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Abstract: Cylindrical samples of Ni-based GH4037 alloy were compressed at solid temperatures (1200, 1250 and
1300 °C) and semi-solid temperatures (1340, 1350, 1360, 1370 and 1380 °C) with different strain rates of 0.01, 0.1 and
1 s'. High temperature deformation behavior and microstructure evolution of GH4037 alloy were investigated. The
results indicated that flow stress decreased rapidly at semi-solid temperatures compared to that at solid temperatures.
Besides, the flow stress continued to increase after reaching the initial peak stress at semi-solid temperatures when the
strain rate was 1 s '. With increasing the deformation temperature, the size of initial solid grains and recrystallized
grains increased. At semi-solid temperatures, the grains were equiaxed, and liquid phase existed at the grain boundaries
and inside the grains. Discontinuous dynamic recrystallization (DDRX) characterized by grain boundary bulging was
the main nucleation mechanism for GH4037 alloy.
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1 Introduction

Generally, metal materials experience complex
deformation during hot forming process [1]. The
deformation mechanisms include work hardening
(WH), dynamic recovery (DRV) and dynamic
recrystallization (DRX) [2,3]. High temperature
deformation behaviors of the metal materials are
significantly affected by deformation temperature,
strain rate and flow stress [4—6]. In the meantime,
the microstructures of deformed parts are closely
related to deformation parameters, and the results of
hot compression are critical to the correct numerical
simulation and the reasonable optimization of hot
forming process. Thus, it is necessary to investigate
the effects of hot deformation parameters on
deformation behaviors of alloys.

Semi-solid processing (SSP) is a potential
near-net metal forming method to fabricate products
in semi-solid state [7]. It has some advantages over
traditional casting methods and forging methods
because of the special forming temperature
range [8]. Compared with traditional casting
methods, the products fabricated by semi-solid
processing have less defects such as segregation,
porosity and shrinkage [9,10]. Compared with
conventional  forging  methods,  semi-solid
processing can fabricate products with complex
geometry higher
homogeneity and smaller deformation resistance of
semi-solid billets [11]. The products fabricated by
semi-solid forming method will undergo varying
degrees of deformation to refine the microstructure
and improve the mechanical properties. Therefore,
it is necessary to carry out semi-solid compression

because  of deformation
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tests to investigate the microstructure evolution and
deformation mechanism. A lot of high temperature
deformation experiments have been conducted on
semi-solid state of aluminum alloys [12—14],
magnesium alloys [15,16], titanium alloys [17,18]
and steels [19,20]. The results indicated that these
alloys exhibited lower deformation resistance and
excellent flowing property in semi-solid state
because of the existence of liquid phase in the
semi-solid billets.

Ni-based superalloys are a kind of excellent
metal materials with many outstanding properties
such as high temperature strength, toughness, the
resistance to oxidation and abrasion [21]. Due to
these superior properties, Ni-based superalloys are
widely used in many significant industrial fields
including aircraft, gas turbine engines, turbine disks,
turbine blades and many other high temperature
applications [22—24]. The products of Ni-based
superalloys are mainly fabricated by traditional
casting and forging methods [25]. High temperature
deformation of superalloys was mainly investigated
in solid state. CHEN et al [26] investigated the
DRX behavior of a typical nickel-based superalloy
and proposed the segmented models to describe
the kinetics of DRX by the hot compression tests.
WU et al [27] studied the hot deformation behavior
of NizAl-based alloy and found that the DRX
degree could be effectively enhanced with the
increase of deformation temperature and the
decrease of strain rate. HE et al [28] investigated
the microstructure evolutions and nucleation
mechanisms of DRX of a powder metallurgy
Ni-based superalloy during hot compression.
However, the studies of Ni-based superalloys on
semi-solid deformation are limited and the
nucleation mechanisms are unclear.

In this study, high temperature deformation of
nickel-based superalloy GH4037 was implemented
experimentally at solid temperatures and semi-solid
temperatures, aiming at investigating the
deformation behavior and microstructure evolution
of superalloys in solid and semi-solid states. The
effects of compression temperature, strain rate and
flow stress on deformation behavior and
microstructure evolution were investigated. The
misorientation angle and dynamic
recrystallization mechanisms were discussed.

evolution

2 Experimental

The commercial wrought Ni-based superalloy
GH4037 was fabricated with a hot rolling process
followed by a solution and aging treatment. The
chemical composition (wt.%) of Ni-based
superalloy GH4037 bar was 14.943% Cr, 5.612% W,
3.174% Mo, 2.122% Ti, 1.866% Al, 0.220% V,
0.019% Co and balanced Ni. The differential
scanning calorimeter (STA449F3) was used to
determine the solidus and liquidus temperatures.
Based on the heat flow versus temperature curve,
the solidus and liquidus temperatures were obtained,
which were 1309 and 1405 °C, respectively. By
integrating the data of the differential scanning
calorimetry (DSC), the liquid volume fraction
versus temperature curve of GH4037 was plotted,
as shown in Fig. 1.
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Fig. 1 Liquid volume fraction versus temperature curve
of nickel-based superalloy GH4037

The compression specimens were cut into
cylinders with a diameter of 8 mm and a length of
12 mm from the initial GH4037 alloy bar. The
compression experiments were conducted by a
Gleeble—1500D thermal-simulator. Temperatures of
the compression specimens were measured by
thermocouples to control the heat process and
maintain the prescribed temperatures. Each
compression specimen was heated to the required
temperature with a heating rate of 10 K/s, and then
soaked for 2 min to ensure the compression
specimen in a thermal equilibrium state. Three solid
deformation temperatures (1200, 1250 and 1300 °C)
and five semi-solid deformation temperatures (1340,
1350, 1360, 1370 and 1380 °C) were applied at



712 Ju-fu JIANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 710-726

three different strain rates (0.01, 0.1 and 1 s™'), and
the final height reduction was 70%. In order to
freeze the microstructures at ambient temperatures,
the compression specimens were quenched in cold
water immediately after deformation. Then, the
quenched deformation specimens were ground up
to 2000 grit paper and polished with 1.5 um
diamond paste.

In order to investigate the influence of
deformation parameters on microstructure evolution,
optical microscope (OM) and electron backscatter
diffraction (EBSD) technology were carried out.
For OM observation, the metallographic specimens
were etched with aqua regia solution of 50% HCI,
25% HNOs;, and 25% H,O at room temperature for
3—4 min. For EBSD observation, the polished
specimens were electrochemically polished in a
solution of 80% CH;OH and 20% H,SO,4 at 20 V
for 10—15 s. OM study was conducted on an optical
microscope (Olympus GX71). EBSD study was
conducted on a Quanta 200FEG-SEM scanning
electron microscope equipped with OIM analysis
software under the voltage of 20 kV and step size in
the range of 0.6—1.5 pm.

3 Results and discussion
3.1 Stress—strain isothermal
compression

Figure 2 illustrates the typical flow stress
curves of GH4037 alloy at different deformation
temperatures and different strain rates. As shown in
Figs. 2(a) and (b), the flow stress increased sharply
at the beginning of deformation. Then, the flow
stress increased slowly and reached the peak. At
last, the flow stress maintained a steady state of a
slight decrease until the end of deformation.
However, the curves presented some differences in
the third stage at the deformation strain rate of 1 s'.
As shown in Fig. 2(c), these curves showed a
relatively steady state without the decrease of flow
stress at the third stage in the solid temperature
range. When deformation temperature was in the
semi-solid temperature range, the flow stress
reached the peak quickly, then it kept a steady state
in the following deformation, and later the flow
stress continued to increase up to the end.

In the first deformation stage, the dislocation
generation and multiplication were dominant. Some
grains with favorable orientation moved along the
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Fig. 2 Flow stress curves of GH4037 at different
temperatures and different strain rates: (a) 0.01 s';
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slip systems, and the dislocations on different slip
planes met at the grain boundaries. Because of the
dislocation pile-up, the dislocations were difficult to
move and the resistance of dislocation increased. As
a result, the effect of work hardening (WH) [29]
was obvious. Meanwhile, because the stacking fault
energy of GH4037 alloy was relatively low, the
dynamic recovery (DRV) was weak to balance the
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work hardening [3]. Therefore, the flow stress
increased rapidly. In the second stage, when
the accumulated dislocation density exceeded a
certain value at a critical strain, the dynamic
recrystallization (DRX) occurred [30]. The
nucleation and growth of recrystallized grains could
decrease the dislocation density, which lowered the
work hardening rate. Hence, the flow stress
increased slowly and reached the peak. In the third
stage, the effect of dynamic recrystallization
dominated compared to the effect of work
hardening. The flow stress kept a steady state with a
slight decrease when work hardening and dynamic
softening reached a dynamic balance. As for
semi-solid deformation, the existence of liquid
phase in the compressed samples had a significant
influence on compression behaviors. When the
strain rates were 0.01 and 0.1 s ', the liquid phase
surrounding the solid matrix had enough time to
move to the edge. Because of the small deformation
velocity, the compression process was relatively
steady. However, when the strain rate was 1 s, the
whole deformation completed in a very short period
of time, the liquid phase hardly had time to move
and the softening process would be ended at the
same time. The effect of work hardening was
highlighted in this process. As a result, the flow
stress was still relatively high in the later
deformation process.

The strain rate and deformation temperature
are the most important influencing factors during
hot compression. As shown in Fig. 3(a), the peak
stress decreased with the increase of deformation
temperature and decrease of strain rate. As shown in
Fig. 3(b), the linear relation between In o and 7'
was fitted in the solid temperature range and
semi-solid temperature range, respectively. During
hot compression, the cohesive force between atoms
decreased with the increase of compression
temperature, which resulted in the decrease of
critical shear stress and the increase of dislocation
movement. Therefore, the flow stress decreased.
Because the solid matrix of the specimen was
surrounded by liquid phase, deformation
temperature had a great influence on flow stress and
deformation mechanism. In the solid temperature
range, the grains mainly suffered from the plastic
deformation; while at semi-solid temperatures, the
solid particles could slide or rotate along the liquid
phase, which greatly reduced the flow stress [20].
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Fig. 3 Effect of temperature on peak stress at different

strain rates: (a) Relation of peak stress and compression
temperature; (b) Relation of In g and 7"

The effect of strain rate on flow stress was also
obvious. At low strain rate, the compression
velocity was small and the effect of dislocation on
the solid grain movement was slight. The
deformation  resistance =~ was small during
compression. High strain rate increased the stored
energy and the velocity of dislocation motion,
which resulted in the increase of critical shearing
strain. Therefore, the work hardening phenomenon
was more obvious at higher strain rate in the first
deformation stage. At low strain rate, the existence
of liquid phase could increase the fluidity of solid
grains, which led to the sliding or rotating of solid
grains besides elongating. In the meantime, the
liquid phase had enough time to move to the edge,
which reduced the deformation resistance and made
the flow stress in a steady state. At high strain rate,
the motion of dislocation and liquid phase was
difficult during the short deformation time.
Therefore, the deformation resistance was large and
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the solid grains were forced to be elongated. At the
same time, flow stress did not keep steady in the
late deformation at semi-solid compression
temperature, which was due to the unbalanced
relation between dynamic recrystallization and
work hardening.

When the compression temperature was
elevated to semi-solid range, the characteristics of
viscous fluid occurred in the deformation samples
due to the existence of liquid phase. The
relationships between apparent viscosity, shear rate
and the parameters of hot deformation were
investigated, which are given by the following
equations [31]:
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where 7,5, 1s the apparent viscosity, 7,,is the shear
rate, /. is the height of the compressed sample, V is
the volume of the sample, F. is the compression
force, and ¢ is the strain rate. Figure 4 shows the
variation of apparent viscosity versus shear rate on
a lg—lg plot at semi-solid temperatures. From the
fitted lines, the linearity between the logarithm of
apparent viscosity and the logarithm of shear rate at
different temperatures was good. The apparent
viscosity decreased with the increase of
deformation temperature and strain rate. The
average value of these slopes was —0.78, which
indicated a shear thinning behavior of GH4037
alloy in semi-solid state.
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Fig. 4 Variation of apparent viscosity with shear rate at
different semi-solid temperatures

3.2 Microstructure evolution of GH4037 alloy

during compression

The macrographs of compression samples at
different temperatures and different strain rates are
shown in Fig. 5. It can be seen that there were no
damages and fractures in the round section when
the compression occurred at solid temperatures.
However, some obvious cracks can be found in the
lateral surface of the samples compressed at
semi-solid temperatures. With the increase of
compression temperature, the fractures
extremely severe. In addition, the lower strain rate
led to the appearance of fractures at lower
temperature. At 1380 °C, the softening phenomenon
was so severe that the compression test could not be
carried out at the strain rate of 0.01 s™.

Were

1200 °C 1250 °C 1300 °C 1340 °C 1350 °C 1360 °C 1370 °C 1380 °C
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Fig. 5 Macrographs of compression samples under
different deformation conditions

Figure 6 shows the optical microstructures of
initial GH4037 alloy before compression. It can be
found that the microstructures in the transverse
section and longitudinal section of GH4037 alloy
bar have little differences. The grains are spherical
and there is no orientation difference in these two
sections. However, the inhomogeneity of grain size
is clear. By the line interception method, the
average grain size of initial GH4037 sample is
determined to be 23.8 um.

3.2.1 Microstructures of GH4037 alloy in different
deformation zones

During hot compression, the specimens
undergo different stress and deformation in
different zones. In general, the deformation zones
are divided into four parts: hard deformation zone,
transition deformation zone, severe deformation
zone and free deformation zone [32]. In order to
investigate the microstructure evolution of different
deformation zones during hot compression, the
microstructures of compressed samples in the
transverse section and longitudinal section were
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observed. Figure 7 shows the microstructures of a
quarter specimen compressed at 1250 °C with the
strain rate of 1 s~'. The microstructures in different
zones corresponded to the diagrammatic sketch in
Fig. 7(h). The microstructures observed in Zones
a—c were perpendicular to the compression
direction, and the microstructures observed in
Zones d—g were along the compression direction. In
Zones a and d, the microstructures mainly consisted
of equiaxed grains. Because of large friction at both
ends of the compressed contact surface, the grains
in these zones almost suffered from no deformation,
namely in hard deformation zone. As shown in

Figs. 7(b) and (e), the grains in the transition
deformation zone suffered from partial deformation
and the grains were elongated obviously. Due to the
large deformation degree and high compression
temperature, there were a small amount of
recrystallized grains around the solid grains. As
shown in Figs. 7(c) and (f), a large amount of
coarse grains and necklace structures could be
found, and many DRX grains dispersed near the
grain boundaries. The edge of the compression
samples did not suffer from the force directly, so
many coarse grains expanded to the free
deformation zone. As shown in Zone g, orientation

Fig. 6 Microstructures of initial GH4037 alloy before compression: (a) Transverse section; (b) Longitudinal section

7 100 pm |

Fig. 7 Microstructures of GH4037 alloy deformed at 1250 °C with strain rate of 1 s
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of grains was perpendicular to the compression
direction. The microstructure in this zone mainly
consisted of the fine recrystallized grain. Because of
the large strain rate and the short compression time,
the recrystallized grains were very small and the
grain boundaries were fuzzy in the severe
deformation zone.

In order to distinguish the microstructure of
GH4037 alloy during hot compression in solid state
and semi-solid state, the microstructures of
deformed specimens at 1370 °C with a strain rate of
1s"' were observed. As shown in Fig. 8, the
microstructure evolution in different compression
zones was approximately similar to that at 1250 °C.
Differently, there were partial liquid phases around
the solid grains in semi-solid state, and the
deformation degree was not so severe in the
transition deformation zone compared to that at
1250 °C. However, the flowability was limited
because of the large strain rate, which resulted in
the same severe deformation in Zone g. Because the
compression temperature was high, the growth of
the solid grains and DRX grains was obvious.

By comparing the microstructures in solid
state and semi-solid state, the deformation
mechanism can be recognized. Firstly, the
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deformation samples underwent different stresses in
different zones, which resulted in different
microstructures in the center and the edge. In the
hard deformation zone, the grains maintained
equiaxed morphology because of the large friction
at both ends of the compressed contact surface. In
the free deformation zone, the grains did not bear
stress directly so that the deformation was not
obvious. In the severe deformation zone, the grains
were elongated and the orientation was vertical to
the compression direction. Besides, the dynamic
recrystallization occurred during compression.
Secondly, the deformation mechanism was different
in solid state and semi-solid state. In the solid state,
the grains suffered from large plastic deformation.
However, in the semi-solid state, the liquid phase
surrounded the solid grains. As described in the
previous literature [33], semi-solid deformation
mechanisms mainly included four major
mechanisms: liquid flow (LF), flow of liquid
incorporating solid particles (FLS), sliding among
solid particles (SS) and plastic deformation of solid
particles (PDS). In this work, the solid fraction
was relatively high at 1370 °C, so the SS and PDS
mechanisms dominated in the deformation process
in semi-solid state.
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Fig. 8 Microstructures of GH4037 alloy deformed at 1370 °C with strain rate of 1 s~
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3.2.2 Effect of deformation temperature on
microstructure evolution
In order to investigate the effect of
compression temperature on  microstructure,

GH4037 specimens were compressed at different
temperatures with the strain rate of 1 s~'. Figure 9
shows the microstructures of compressed specimens
in solid state (1200 and 1300 °C) and semi-solid
state (1360 and 1380 °C) in different zones. It can
be found that the grains in Zone a were equiaxed.
With the increase of temperature, the grains were
more homogenous. In addition, the grain growth
was also obvious in Zone a because of the Ostwald
ripening mechanism [34]. In Zone b, the initial
grains suffered from partial deformation and the
solid grains were elongated obviously at 1200 and

Zone a

1200 °C

1300 °C

1360 °C

1380 °C

Zone b

1300 °C. When deformation temperature increased
to 1360 or 1380 °C, the elongated grains hardly
existed and the recrystallized grains were obvious.
In Zone c, the necklace structures were obvious and
the small DRX grains spread around the large
grains. With the increase of temperature, the size of
coarse grains and DRX grains at the edge became
larger. By comparison, the deformation degree was
smaller in semi-solid state than in solid state. In
semi-solid state, the liquid phase could improve the
flowability of solid grains and decrease the
resistance of deformation, so the large solid grains
could move to the edge by sliding or rotating
without large deformation. In addition, high
compression temperature led to the growth of solid
grains and DRX grains.

Fig. 9 Microstructures of different zones at strain rate of 1 s~ and different temperatures
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3.2.3 Effect of strain rate on microstructure
evolution

Figure 10 shows the microstructures of
GH4037 specimens in Zone c¢ under different
compression conditions. It can be found that when
the strain rate was 0.01 s_l, the grains were
equiaxed and homogeneous. In addition, as shown
in Fig. 10(d), the serrated grain boundaries and
small DRX grains could be observed. With the
increase of deformation temperature, the grains
became larger because of the Ostwald ripening
mechanism. As shown in Fig. 10(g), when the
temperature was elevated to 1370 °C, the liquid
phase appeared in intragranular liquid droplets (LD).

At the strain rate of 0.1 s, the microstructure
evolution was similar to that at the strain rate of
0.01 s'. In the edge of deformed specimens, the
deformation was not severe and the dislocation
accumulation was relatively less, so the DRX
degree was relatively small. As shown in Fig. 10(j),
the grain boundary liquid (GBL) and intragranular
liquid droplets (LD) were obvious when the
temperature was elevated to 1380 °C. When the
strain rate was 1 s ', the large deformation strain
rate contributed to forming a large number of
dislocations and structure defects, and large
deformation storage energy could increase the
nucleation rate, leading to the nucleation of DRX

Fig. 10 Microstructures in Zone c of samples compressed at different temperatures and different strain rates:
(a) 1200 °C, 0.01 s™'; (b) 1200 °C, 0.1 s '; (c) 1200 °C, 1 s°'; (d) 1300 °C, 0.01 s '; (e) 1300 °C, 0.1 s; (f) 1300 °C,
15" (2) 1370 °C, 0.01 s '; (h) 1370 °C, 0.1 s '; (i) 1370 °C, 1 s7"; (j) 1380 °C, 0.1 s7"; (k) 1380 °C, 1 5
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grains. Because of the short deformation time at the
strain rate of 1s ', the migration of grain
boundaries and atoms was limited and the
recrystallized grains hardly had time to grow. In
conclusion, at strain rate, the small
compression speed decreased the resistance of
deformation, and the solid grains and DRX grains
had enough time to move and grow. At high strain
rate, the deformation was completed in a short time,
and the grains suffered from severe deformation
and had no time to grow.

low

3.3 Effect of deformation temperature and strain

rate on DRX

In order to investigate the effect of deformation
temperature and strain rate on the DRX, EBSD
technology was employed. Figure 11 shows the
orientation 1imaging maps and recrystallized
fraction maps of GH4037 specimens deformed at
1200 °C. Various colors in the orientation imaging

maps demonstrated different orientations. The
recrystallized fraction maps indicated the
distribution of deformed, substructured and

recrystallized grains. Fully recrystallized grains
were marked in blue, substructured grains were
marked in yellow, and deformed grains were

719

marked in red. As shown in Figs. 11(a) and (b), it
can be found that many recrystallized grains were
observed and the grains were notably homogeneous
at relatively low strain rate of 0.1 s™'. As shown in
Figs. 11(c) and (d), the microstructure was mainly
composed of elongated deformed grains, and only a
few small recrystallized grains nucleated along the
deformed grain boundaries. At high strain rate,
DRX becomes difficult to occur, and the dynamic
recrystallization degree obviously decreased.
Apparently, DRX grains appeared in serrated grain
boundaries firstly. This was because the high local
orientations or strain gradients at serrated grain
boundaries were beneficial to the DRX nucleation
through grain boundary bulging [35].

Figure 12 shows the orientation imaging maps
and recrystallized fraction maps of GH4037
specimens deformed at 1250 °C. It can be observed
that the equiaxed and homogeneous grains were
obvious. According to the recrystallized fraction
maps, it can be found that with the increase of strain
rate, the dynamic recrystallization degree and the
size of DRX grains decreased.

In order to investigate the DRX evolution of
GH4037 specimens deformed at semi-solid

temperature, the orientation imaging maps and
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Fig. 11 Orientation imaging maps (a, ¢) and recrystallized fraction maps (b, d) of GH4037 superalloy deformed at

1200 °C with strain rate of 0.1 s ' (a, by and 15" (c, d)
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Fig. 12 Orientation imaging maps (a, ¢, e¢) and recrystallized fraction maps (b, d, f) of GH4037 alloy deformed at
1250 °C with strain rate of 0.01 s ' (a, b), 0.1 s (¢, d)and 1 s' (e, f)

recrystallized fraction maps of GH4037 specimens
deformed at 1370 °C are shown in Fig. 13. It can be
found that the effect of strain rate on dynamic
recrystallization was significant. As shown in
Figs. 13(a) and (b), the fraction of recrystallized
grains was large and the dynamic recrystallization
degree was complete at the strain rate of 0.01 s .
As shown in Figs. 13(c) and (d), the substructured
grains occupied a large percentage at the strain rate
of 0.1 s'. As shown in Figs. 13(e) and (f), there
were a large number of deformed grains at the
strain rate of 1 s~

Generally, the DRX degree increases with the
increase of deformation temperature and decrease
of strain rate [3,27,36]. Firstly, the deformation

temperature has a great effect on dynamic
recrystallization of materials. DRX is a
thermally-activated procedure, and the nucleation of
DRX is mainly caused by the generation,
accumulation and interaction of dislocations [3].
The growth of recrystallized grains is caused by the
motion of grain boundaries, which is related not
only to the stored energy but also to the temperature.
With the increase of deformation temperature, the
average kinetic energy of atoms increases and the
slip resistance of dislocation decreases, which
contributes to the nucleation of DRX grains.
Meanwhile, high deformation temperature can
provide enough driven force for grain boundary
migration and thereby accelerates the growth of
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IR ccrystallized

Substructured Il Deformed

Fig. 13 Orientation imaging maps (a, c, ) and recrystallized fraction maps (b, d, f) of GH4037 alloy deformed at
1370 °C with strain rate of 0.01 s ' (a, b), 0.1 s ' (c,d)and 1 s (e, )

DRX grains. Therefore, the DRX degree is larger at
higher deformation temperatures. However, at
semi-solid temperatures, the existence of liquid
phase has an effect on deformation mechanisms.
The sliding between solid particles (SS) and plastic
deformation of solid particles (PDS) dominate in
the deformation process in semi-solid state.
Because of the existence of liquid phase, the solid
particles can slid and rotate easily during
compression, leading to the decrease of dislocation
density. Therefore, the nucleation of DRX grains is
inhibited at semi-solid temperatures. Strain rate is
another important factor influencing the dynamic
recrystallization of materials. At high strain rate, the
deformation can provide high dislocation density

for the nucleation of DRX grains. However, the
limited deformation time restrains the growth of
DRX grains. Therefore, dynamic recrystallization
degree is relatively low. At low strain rate, the
dislocation on the subgrain boundaries has
sufficient time to climb and slide, leading to the
growth and coalescence of subgrains with small
misorientation. Meanwhile, DRX nuclei can form
continuously during compression and have enough
time to grow. Hence, the dynamic recrystallization
degree increases at lower strain rate.

3.4 Misorientation angle evolution
Figure 14 shows the misorientation angle
distributions at different strain rates at 1250 °C and
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Fig. 14 Misorientation angle distributions of GH4037 specimens compressed at 1250 °C (a, b, ¢) and 1370 °C (d, e, f)

with strain rate of 0.01 s (a, d), 0.1 s™' (b,e)and 15" (c, f)

1370 °C. The average misorientation angles of
sample compressed at 1250 °C with the strain rates
0f 0.01, 0.1 and 1 s " are 38.85°, 37.19° and 34.87°,
respectively. The average misorientation angles of
sample compressed at 1370 °C with the strain rates
0f 0.01, 0.1 and 1 s " are 35.34°, 26.40° and 26.29°,
respectively. The increase of average misorientation
angle is related to the growth process of DRX

nuclei [3]. It can be found that the fraction of
high misorientation angles and the average
misorientation angles decrease with the increase of
strain rate, because high strain rate restrains the
growth of DRX grains. In addition to the effect of
strain rate on misorientation angle, deformation
a great influence on
Generally, the average

temperature also has

misorientation angle.
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misorientation angle increases with the increase of
deformation temperature, indicating the higher
dynamic recrystallization degree at higher
deformation temperature. However, the effect of
deformation temperature on average misorientation
angle is different. As mentioned above, the
dislocation density is relatively small at semi-solid
deformation temperature because of the sliding
between solid particles (SS). Therefore, the
nucleation of DRX grains is restrained at semi-solid
temperatures, leading to the smaller average
misorientation angle. In addition, as shown in
Fig. 14, a large percentage of the misorientation
angle around 60° can be observed at 1250 °C. This
is related to the formation of annealing twins during
hot deformation, which can lower the boundary
energy of growing grain and increase the mobility
of grain boundary [37]. In Fig. 14, the percentage of
the misorientation angle around 60° at 1250 °C is
larger than that at 1370 °C, indicating a high
complete-recrystallization degree at 1250 °C.

3.5 Nucleation mechanisms of DRX

Generally, the main nucleation mechanisms of
dynamic recrystallization (DRX) include the three
categories: discontinuous dynamic recrystallization
(DDRX), continuous dynamic recrystallization
(CDRX), and geometric dynamic recrystallization
(GDRX) [3,38]. DDRX is characterized by the
nucleation and growth of the DRX grains through a
bulging mechanism. CDRX is characterized by the
progressive rotation of subgrains, resulting in the
transformation of low angle subgrain boundaries to
high angle grain boundaries. GDRX s
distinguished by split of original grains, usually
occurring during the severe plastic deformation. In
this study, the GDRX can be ignored because of the
relatively low strain.

As shown in Fig. 11, it can be found that many
grain boundaries are serrated and the small DRX
grains form along the serrated grain boundaries.
The serrated grain boundaries obtain high local
orientation and large strain gradients, which
accelerates the nucleation of DRX grains in these
regions. As shown in Figs. 12 and 13, with the
decrease of strain rate, the recrystallization degree
increases and the growth of DRX grains is obvious.
The results indicate that DDRX occurs during hot
compression. In order to investigate the effect of
subgrain rotation on the DRX nucleation

mechanism, the changes in the fractions of
misorientation angle were evaluated. As shown in
Fig. 15, the distribution of misorientation angle at
1250 and 1370 °C with different strain rates can be
observed. The misorientation angle of 10°-15° can
characterize the CDRX nucleation by subgrain
rotatation [39]. In Fig. 15, the fraction of
misorientation angle of 10°—15° is relatively small
under these deformation conditions, which indicates
the small effect of CDRX on nucleation of
deformed GH4037 specimens. As shown in Fig. 16,
the point-to-point  misorientation and the
point-to-origin misorientation along the lines
labeled in Fig. 12 and Fig. 13 are calculated. In
Figs. 16(a, b, c), it can be found that the point-to-
point misorientation and the point-to-origin
misorientation along the grain boundaries are
within 4°. This indicates that the misorientation
gradient is relatively steady. However, as shown in
Fig. 16(d), the point-to-point misorientation is
beyond 9°, demonstrating the progressive subgrain
rotation. It is indicated that the CDRX nucleation
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Fig. 15 Changes in fraction of misorientation angle at
1250 °C (a) and 1370 °C (b)
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mechanism is possible at semi-solid temperatures
with high strain rate. Therefore, it can be concluded
that the DDRX mechanism is the main nucleation
mechanism of GH4037 alloy under these
deformation conditions.

4 Conclusions

(1) The flow stress of wrought Ni-based super
alloy GH4037 followed the typical stress—strain
curve at solid temperatures. Differently, when the
strain rate was 1 s, the flow stress continued to
increase after reaching the initial peak stress at
semi-solid temperatures. Besides, the peak stress
changed suddenly between solid temperature range
and semi-solid temperature range.

(2) The hot deformation zones were divided

four parts. At semi-solid deformation
the solid grains of deformed
specimens were equiaxed and homogeneous, and
the liquid phase existed at the grain boundaries and

into
temperatures,

inside the grains.

(3) With the increase of deformation
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Fig. 16 Changes of misorientation angle along lines labeled in Figs. 12 and 13: (a) L1; (b) L2; (c) L3; (d) L4

temperature and decrease of strain rate, the dynamic
recrystallization degree and the size of DRX grains
increased. However, the dynamic recrystallization
degree was lower at semi-solid temperatures than at
solid  temperatures.  Discontinuous  dynamic
recrystallization (DDRX) was the main nucleation
mechanism for GH4037 alloy during compression.

(4) In order to obtain homogeneous grains,
semi-solid deformation at 1370 and 1380 °C with
the strain rate of 0.1 s~ is suggested.
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