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Abstract: In order to clarify the effect of strain rate on hot deformation characteristics of GH690 superalloy, the hot deformation
behavior of this superalloy was investigated by isothermal compression in the temperature range of 1000—1200 °C and strain rate
range of 0.001-10 s’ on a Gleeble—3800 thermo-mechanical simulator. The results reveal that the flow stress is sensitive to the strain
rate, and the dynamic recrystallization (DRX) is the principal softening mechanism. The strain rate of 0.1 s~ is considered to be the
critical point during the hot deformation at 1000 °C. The DRX process is closely related to the strain rate due to the adiabatic
temperature rise. The strain rate has an important influence on DDRX and CDRX during hot deformation. The nucleation of DRX
can be activated by twin boundaries, and there is a lower fraction of X' 3" (n=1, 2, 3) boundaries at the intermediate strain rate of

0.1s".

Key words: GH690 superalloy; hot deformation; strain rate; dynamic recrystallization (DRX)

1 Introduction

GH690, known as a solid solution strengthened
nickel-based superalloy, is a high chromium and low
carbon content modification on the base of alloy 600.
GH690 superalloy has been widely employed in
industries of corrosive, high stress and high temperature
environmental conditions such as nuclear, chemical and
petrochemical industries, due to its combination of
excellent resistance to stress corrosion cracking (SCC)
and intergranular attack (IGA), high strength,
metallurgical stability and good formability [1-3]. In
nuclear power industry, GH690 superalloy is mainly
used as steam generator tubes and large forgings applied
in pressurized water reactor.

As a kind of effective method to produce GH690
superalloy tubes, the hot extrusion process is used in the
industry, which has been investigated in previous
work [4]. Over the past few years, many approaches have
been proposed for developing constitutive relationship
describing the stress—strain behavior and processing map
of GH690 [3,5]. Furthermore, a series of hot
compression tests have been carried out to investigate the

hot deformation behavior of GH690 during high
temperature and high strain rate deformation, which can
provide support for the optimization of the hot working
parameters for hot extrusion process of high temperature
and high speed deformation [4].

Hot forging, especially die forging, is the most
efficient approach to fabricate large forgings of
nickel-based superalloy. Due to the complicated
metal-flow pattern and stress state, it can be expected
that the dynamic responses of the metals under hot
forging, hot rolling and hot extrusion are different, which
will result in unruly microstructural characteristics and
mechanical performances [6]. To ensure the required
product properties for specific application, GH690
forging is usually hot forged and heat-treated to achieve
a proper microstructure, in particular, a microstructure
with a grain size smaller than ASTM 6 for high tensile
strength and ductility. Previous research has suggested
that the flow behaviors of GH690 superalloy are very
complex during hot deformation, and the obtainable
microstructure is strictly dependent on the hot
deformation parameters like strain, strain rate and
temperature of the workpiece [7,8]. However, there
exists limited information in the published literature on
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the production of GH690 large forgings.

During the hot working process, DRX takes place in
alloys with low stacking fault energy (SFE), which is
considered to be the main softening mechanism for
superalloy [9]. In addition, it is widely accepted that
DRX is an effective method to refine the coarse grain
size and reduce the deformation resistance. Hence, the
microstructures and properties of alloys can be controlled
by adjusting the hot deformation parameters, such as
temperature, strain rate and strain, which significantly
affect the DRX behavior [10—13]. Among the hot
working parameters, strain rate seems to have a complex
effect on the DRX process, which has been confirmed in
the previous studies [12,14]. Therefore, it is of great
significance to conduct systematical investigations on the
hot deformation characteristics of GH690 superalloy
under different strain rates.

This study was aimed to investigate the effect of
strain rate on the hot deformation characteristics of
nickel-based superalloy GH690, including the flow
behavior, microstructure evolution and nucleation
mechanism of DRX, which will provide a basis for
determining the optimum parameters of hot processing
technology and microstructure prediction of workpiece.
The microstructure evolution was analyzed by the
methods of optical microscopy (OM), transmission
electron microscopy (TEM) and electron backscatter
diffraction (EBSD). Moreover, the nucleation and the
progress of DRX under various strain rates were
systematically = analyzed by  grain  boundary
misorientation and the evolution of grain boundaries
during hot deformation.

2 Experimental

2.1 Specimen

The chemical composition (mass fraction, %) of the
GH690 superalloy used in this investigation is listed in
Table 1. The material was manufactured by vacuum
induction melting and electro-slag remelting process.
The ingot was hot forged into a billet with a diameter of
360 mm. Cylindrical specimens of 8 mm in diameter and
12 mm in height were machined from the billet.

Table 1 Chemical composition of GH690 superalloy in this
study (mass fraction, %)

C Si Mn S P Cr
0.018 0.07 0.22 0.0009  <0.005 29.54
Fe Ti Al Cu Co Ni
9.86 0.30 0.28 0.0086  <0.005 Bal.

2.2 Hot compression test
Hot compression tests were carried out on a

Gleeble—3800 thermo-mechanical simulator over the
temperature range of 1000—1200 °C with intervals at
different strain rates ranging from 0.001 to 10 s™'. The
samples were heated to 1200 °C with a heating rate of
20 °C/s and held for 180 s to obtain the identical initial
grain size and homogeneous microstructure, followed by
cooling down with a cooling rate of 10 °C/s and holding
for 30 s at deformation temperature to eliminate thermal
gradients. All specimens were subjected to 50%
reduction in height corresponding to true strain of 0.7.
Then, the deformed specimens were immediately
water-quenched to  freeze the hot deformed
microstructure.

2.3 Microstructure observation

The deformed specimens were sectioned parallel to
the compression axis and prepared for microstructure
analysis by conventional mechanical grounding. The
specimens for metallographic
mechanically polished and boiled in a solution of 2.5 g
KMnO4+ 10 mL H,SO4+ 90 mL H,0. Metallographic
observation was conducted using the Olympus GX71
optical microscope. The volume fraction of DRX was
determined by optical metallograph in etched samples,
using an image analysis system with Photoshop CS3
software. In order to yield better statistical results, at
least five fields of view were taken at different areas of
the sample and the average was taken. TEM examination
was carried out on the Tecnai G2 F20 field emission
transmission electron microscope operated at 200 kV.
The microstructures of specimens for EBSD
investigation were examined in the maximum
deformation zone of the specimens, which were carried
out on a JSM—7800F (JEOL, Akishima, Japan) field
emission scanning electron microscope equipped with
EBSD. The EBSD data were analyzed by the HKL’s
channel 5 software. In order to ensure the reliability of
the fraction of different boundaries, at least five fields of
view were measured and the average was taken.

The initial microstructure of the alloy held at
1200 °C for 180 s is shown in Fig. 1. The microstructure
exhibits equiaxed grains with average grain size of about
130 pum (Fig. 1(a)). The band contract (BC) image is
composed of equiaxed grains and a few annealing twins
(Fig. 1(b)). The misorientation angle distribution is
shown in Fig. 1(c), from which it can be seen that most
of the misorientation angles are larger than 15°,
indicating that the majority of grain boundaries are high
angle grain boundaries (HAGBs). On the contrary, the
fraction of low angle grain boundaries (LAGBs) with the
misorientation less than 10° is relatively low. The
orientation imaging microscopy (OIM) map is shown in
Fig. 1(d), in which 23, 29 and 227 boundaries are
represented by red, green and yellow lines, respectively.

examination were
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Fig. 1 Initial microstructures of alloy held at 1200 °C for 180 s: (a) OM micrograph; (b) BC image; (c) Misorientation angle

distribution; (d) OIM map

It should be noted that the fraction of X3 boundaries is
about 44% in the specimen after being heated at 1200 °C
for 180 s.

3 Results and discussion

3.1 Flow behavior

The true stress—true strain curves of GH690
superalloy deformed at various temperatures from 1000
to 1200 °C with strain rates ranging from 0.001 to 10 s™'
are shown in Fig. 2. It can be observed that the flow
stress is very sensitive to strain rate and testing
temperature. However, as shown in Fig. 2(a), the curves
at 1000 °C with strain rate of 5 s ' and 10 s~ are
overlapped when the strain exceeds 0.4. Similar
phenomenon has been observed in the study of IN 718
superalloy [6], which could be supposed to be attributed
to the effect of shear band propagation and adiabatic
heating. Nevertheless, more in-depth investigation about
this phenomenon will be conducted in our future work. It
can be seen from Fig. 2 that there is an obvious
work-hardening stage, followed by a slow flow softening
stage with the increasing strain, then sometimes a
steady-state flow at the large strain. Such features of flow
behavior prove the occurrence of DRX during hot
deformation [15,16]. In the initial stage, the work

hardening is caused by the increment of dislocation
density and the formation of poorly developed subgrain
boundaries [17]. With the increase of strain, the flow
stress is determined by the competition between the
effect of working hardening and dynamic softening
mechanisms. Finally, a steady-state flow stress can be
reached when a dynamic balance is achieved by the work
hardening and dynamic softening, which can occur
simultaneously during hot deformation [16]. However, it
is important to note that after reaching peak stress, at
relatively high strain rates (>0.1 s '), continuous flow
softening without reaching a steady-state is revealed in
the flow curves, whereas at lower strain rate (<0.1 s ),
steady-state is exhibited in the flow curves, which may
be a sign of different DRX mechanisms at low and
high strain rates [18]. Similar phenomena have also
been reported during hot deformation of other
superalloys [19—-21], which can be attributed to DRX,
flow instability, e.g. flow localization, shear bands or
cracking [21]. Nevertheless, it is not very appropriate to
predict the deformation mechanism simply based on the
basis of the shapes of the flow curves alone, although
they may be correlated with the mechanisms established
by other methods. Thus, further analysis is required to
indentify the deformation mechanisms.

The variations of peak strains with strain rate at
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Fig. 2 True stress—true strain curves for GH690 superalloy deformed at different temperatures with different strain rates: (a) 1000 °C;

(b) 1050 °C; (c) 1100 °C; (d) 1150 °C; (e) 1200 °C

different deformation temperatures are shown in Fig. 3,
which reveals that strain rate has a significant influence
on the peak strain. From Fig. 3, it can be found that at the
same deformation temperature, the peak strain obviously
increases with increasing the strain rate, indicating that
the DRX preferred to occur at lower strain rates.
Furthermore, at the strain rates >0.1 s ', the curves
exhibit continuous flow softening, which is similar with
the results reported in previous work [22—24]. According
to previous work, the effect of adiabatic heating under

high strain rate condition during compression has a
significant effect on the flow curve, which could not be
neglected. Thus, the amount of temperature rise for
GH690 superalloy during deformation was calculated by
using the following equation [25]:
AT = m]‘g ode (1)
pe, 0
where p is the density (8.032 g/m’), ¢, is the specific heat
capacity, and above 1000 °C, ¢, is 0.592 J(g- K" for the
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alloy, o is the flow stress, ¢ is the true strain, and 7 is the
thermal efficiency, which can be calculated by using the
following equations [26]:

0, £<107° 5™
7=103161g£+0.95 107 s <é<1s™! )
0.95, ¢>1s""

The temperature rise (A7) in the alloy deformed
with a true strain of 0.7 at all of the deformation
temperatures with various strain rates is shown in Fig. 4.
The values of AT are more than 20 K at the strain rates
higher than 0.1 s™'. However, when the strain rates are
lower than 0.01 s ', the values of AT are less than 10 K.
That is, the adiabatic temperature rise is much more
significant in GH690 superalloy deformed at high strain
rate.

It is well known that the temperature rise during hot
deformation can not only stimulate the process of DRX,
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Fig. 3 Effect of strain rate on peak strain in GH690 superalloy
deformed with 0.7 true strain at different deformation
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Fig. 4 Temperature rise (A7) in GH690 superalloy deformed
with 0.7 true strain at different deformation temperatures and

various strain rates

but also lead to a rapid reduction in the rate of work
hardening [27]. At the higher strain rate, a dynamic
balance between the work hardening and dynamic
softening was not reached during hot deformation, and
DRX became dominant due to the effect of adiabatic
heating. That is to say, the significant adiabatic
temperature rise leads to the intensive DRX behavior of
the alloy at high strain rates, which can be confirmed by
the further analysis of microstructure in the later section.
Thus, it can be concluded that the DRX behavior of the
alloy deformed at high strain rates is affected by both of
the strain rate and temperature. Moreover, since the
dynamic balance between work hardening and dynamic
softening was reached for the alloy deformed at the
lower strain rates, the effect of adiabatic heating seemed
to be weakened. Therefore, the DRX behavior of the
alloy deformed at the lower strain rates should be mainly
controlled by the strain rate.

3.2 Effect of strain rate on microstructure evolution
3.2.1 Microstructure evolution and volume fraction of
DRX grains

The optical microstructures of GH690 superalloy
deformed at 1000 °C with different strain rates are shown
in Fig. 5. As shown in Fig. 5, the microstructure
evolution of the alloy during hot deformation depends
closely on the strain rate. In other words, the nucleation,
growing process and the final size of recrystallized
grains are strongly influenced by the strain rate. At the
deformation strain rate of 0.001 s', the specimen has
been fully recrystallized during hot deformation, and the
microstructure is composed of uniform and DRX grains,
which is propitious to the properties of the products
(Fig. 5(a)). Incomplete recrystallization occurs in the
specimen when deformed with strain rate of 0.01 s, as
shown in Fig. 5(b). When deformed with strain rate of
0.1 s, partial recrystallization occurs with partial
recrystallization grains formed at grain boundaries
(Fig. 5(c)). It can also be observed that the size of
recrystallized grain is the largest at the lowest strain rate
of 0.001 s'. With the further increasing of strain rate,
more DRX grains are formed, as shown in Fig. 5(d).

To further analyze the microstructure evolution
during DRX, the TEM micrographs of GH690 superalloy
deformed to a true strain of 0.7 at 1000 °C with different
strain rates are shown in Fig. 6. As shown in Fig. 6(a),
bulging out of the grain boundaries is observed,
demonstrating that the grain boundary bulging is the
nucleation mechanism of DRX for GH690 superalloy
[28]. The driving force of grain growth for small DRX
grain is the difference of dislocation density with parent
grains [29]. DRX grain nucleus grows during hot
deformation, while its interior dislocation substructure
develops at the same time (Fig. 6(b)). It can be seen from
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Fig. 5 Optical microstructures of GH690 superalloy deformed to true strain of 0.7 at 1000 °C with different strain rates: (a) 0.001 s ';

(1) 0.01s";()0.1s ()15

Fig. 6(c) that the high density dislocations are intersected,
tangled and stored in the grain interiors, and then the
network structure is formed, which make the dislocation
slip difficult [30,31]. Due to the relatively low
deformation temperature, the vacancy diffusion rates are
slow. The rate of dislocation generation increases with
the increase of strain rate. Furthermore, some subgrains
can also be observed, indicating the occurrence of the
dynamic recrystallization (Fig. 6(d)). The appearance of
subgrain boundaries indicates that the nucleation
mechanisms of subgrain rotation occur during hot
deformation, and subgrain boundaries can provide
additional nucleation sites for DRX by absorbing
dislocations in the interior of original grains [32,33]. The
DRX nucleus developed from such subgrain boundaries
can be found in Figs. 6(e) and (f). Individual original
grain is subdivided by some developing subgrain
boundaries, which is exhibited in Fig. 6(g). The division
is resulted from the variation of local crystallographic
orientations in certain grain induced by strain
incompatibilities between neighboring deformed grains,
i.e., the rotation of subgrains [33]. In addition, the triple
junction grain boundary can be seen in Fig. 6(h). The
stress concentration can be relaxed by the progression of
DRX at the triple junction grain boundary [34].

The volume fractions of DRX grains deformed at
1000 °C with different strains rates are shown in Fig. 7.
In the strain rate range of 0.001—10 s, it can be found

that with strain rate increasing the volume fraction of
recrystallized grains decreases first and then increases.
Since the recrystallization is driven by the potential of
distortion stored in the alloy during deformation, there is
enough time for the alloy atoms to fully diffuse with the
strain rate lower than 0.1 s ', resulting in sufficient
distortion potential to stimulate the nucleation of
DRX [24]. However, at the strain rate of 0.1 s ', the time
is insufficient for atom diffusion and grain boundary
migration due to the faster strain rate, which leads to the
minimum volume fraction of DRX grains. Moreover,
when the strain rate is higher than 0.1 s', the volume
fraction of DRX grains increases with the increasing
strain rate. The acceleration of DRX at high strain rate
was also observed in alloy 800H [22] and duplex
stainless steel [35]. Such phenomenon may be caused by
the high stored energy and temperature rise at high strain
rates [24]. In conclusion, the strain rate of 0.1 s™' could
be considered to be a vital critical strain rate. When the
hot deformation was carried out at the critical strain rate,
the effects of time and temperature rise caused by strain
rate were not significant, resulting in the least volume
fraction of DRX grains.
3.2.2 Nucleation mechanisms of DRX

There are two main nucleation mechanisms of DRX
known as discontinuous dynamic recrystallization
(DDRX) and continuous dynamic recrystallization
(CDRX), which can occur simultaneously [36,37].
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Fig. 6 TEM images of specimens deformed to true strain of 0.7 at 1000 °C with strain rates of 0. 001 s™' (a, b), 0.1 s™' (c—f) and
1057 (g, h)



Zhao-xia SHI, et al/Trans. Nonferrous Met. Soc. China 27(2017) 538—550 545

100

90

80

70

60

50

Volume fraction of DRX grain/%

40t

0.001 0.01 0.1 1 10
Strain rate/s™!

Fig. 7 Variation of volume fraction of DRX grains with strain
rate of GH690 superalloy deformed to true strain of 0.7 at
1000 °C

Detailed information about DRX nucleation of GH690
superalloy can be presented by the microstructures in the
form of inverse pole figure (IPF) maps (obtained from
EBSD data analysis). The typical IPF maps of specimens
deformed to a true strain of 0.7 at 1000 °C with various
strain rates are shown in Fig. 8. At the strain rate of
0.001 s ', the microstructure is composed of full DRX
grains (Fig. 8(a)). With strain rate increasing, a number
of equiaxed DRX grains along with a few elongated
initial grains are observed, as shown in Figs. 8(b)—(f).
The grain boundaries are mainly characterized by some
bulging out of the pre-exisiting grain boundaries HAGBSs,
which is closely related to the strain induced grain
boundary migration [32]. The necklace structure is a
result of extensive bulging of grain boundaries due to
local migration, which is the main mechanism of
recrystallization nucleation [38]. The bulging of some

and 10 s~' (f) (The compression axis is vertical. Heavy black lines represent the HAGBs. Fine blue, red and gray lines represent

LAGBs with misorientation larger than 3°, 5° and 10°, respectively)
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original grain boundaries indicates that DDRX occurs in
these processes. Meanwhile, some subgrains with
LAGBs and the individual HAGBs are also observed in
the interiors of the original grains (Figs. 9(d), (e), (f)).
Recrystallization grains observed in the sub-structured
regions in the grain interior reflect the alternative
mechanism of nucleation the gradual evolution from
subgrains to DRX nuclei, which is referred to as
CDRX [39]. The above mentioned grain boundary
morphologies imply that the nucleation mechanism
of GH690 superalloy involves DDRX and CDRX.
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However, CDRX is only considered to be an assistant
nucleation mechanism in the low stacking fault
nickel-based superalloy under particular deformation
conditions [32,40].

The misorientation angle distribution of hot-
deformed GH690 superalloy calculated from OIM maps
is shown in Fig. 9. When the strain rate is lower than
0.1 s, there is a significant increase of the
misorientation at LAGBs with increasing the strain rate
(Figs. 9(a)—(c)). However, the relative frequency of the
misorientation at LAGBs begins to decrease when the
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Fig. 9 Distribution histogram of grain misorientation angle of GH690 superalloy deformed to true strain of 0.7 at 1000 °C with strain
rates of 0.001 s (a), 0.01 s (b), 0.1s ' (c), 1 s '(d),5s ' (e)and 105" (f)
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strain rate is larger than 0.1 s™' (Figs. 9(d)—(f). It is
implied by such a trend that the effect of subgrain
rotation is gradually strengthened with the increasing
strain rate lower than 0.1 s

It has been pointed out that the nucleation of CDRX
can be operated through progressive subgrain rotation if
the misorientation angles between grain boundaries are
in the range of 10°-15°, which can be determined as
medium angle grain boundaries (MAGBs) [24,41].
Hence, the effect of CDRX during hot deformation with
various strain rates can be directly reflected by the
fraction of MAGBs [24]. The fractions of grain
boundaries with different misorientation angles for
GH690 superalloy deformed to a true strain of 0.7 at
1000 °C at various strain rates are shown in Fig. 10. As
shown in Fig. 10, when the strain rate is lower than
0.1 s, the fraction of MAGBs increases with the
increasing strain rate, indicating that the effect of CDRX
is strengthened with the increasing strain rate. However,
when the strain rate is higher than 0.1 s, the fraction of
MAGBs decreases with the increasing strain rate,
suggesting that the effect of CDRX is weakened again
with the increasing strain rate. In the previous work, it
was found that the effect of CDRX was weakened due to
the increasing temperature [12]. Thus, the above
phenomenon can be attributed to the significant
temperature rise during hot deformation with high strain
rate, as shown in Fig. 3.

It should be noted that the fraction of MAGBs
increases from 1.0% to 1.3% with the strain rates ranging
from 0.001 to 0.1 s', but decreases again when strain
rate is higher than 0.1 s'. Therefore, a progressive
subgrain rotation which leads to the formation of DRX
nuclei in subgrain structures can only be considered as an
assistant nucleation mechanism of DRX for the alloy
during hot deformation. In other words, DDRX acts as
the primary nucleation mechanism of DRX for GH690
superalloy, which is in accordance with the previous
investigations about nickel-based superalloys [12,38].
Furthermore, when the strain rate is lower than 0.1 s ',
the fraction of HAGBs decreases with the increasing
strain rate, whereas, it increases then when the strain rate
is higher than 0.1 s™'. Conversely, the fraction of LAGBs
increases first and then decreases. Since the variation of
HAGBs with strain rate is consistent with that of the
volume fraction of DRX grains, these opposite trends
seem to be correlated with the evolution of DRX grains
(Figs. 6 and 10) [24]. Above all, the fraction of HAGBs
can be regarded as a measurement for DRX process.

It has been reported that the DRX progress can be
accelerated by the primary twins (23) and higher order
(29 and 227) for materials with low stacking fault

energy [42,43]. The fractions of 23" (n=1, 2, 3)
boundaries for GH690 superalloy deformed to a true
strain of 0.7 at 1000 °C with various strain rates are
shown in Fig. 11. It is revealed in Fig. 11 that the strain
rate has a significant effect on the twin boundaries. The
fractions of 23 boundaries are higher at the lower strain
rates (<0.01 s™) and higher strain rates (>1 s'). That is
to say, the lowest fraction of 23 boundaries occurs at the
strain rate of 0.1 s ', demonstrating a sluggish
evolution of twins at an intermediate strain rate. The
main reasons for such phenomenon may be that at the
lower strain rates (<0.01 s ') there is more sufficient
time for grain boundary migration, which can increase
the frequency of growth accidents during DRX process,
resulting in the higher fraction of 23 boundaries.
Moreover, the nucleation of twins can also be accelerated
by the higher stored energy [44]. Thus, the fraction of 23
boundaries increases again at the higher strain rates
(>1 s") due to the higher stored energy in the alloy.
Finally, the variations of 29 and 227 boundaries with
strain rates are similar with that of 23 boundaries, which
is mainly due to the interactions between 23 boundaries.
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Fig. 10 Fractions of grain boundaries with different
misorientation angles for GH690 superalloy deformed to true
strain of 0.7 at 1000 °C with various strain rates
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4 Conclusions

1) The effects of the strain rate on the flow stress
are significant. Increasing the strain rate can decrease the
flow stress. The flow stress behaviors at strain rates
higher than 0.1 s' are affected by the apparent
temperature rise.

2) When the strain rate is lower than 0.1 s’

, the
volume fraction of DRX grains decreases with the
increasing strain rate because of the shorter time for
grain boundary migration; when the strain rate is higher
than 0.1 s', the volume fraction of DRX grains increases
with the increasing strain rate due to the high stored
energy and temperature rise.

3) The dominant nucleation mechanism of DRX in
GH690 superalloy is DDRX with bulging of the original
grain boundaries, while the CDRX with progressive
subgrain rotation only acts as a secondary nucleation
mechanism. The effects of DDRX and twinning
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