that of silicon in austenite [28]. In order to characterize
the concentration of each segregating element the EDX microanal-
ysis was performed on the specimens deformed in the anomalous
region. Fig. 9 indicates the SEM micrograph and grain boundary
microanalysis obtained from the specimen hot deformed at 1100°C
and 0.001s~!. It manifests that among the mentioned segregat-
ing elements, phosphorous has higher concentration and therefore
accounts for the observed retardation of DRX.

4. Conclusions

The microstructural observations of grain boundary bulging
as well as the analysis of work hardening rate at different flow
stress were used to determine the critical strain for the initiation
of dynamic recrystallization. The critical strain was found 0.5-0.7
times the peak strain of flow curve.

The empirical data of flow stress were successfully fitted to the
hyperbolic sine function and the value of the apparent activation
energy was determined about 484 kJ/mol.

The critical and peak strains for dynamic recrystallization
deviated from the expected decreasing trend with increasing tem-
perature. The anomalous rise in critical/peak strain appeared at
higher temperatures as the strain rate increased. This approach
introduced a DRX retardation process which was dominated when
InZwasinrange of 13-15. The retardation behavior was maximized
at about InZ=14.3.

The EDX microanalysis of grain boundaries at the deviating
hot deformation temperatures confirmed that the segregation of
substitutional impurities, P in particular, to grain boundaries was
responsible for the observed retardation of DRX.
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