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Abstract: The high-temperature deformation and dynamic recrystallization (DRX) behaviors of GH4698 superalloy
were investigated via hot compression tests, and an improved unified dislocation density-based constitutive model was
established. The results indicate that with the temperature decreasing or the strain rate increasing, the flow stress
increases and the DRX fraction decreases. However, as the strain rate increases from 1 to 10 s, rapid dislocation
multiplication and deformation heat accelerate the DRX nucleation, which further increases the DRX fraction.
Discontinuous DRX nucleation is the dominant DRX nucleation mechanism, and continuous DRX nucleation mainly
occurs under low strain rates. For the developed improved unified dislocation density-based constitutive model, the
correlation coefficient, average absolute relative error, and root mean square error between the measured and predicted
stresses are 0.994, 7.32% and 10.8 MPa, respectively. Meanwhile, the correlation coefficient between the measured and
predicted DRX fractions is 0.976. These indicate that the developed model exhibits high accuracy in predicting the
high-temperature deformation and DRX behaviors of GH4698 superalloy.
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the complicated microstructure evolution and

1 Introduction

Ni-based superalloys have exceptional high-
temperature strength, corrosion resistance, creep
resistance and fatigue resistance, which are
considered as the most competitive materials for
manufacturing critical components of aeroengines
[1,2]. However, high deformation resistance, high
forming temperature and narrow processing
window increase the difficulty of processing
and application of Ni-based superalloys [3].
Additionally, the high degree of alloying results in

challenges in balancing multiple properties [4,5].
Therefore, it is imperative to investigate the high-
temperature deformation behaviors and explore the
microstructure evolution mechanism of Ni-based
superalloys.

Over the last few years, extensive studies
have been conducted on the high-temperature
deformation behaviors of Ni-based superalloys.
KUMAR et al [6] reported that the work hardening
(WH) behavior of a Ni-based superalloy was highly
relevant to the increase of dislocation density and
the formation of subgrains. WEN et al [7] found
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that the discontinuous softening characteristic of the
flow stress of FGH4113A superalloy was caused
by the competition between WH and dynamic
recrystallization (DRX). Many researchers have
shown that the DRX nucleation mechanisms of
Ni-based superalloys during high-temperature
deformation mainly consist of continuous DRX
nucleation and discontinuous DRX nucleation [8,9].
ZHU et al [10] concluded that the twin DRX
nucleation was also one of the DRX nucleation
mechanisms in Alloy 925. YAN et al [11] found that
0 phase in an aging-treated Ni-based superalloy
provided a preferential site for DRX nucleation, and
DRX promoted the fracture of J phase through
DRXed grain growth and subgrain rotation.
These studies indicate that the high-temperature
deformation and DRX behaviors of Ni-based
superalloys intricate  microstructure
evolution, which requires further investigation.

For the investigation of high-temperature
deformation behaviors, constitutive modelling is
an indispensable tool. Due to the empirical
characteristics and relatively few parameters, many
phenomenological constitutive models have been
established to reproduce the high-temperature
deformation behaviors of Ni-based superalloys,
such as Arrhenius model [12], Johnson—Cook
model [13] and Voce—Kocks model [14].
Artificial-neural-network constitutive models with
the distinguishing feature involving
model assumptions have been used to predict
the high-temperature deformation behaviors of
Inconel 625 alloy [15], Alloy 925 [16] and other
Ni-based superalloys [17,18]. However, the
phenomenological and artificial-neural-network
constitutive models are mainly established on
mathematical relations without considering the
physical parameters of deformation mechanisms. In
contrast, the physically-based constitutive models
consider physical mechanisms such as thermal
activation, dislocation density evolution and
softening mechanism. TANG et al [19] established
a unified viscoplastic constitutive model to predict
the microstructure evolution and flow behaviors of
Inconel 718 alloy. HE et al [20] reproduced the flow
stress of a Ni-based alloy by considering the
evolution of dislocation density, subgrains and grain
structure. GUO et al [21] developed a dislocation-
based damage-coupled constitutive model for a
single crystal superalloy to evaluate the creep

involve

without

life. HE et al [22] constructed a physically-based
constitutive model considering the effect of u
phase to forecast the high-temperature deformation
behaviors of a Ni-Mo—Cr-based superalloy. These
models indicate that the prediction of high-
temperature deformation and DRX behaviors of
Ni-based superalloys necessitates the development
of precise physically-based models due to the
complicated physical mechanisms involved.

GH4698 superalloy is an aging-strengthened
Ni-based superalloy with excellent comprehensive
mechanical properties and durability. The three
DRX nucleation mechanisms of GH4698 super-
alloy have been confirmed by LI et al [23,24],
i.e., discontinuous, continuous, and twin DRX
nucleation. ZHANG et al [25] and CHEN
et al [26] constructed Arrhenius models to
reproduce the high-temperature deformation
behaviors of GH4698 superalloy. CHEN et al [27]
suggested that the optimal deformation parameters
of GH4698 superalloy were 1010—1100 °C and
0.001-0.1 s™". These studies have laid a foundation
for designing and optimizing hot forming processes
and mechanical properties of GH4698 superalloy.
However, there are few studies on the evolution
of DRX mechanisms and the physically-based
constitutive model, which needs to be further
advanced.

In this work, GH4698 superalloy was firstly
treated with hot compression under different
deformation parameters to investigate the influence
of deformation temperature and strain rate on high-
temperature deformation behaviors. Subsequently,
the microstructure evolution under different
deformation parameters was studied through
electron backscattered diffraction (EBSD) analysis,
and the evolution of DRX mechanisms under
different strain rates was discussed. Finally, an
improved unified dislocation  density-based
constitutive model incorporating DRX effect was
established to characterize the high-temperature
deformation and DRX behaviors.

2 Experimental

The chemical compositions (wt.%) of GH4698
superalloy were as follows: Cr 14.35, Mo 2.98, Ti
2.65, Nb 2.11, Al 1.69, Fe 0.11, C 0.05, and Ni
balance. A Gleeble—3500 simulation machine was
applied for the hot compression test. The specimens
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for the test were machined into a cylinder with
dimensions of d8 mmx=12 mm. The hot compression
tests were implemented over the temperature range
of 1020—1200 °C and the strain rate range of
0.001-10s™!, and the maximum true strain was
controlled to be 0.9. Figure 1 illustrates the diagram
of the hot compression procedure. The specimen
was warmed to the set temperature and maintained
for 180 s. Subsequently, the hot compression test
was performed, and water quenching was carried
out immediately after the test.
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Fig. 1 Diagram of hot compression procedure

All the specimens were bisected along the
compression axis by electro-discharge machining
after the hot compression test. The exposed surface
of the specimen was sanded with silicon carbide
abrasive paper and then polished with diamond
polishing paste. Optical microscope (OM) and
EBSD analyses were employed for microstructure
observation. For OM observation, specimens were
etched for 20—50 s in the corrosive solution of HCI
(50 mL), CH3CH,OH (100 mL) and CuCl, (10 g).
Zeiss Axiolab 5 microscope was used for the OM
observation. For the EBSD specimens, vibration
polishing was applied to eliminating the residual
stress of the surface. The EBSD analysis was
performed on an FEI Quanta650 FEG FSEM
machine, and the scanning area was selected as
500 pm x 500 pm with a step of 1 pm.

Figure 2 presents the metallographic image of
the original uncompressed specimen. The original
microstructure is the equiaxed grain structure, and
several twins can be observed in the black dashed
circles. Referring to the intercept method in ASTM
standard (E112-13(2021)), the average grain size
was measured as 44.5 pm.

Fig. 2 Metallographic image of original uncompressed
specimen

3 Results and discussion

3.1 Correction and characteristics of stress—strain
curve

During the hot compression, the friction
between the pressure head and the specimen results
in the measured stress being higher than the actual
stress. Therefore, the friction correction is applied
to the measured stress. The friction correction
formulas are expressed as [28]

P 3/2 3
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where oo stands for the original measured stress; or
signifies the friction-corrected stress; f represents
the friction factor; by stands for the barrel parameter;
ro and ho represent the radius and the height of the
specimen before hot compression, respectively; »
and & stand for the average radius and average
height of the specimen after hot compression,
respectively; 7op and rmax signify the top and

o =
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maximum radii of the specimen after hot
compression, respectively. According to Eq. (1),
the friction-corrected stresses under different
deformation parameters of GH4698 superalloy are
presented in Fig. 3. The friction-corrected stresses
are noticeably lower than the original measured
stresses. Additionally, the effect of friction on the
flow stress intensifies with the strain rate rising or
the deformation temperature declining.

At the beginning of deformation, WH plays a
leading role. The flow stress rises sharply, and
dislocation multiplication leads to a rapid increase
in dislocation density [29]. With the strain further
increasing, dynamic recovery (DRV) and DRX
are activated, causing the deceleration of WH.
This is because the dislocation rearrangement and
annihilation initiated by DRV and DRX slow down
the increase of dislocation density [30]. When the
peak stress arrives, DRV and DRX play a dominant
role, and the flow stress begins to decline [31]. As
illustrated in Fig. 3, the deformation parameters
exert a substantial influence on the flow stress. It
is noticeable that as the deformation temperature
increases, the flow stress declines. Under high
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Fig. 3 Original and friction-corrected stress—strain curves of GH4698 superalloy under different deformation
temperatures: (a) 1020 °C; (b) 1080 °C; (c) 1140 °C; (d) 1200 °C
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deformation temperatures, the grain boundary
migration and dislocation movement are facilitated,
accelerating DRV and DRX [22]. Consequently,
the dislocation rearrangement and annihilation are
strengthened, and the dislocation density is reduced,
inducing the decrease of flow stress. Besides, it
indicates that as the strain rate rises, the flow stress
increases. The main reason is that high strain rates
cannot provide enough time for DRV and DRX. As
a result, the influence of WH is significant, and the
flow stress is high under high strain rates.

As illustrated in Fig. 3, the flow stress presents
distinct softening characteristics after the peak
stress under the strain rates of 0.001, 0.01 and
0.1s™!, which are known as the single-peak
behaviors. With the strain rate rising to 1s!, the
flow stress exhibits slight softening and even
continuous hardening characteristics. However, as
the strain rate increases to 10s™', the flow stress
presents notable softening characteristics again,
which shows single-peak behaviors under low
deformation temperatures and multiple-peak
behaviors under high deformation temperatures [32].
Reappearance of notable softening characteristics is
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because the deformation heat is difficult to diffuse
fully under high strain rates, which results in
the high temperature rise and adiabatic heating
softening. The temperature rise can be determined
by [28]

ar =291 [Conde
pC, *°
0,£<0.001s™" (2)
7=40.95+0.316lgé, 0.001s ' <&<1s™’
0.95,é>1s""

where AT signifies the temperature change, # stands
for the adiabatic correction factor, ps represents the
density, C, signifies the specific heat capacity, ¢
signifies the strain, and & represents the strain
rate. The calculation results of temperature change
are presented in Fig. 4. It demonstrates that the
temperature change increases with the deformation
temperature declining or the strain rate rising. The
raised strain rate aggravates the temperature rising,
and further enhances DRX. Meanwhile, increasing
strain rate also intensifies the effect of WH [33].
Under the strain rate of 1 s!, the dynamic softening
caused by DRX is difficult to counteract the
enhanced WH, leading to the continuous hardening
characteristics in flow stress. When the strain
rate increases to 10s™!, high temperature rising
significantly promotes the development of DRX,
which results in notable softening characteristics in
the flow stress.
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Fig. 4 Temperature change (A7) of GH4698 superalloy
under different deformation temperatures

3.2 Microstructure evolution and DRX nucleation
mechanism
To study the influence of strain rate on
microstructure evolution, the inverse pole figures

(IPFs) of GH4698 superalloy under different strain
rates are analyzed, as illustrated in Figs. 5(a—d).
Under the strain rate of 0.01 s™!, most of the initial
grains disappear, and the DRXed grains become the
major part. The DRX fraction is measured to be
97.2%. With the strain rate increasing to 1s7!, the
proportion of the initial deformed grains increases,
and the DRX fraction decreases from 97.2% to
90.3% and then to 56.2%, as demonstrated in
Figs. 5(a—c). This is because the deformation time
is shortened under high strain rates, inducing
insufficient nucleation and growth of DRXed grains
and low DRX fraction. However, with the strain
rate increasing to 10 s”!, the DRX fraction increases
to 81.3%, as illustrated in Fig. 5(d). The main
reason for this change is that the temperature rise is
relatively high under the strain rate of 10s™' (in
Fig. 4), which advances the nucleation of DRXed
grains greatly in a short deformation time. This
phenomenon aligns with the previous analysis of
flow softening under the strain rate of 10s7'.
Figure 6(a) depicts the frequency distribution of
grain boundary misorientation angle (¢) under
different strain rates. As the strain rate increases
from 0.01 to 10s”!, the average misorientation
angle (5) declines from 42.69° to 32.16° and then
rises to 41.33°. To further analyze the evolution of
grain boundaries, the corresponding variations of
low-angle grain boundary (2°<6<10°, LAGB),
medium-angle grain boundary (10°<6<15°, MAGB)
and high-angle grain boundary (15°<6<65°, HAGB)
are illustrated in Fig. 6(b). The frequency of LAGBs
increases from 8.7% to 31.3% and then decreases to
10.7%, while the frequency of HAGBs decreases
from 89.9% to 66.9% and then increases to 87.9%,
which is in line with the trend of DRX fraction.
This is because the short deformation time is
insufficient for the dislocation rearrangement and
annihilation under high strain rates, which inhibits
the evolution of subgrains to DRXed grains and the
transformation of LAGBs to HAGBs. Nevertheless,
10s!, high
temperature rising significantly accelerates the
grain boundary migration. Moreover, under the
strain rate of 10s™!, the rapid dislocation
multiplication accelerates the local dislocation
density to reach the critical dislocation density
for DRX. Ultimately, these factors facilitate the
nucleation of the DRXed grains and increase the
frequency of HAGBs.

as the strain rate increases to
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Fig. 5 IPFs of GH4698 superalloy under different deformation parameters: (a) 1020 °C, 0.01 s™%; (b) 1020 °C, 0.1 s7%;
(c) 1020 °C, 1 s7%; (d) 1020 °C, 10 s7%; (e) 1080 °C, 0.1 s7%; (f) 1140 °C, 0.1 57!

To investigate the influence of deformation
temperature on microstructure evolution, Figs. 5(b),
(e) and (f) depict the IPFs of GH4698 superalloy
under different deformation temperatures. With the
deformation temperature increasing from 1020 to
1140 °C, the DRX fraction increases from 90.3% to
91.8% and eventually to 96.2%. This results from

the fact that the high deformation temperatures
enhance the grain boundary mobility and encourage
the nucleation and growth of the DRXed grains.
Figure 6(c) demonstrates the distribution of grain
boundary misorientation angle under different
deformation temperatures. The average misorientation
angle increases from 37.04° to 39.44°. Further
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Fig. 6 Distribution of grain boundary misorientation orientation angle of GH4698 superalloy under different strain

rates (a, b) and deformation temperatures (c, d)

analysis of the evolution of grain boundaries under
different deformation temperatures is depicted
in Fig. 6(d). With the increase of deformation
temperature, the frequency of LAGBs decreases
from 15.1% to 9.1%, and the frequency of HAGBs
increases from 83.5% to 88.1%. The reason for the
changes is that as the deformation temperature
increases, subgrains and dislocation substructures
gradually develop into DRXed grains, and LAGBs
evolve into HAGBs.

Figures 7(a), (d) and (g) demonstrate the kernel
average misorientation (KAM) maps under the
deformation temperature of 1020 °C and different
strain rates. The KAM angle changing from 0° to 5°
corresponds to the dislocation density varying from
low to high. The average KAM angles are 0.684°,
1.003° and 0.707° under the strain rates of 0.1, 1
and 10 s™!, respectively. It is noted that the DRXed
grains are marked as blue due to low dislocation
density, and the dislocation density within deformed
grains is relatively high. Figures 7(b), (e) and (h)

depict the KAM maps and IPFs of selected specific
grains (marked in white boxes of Figs. 7(a), (d) and
(g), respectively), and the corresponding variations
of intragranular misorientation angle along the
measurement directions in Figs. 7(b), () and (h) are
demonstrated in Figs. 7(c), (f) and (i), respectively.
As illustrated in Figs. 7(c) and (f), the
point-to-origin (PTO) misorientation angles along
L1 and L3 both exceed 15°, and the peaks of
point-to-point (PTP) misorientation angles along
L1 and L3 above 3° can be found, signifying the
large orientation gradient and the formation
of substructures along the grain boundary.
Furthermore, there exist the grain boundary bulging
and the subgrains along grain boundaries in the
selected grains of Figs. 7(b) and (e), which is
consistent with the archetypal characteristics
of discontinuous DRX nucleation [34]. Besides, the
PTO misorientation angles along L2 and L4 exceed
13°, and this large orientation gradient denotes
the lattice rotation within the deformed grains.
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Meanwhile, the peaks of PTP misorientation angle
curves exceed 3°, indicating the formation of
substructures within the grain due to lattice rotation.
Moreover, the DRXed grains and subgrains within
the grains can be identified in Figs. 7(b) and (e).
These phenomena confirm the existence of
continuous DRX nucleation [35]. Therefore,
discontinuous DRX nucleation and continuous
DRX nucleation are the dominant DRX nucleation
mechanisms of GH4698 superalloy during the
high-temperature deformation. In addition, the PTO
and PTP misorientation angles along L5 in Fig. 7(i)
exceed 20° and 3°, respectively. The grain boundary
bulging and densely distributed LAGBs along the
grain boundary are clearly observed in Fig. 7(h),
indicating the occurrence of discontinuous DRX
nucleation under the strain rate of 10 s™!. Despite

the high value of PTO misorientation angle along
L6, the misorientation angle of the PTP curve is
below 3°, as shown in Fig. 7(i). This implies that
the formation of subgrains is inhibited under the
strain rate of 10 s™!, inducing the slow development
of continuous DRX nucleation.

3.3 Establishment of improved unified dislocation

density-based constitutive model

The evolution of dislocation density plays a
critical role during high-temperature deformation
of GH4698 superalloy. Due to the competition
between the dislocation multiplication and
dislocation annihilation, the flow stress of GH4698
superalloy exhibits pronounced WH and DRX
behaviors. The classical dislocation density theory
describes WH and DRV well [36]. However, the
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stacking fault energy of GH4698 superalloy is
low, signifying the slow development of DRV [37].
Moreover, DRX is a non-negligible mechanism
for GH4698 superalloy. Therefore, the dislocation
density-based model needs to be modified to
incorporate the influence of WH, DRV and DRX on
the flow stress.

It is assumed that three different stress terms
contribute to the variation of flow stress, which are
the stress for dislocation slip activation (oy), the
stress for the dislocation substructure interaction
(o) and the stress for the evolution of grain size
(0g). Therefore, the flow stress can be denoted by

o=oytoito, 3)

The details of each stress term will be
discussed in the subsequent sections.
3.3.1 Modeling oy

The stress for dislocation slip activation ay is
the critical stress to start dislocation slip, which can
be approximated by the yield stress. It can be taken
as the corresponding stress to the 0.2% offset strain
in the stress—strain curve. The stress for dislocation
slip activation is linked to deformation temperature
and strain rate, thus complying with the Arrhenius-
type relationship, which is [18]

o,=A,&" exp[Q,/(RT)] “)

where 7 stands for the deformation temperature; R
stands for the molar gas constant and equals
8.314 J/(mol-K); Ay, ny and (y represent the
material constants, respectively. Taking the natural
logarithm of Eq. (4), the values of 4y, ny and O, can
be calculated by fitting the data of Ino, —Iné and
In 6,—1/T, as illustrated in Fig.8. The average
values of Ay, ny, and Qy are 0.07053, 0.1814 and
78.52 klJ/mol, respectively. The expression of the
stress for dislocation slip activation is

&)

4
o, =0.07053¢""* exp [MJ

RT

3.3.2 Modeling o;

As the applied stress increases and exceeds the
stress oy, the dislocation slip is activated, and the
high-temperature deformation enters the plastic
stage. Kocks—Mecking model suggests that the
variations of flow stress in the plastic stage are
closely related to the dislocation substructure
interaction, and expression of stress for the dislocation
substructure interaction is given as [38]
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Fig. 8 Fitting lines of Ino, —Iné (a) and In o,—1/T (b)
for GH4698 superalloy

o, = Moub:[p (6)

where p signifies the mean dislocation density, M
stands for the Taylor factor and takes 3.06 for FCC
structure [38], a signifies the Taylor constant and
takes 0.3 [39], u stands for the shear modulus and
equals —0.0277+86.94 (GPa) [40], and b signifies
the magnitude of Burgers vector and equals
2.54x107m [41]. The degree of dislocation
substructure interaction greatly determines the
evolution of dislocation density. The rate of
dislocation density evolution gives

P = Pwi ~ Porv ~ Pprx (7
where p stands for the rate of dislocation density
evolution. Py, Ppry and pPpry represent WH,
DRV and DRX terms affecting the evolution of
dislocation density, respectively.

(1) Modeling  pyy

The WH term py, is correlated with the

strain rate and the mean free path (MFP) of
dislocation, which is expressed as [42]
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pun =L ; ®)

=—2%¢

bA
where A represents the MFP of dislocation. The
MFP of dislocation is strongly associated with the
substructure size and the grain size, and the
expression gives

I 1 1

=t 9
A s d ©)
where s and d signify the substructure size and the
average grain size, respectively. The expressions are

as follows:

s=f,\p (10)
d=Xd, +(1-X)d, (11)

drx

where f, represents the WH coefficient, X stands for
the DRX fraction, dax signifies the DRXed grain
size, and d represents the initial grain size. The
DRX fraction (X) is represented by [43]

Ja
X:I—exp[—fk( £7% ] J (8280) (12)
£

0.5 c

where ¢ signifies the strain, fi represents the DRX
fraction coefficient, f; stands for the DRX fraction
index, & signifies the critical strain for DRX, and
€05 stands for the strain for the DRX fraction of
50%. The nucleation and growth of DRXed grains
are markedly affected by deformation temperature
and strain rate, and therefore Arrhenius-type
relationship is applied to expressing the DRXed
grain size as follows:

— S Mddrx _%
dy = Aggn€ exp[ o7 j (13)
where Agarx, Maarx and Quarx stand for material
constants. The values of dux under different
deformation parameters can be identified from
metallographic images by the intercept method.
Each constant can be calculated by fitting the data
of Ind,, —Iné and Indux—1/T, as presented in
Fig. 9. The average values of Addrx, Madrx and Quadrx
are 4.196, —0.1847 and 141.9 kJ/mol, respectively.
The DRXed grain size is described as

(14)

5
d, = 4196501 exp| - LAIXI0
RT

(2) Modeling  ppgy
For FCC metals, the dislocation cross-slip

under low-medium deformation temperatures and
the dislocation climb under high deformation
temperatures are the two dominant DRV
mechanisms, both resulting in the decrease of
average dislocation density during deformation. The
rate of dislocation density evolution caused by DRV
gives [38]

Pory = fuPE (15)
where f; represents the DRV coefficient.

(@)
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_10 L
E
< -1t
E
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I
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vils! ]
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-13 . . -
0.66 0.70 0.74 0.78

T7Y/1073K™!
Fig. 9 Fitting lines of Ind,, —In¢ (a) and In dun—1/T
(b) for GH4698 superalloy

(3) Modeling  ppry

GH4698 superalloy is a metallic material with
low stacking fault energy. It signifies that the
dislocation climb and dislocation cross-slip are
difficult to activate in such metallic materials,
and DRV proceeds slowly [37]. The dislocation
annihilation caused by DRV is hard to balance
with the dislocation multiplication, and dislocations
continue to multiply. As soon as the local
dislocation density outstrips the critical dislocation
density for DRX, DRX is activated, and dislocation
annihilation quickly takes place, promoting the
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decrease of dislocation density. The rate of
dislocation density evolution induced by DRX
gives [44]

Porx =[x X pé (16)

where fx stands for the DRX coefficient. The critical
dislocation density for DRX (p.) is represented
as [45]

DOvs 1/3

Vo€

Per = —Gz
3bAM A

where yG represents the grain boundary energy, A,

stands for the initial MFP of dislocation, Mpm

signifies the grain boundary mobility, and A stands

for the dislocation line energy. These four
parameters are given by [46]

ubo,,

(17)

=L_m_ 18
" an(1-v) (%)
A, =kdb[i] (19)

O,

y
My, =200 exp[—%j (20)

kgkT RT
ub’
A= 21

> @1

where 6, represents the misorientation of HAGB
and equals 15°; v stands for the Poisson ratio and
takes 0.33; k4 and m signify the material constants
and take 10 and 1.33, respectively; ¢ and D, stand
for the average thickness of grain boundary and
grain boundary diffusion coefficient, respectively,
and their product dDo» equals 3.5%107% m%/s; Quir
signifies the boundary diffusion activation energy
and takes 115 klJ/mol; ks signifies Boltzmann
constant and equals 1.381x1072* J/K [45].

3.3.3 Modeling o,

In Hall-Petch equation, the relationship
between the grain size and stress under room
temperature is described [47]. Generally, metals
with fine grains possess high strength. However,
the metals with fine grains exhibit the opposite

characteristics during high-temperature deformation.

Furthermore, the grain size is strongly affected by
the DRX fraction. Consequently, the stress for the
evolution of grain size can be assumed as

o, = f,Xd"? (22)

where f; stands for the grain size evolution

coefficient.
3.3.4 Definition and solution of material parameters
In the established model, six key parameters
need to be determined, namely WH coefficient fi,
DRV coefficient f,, DRX coefficient f;, grain size
evolution coefficient f,, DRX fraction coefficient f¢
and DRX fraction index fq. It is assumed that DRX
fraction coefficient fx is a material constant, and the
other five parameters comply with the Arrhenius-
type relation, which are expressed as [48]

£ =A™ exp (%) 23)
f,= A" exp(%j (24)
fo= A" exp(%j (25)
S = A" exp(%j (26)
fi= Adé‘nd eXp(%J 27)

where Aw, 1w, Qw, Av, 1y, Oy, Ax, nx, Ox, Ag, Hg, O,
Ag, nq and Qg are the material constants.

In order to achieve high prediction accuracy, a
function with sixteen independent variables written
by the implicit iterative method is introduced as

F(AWa nW> QW> AVa Hy, QV> AXa nXa QXa Aga nga an Ad> i’ld,
N
2
Os, =2 (09, —0w;) (28)
i=1

where N signifies the number of data spots, i
represents the index of each-data spot ranging from
1 to N, op; signifies the ith predicted stress, and
owm; signifies the ith measured stress. In order to
minimize the function value, the values of sixteen
variables are optimized through the Fminsearch
method in MATLAB software. Table 1 presents the
optimal values of material parameters.
3.3.5 Validation of improved constitutive model
Figure 10 compares the measured stresses
and predicted stresses under different parameters.
Except for those wunder high deformation
temperatures (1140 and 1200 °C) and high strain
rates (1 and 10 s!), the predicted stresses correlate
well with the measured stresses. Under high
deformation temperatures, the temperature rising
caused by high strain rates declines, as demonstrated
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Table 1 Optimal values of material parameters

pumerer VUS| e Value
Ay 48.67 | OJ(kJmol™)  —16.61
M ~0.2496 Ay ~4.814x107
Ou/(kI'mol™)  —1.723 N ~2.027x10°3
Ay 1.846x10°| Qy/(kJ-mol')  40.52
ny 7.716x10°73 Aq 3.788x107
OJ(kJ'mol™")  —49.79 na ~0.1355
Ay 29.75 | Qd(kJ'mol™)  90.64
N 0.3410 fi 0.9939

in Fig. 4. This makes the dislocation annihilation
from DRX difficult to counteract the dislocation
multiplication. On the macro level, it is manifested
as continuous hardening or discontinuous softening
characteristics. Consequently, the improved unified
dislocation density-based constitutive model cannot
well predict these characteristics.

In order to evaluate the prediction accuracy,
the correlation coefficient (CC), average absolute
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relative error (AARE) as well as root mean square
error (RMSE) are introduced, and the calculation
formulas are given as

N
Z (xp; = Xp)(Xpg; — Xyp)

cC=—~= (29)
J — o — \2
\/Z(XPi —Xp) Z(xMi —Xy)
i=1 i=l1
1 &\ xp, — Xy
AARE=—>|"EL M5 100% (30)
=1 Xy
1 & 2
RMSE= WZ(xP,. —Xy;) (31)
i=1

where xuv; and xp; stand for the ith measured data
and ith predicted data, respectively; Xx,, and X,
stand for the average values of the measured data
and the predicted data, respectively. The comparison
between the predicted and measured stresses is
represented in Fig. 11. Based on Egs. (29), (30)
and (31), the CC, AARE and RMSE are calculated
as 0994, 7.32% and 10.8 MPa, respectively.
The statistical results and Fig. 11 indicate that the
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Fig. 10 Measured stresses and predicted stresses of GH4698 superalloy under different deformation temperatures:

(a) 1020 °C; (b) 1080 °C; (c) 1140 °C; (d) 1200 °C
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Fig. 11 Comparison between measured stresses and
predicted stresses of GH4698 superalloy

established model exhibits high prediction accuracy
for the high-temperature deformation behaviors of
GH4698 superalloy.

Substituting the values of fi and fq in Table 1
into Eq. (12), the DRX kinetics model is obtained,
as depicted in Fig. 12. It is noticeable that under
a given strain rate, the DRX fraction rises with the
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increase of deformation temperature. Furthermore,
under low deformation temperatures (1020 and
1080 °C), the DRX fraction decreases with the
strain rate rising from 0.001 to 1s™!, and the DRX
fraction increases with the strain rate rising to 10 s™!,
which has been confirmed by the EBSD analysis.
However, under high deformation temperatures
(1140 and 1200 °C), the DRX fraction declines with
the increase of strain rate. Under high deformation
temperatures, the temperature rising caused by
high strain rates declines greatly (Fig.4), and its
promotion effect on DRX decreases. It results in the
fact that the DRX fraction under the strain rate of
10 s! is reduced, compared to that under the strain
rate of 1 57!,

Table 2 lists the comparison of measured
and predicted DRX fractions under different
deformation parameters. The absolute values of
relative error are less than 3% except for the one
under the deformation temperature of 1020 °C and
strain rate of 1 s™'. Besides, the CC is calculated as
0.976. It demonstrates that the DRX kinetics model
presents a good capability in predicting the DRX
fraction of GH4698 superalloy.

b
1.0 ®)
0.8
=]
S
S 06}
=)
o
Q 04r —=— 0.001 5!
—4—-00151
——0.1s
02} e
—+— 105!
0 01 02 03 04 05 06 07 08 09
True strain
(d)
1.0
0.8}
(=]
S
206
=}
2 0.001 s™!
L —— (). s
8 04 —e—0.01s"!
—a—(.15s7!
021 —v— 15!
—+— 105!

0 01 02 03 04 05 06 07 08 0.9
True strain

Fig. 12 DRX fractions of GH4698 superalloy under different deformation temperatures: (a) 1020 °C; (b) 1080 °C;

(c) 1140 °C; (d) 1200 °C
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Table 2 Comparison of measured and predicted DRX fractions under different deformation parameters

Deformation Deformation Measured Predicted Relative Correlation
temperature/°C strain rate/s”! DRX fraction/% DRX fraction/% error/% coefficient
1020 0.01 97.2 100.0 2.88
1020 0.1 90.3 87.9 —2.66
1020 1 56.2 63.3 12.63
1020 10 81.3 79.1 -2.71 0976
1080 0.1 91.8 93.1 1.42
1140 0.1 96.2 94.2 —2.08

4 Conclusions

(1) The flow stress of GH4698 superalloy is
significantly influenced by deformation parameters.
With the deformation temperature decreasing or the
strain rate increasing, the flow stress increases.
Furthermore, the flow stress presents the prominent
softening characteristics under the strain rate of
10 s7! due to the great temperature rising under high
strain rate.

(2) As the deformation temperature increases
or the strain rate decreases, the DRX fraction
rises. But, the DRX fraction rises as the strain
rate increases from 1 to 10s™!, because the rapid
dislocation multiplication and deformation heat
facilitate the nucleation of DRXed grains.

(3) Discontinuous DRX nucleation is the
dominant DRX nucleation mechanism. Under low
strain rate, continuous DRX nucleation occurs
within the deformed grains. Under high strain rate,
the time for the migration of LAGBs and the
formation of subgrains is insufficient, leading to the
slow development of continuous DRX nucleation.

(4) The improved unified dislocation density-
based model incorporating DRX effect is
established. The CC, AARE and RMSE between
the measured and predicted stresses are calculated
as 0.994, 7.32% and 10.8 MPa, respectively.
Additionally, the CC between the measured and
predicted DRX fraction is calculated as 0.976. The
developed model exhibits a good capability in
predicting the high-temperature deformation and
DRX behaviors of GH4698 superalloy.
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