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• α-fiber in Euler space could be consid-
ered as the stable compression fiber tex-
ture.

• 〈101〉 and 〈001〉 poles were the com-
pression and DRX crystallographic ori-
entations.

• The new Σ3 boundaries weakened the
maximum pole density in the fully DRX
processes.

• Cube-Twin components contributed
partly to the formation of Σ3
boundaries.
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Effect of strain rate route on themicrostructure andmicrotexture evolution during the dynamic recrystallization
(DRX) of a nickel-based superalloy subjected to the isothermal compression testswas investigatedusing electron
back-scatter diffraction. The evolutions ofmicrotexture components and fiber textures and the role ofΣ3 bound-
aries in microstructure on the pole density in the partially and fully DRX processes were explored. The α-fiber in
Euler space is regarded as the compressionmicrotexture. The locally organized substructures in thematrix grains
are formed on certain {111} slip planes with the high Schmid factor. Although the dislocation-free DRX grains
show the random orientated distribution, the weak recrystallization 〈001〉 fiber parallel to the compression
axis (ND) is developed at the high strain in the fully DRXprocesses.Whereas the compression 〈101〉 fiber parallel
toND in thepartiallyDRXprocesses is sharpened.Moreover, the instantaneous decrease of strain rate leads to the
highest fraction of Σ3 grain boundaries, indicating the lowest pole density. Cube-Twin component adjacent to
Cube component contributes partly to the formation of Σ3 grain boundaries. The findings provide insights into
themicrotexture characteristics and enhance the understanding of the orientation dependence of themechanical
behavior of nickel-based superalloys.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The face-centered cubic (fcc) nickel-based superalloys exhibit supe-
rior microstructural stability, corrosion resistance, strength and creep
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properties at high temperature, therefore, they arewidely used formak-
ing the structures applied to the prolonged exposure in an aggressive
environment at elevated temperature [1,2]. It is well known that most
high-temperature structures are formed by hot working processes
such as extrusion and forging, etc. The dynamic recrystallization
(DRX) during the hot deformation of nickel-based superalloys is a
major softening mechanism [3–5], and generates a large number of
finer dislocation-free grains in the originally coarse grained structure.
Furthermore, the directionality of properties is largely dependent on
themicrotexture formed in thefinished product, since the preferred ori-
entation of the newly formed grains is an inevitable behavior during de-
formation. Up to now, the study on the DRX process of the nickel-based
superalloys has mainly focused on DRX nucleation mechanism and mi-
crostructure evolution, including the evolution characteristics of DRX
volume fraction and grain size. Therefore, it is necessary to extensively
study the characteristics of microtexture evolution during DRX of
nickel-based superalloy.

In tandem with this research aspect, many prior researches have
been done to explore the texture evolution in deformation and anneal-
ing of other fcc materials [6–9]. It is known that a combination of Brass
and Goss components can be considered as the deformation textures in
the fcc materials with low stacking fault energy (SFE). However, not
much attention has been paid to the texture evolution characteristic in
DRX process, especially for nickel-based superalloys. The generation of
new grains and the strain hardening deformation of initial grains
occur simultaneously during DRX, indicating the formation and evolu-
tion of microtexture being a more complex process. To address this
issue, Xie et al. [10] has recently proven that themaximum pole density
of an as-cast nickel-based superalloy in the uniaxial compression pro-
cess was reduced with the increase of strain. Kumar et al. [11], Konkova
et al. [12] and Jaladurgam et al. [13] revealed the formation of fiber tex-
tures after compression in the nickel-based superalloys based on the
analysis of inverse pole figure. However, there is no consensus on the
type of fiber textures during hot deformation in the above works. In ad-
dition, Buckingham et al. [14] showed the Rotated Cube component on
the surface of sample and the Goss and Cube components located at the
center of sample during the hot forging of an experimental V207M su-
peralloy. The properties of metallic material, such as deformation be-
havior, strength and stress corrosion resistance, are tightly dependent
on the texture change caused by different DRX degrees in microstruc-
ture. Although the limited explorations and researches have been con-
ducted, there is a lack of qualitative and quantitative analysis of the
microtexture formation and evolution of nickel-based superalloys. Fur-
thermore, the factors affecting the change of maximum pole density
(PMAX) in the DRX process of nickel-based superalloys also need to
be further explored and identified.

Exploring and evaluating the physical process of microtexture mod-
ification is helpful for tailoring the mechanical properties of nickel-
based alloys. In the presentwork, the evolution characteristics ofmicro-
structure andmicrotexture in different DRX processes resulted from the
variation of strain ratewere investigated using the electron back-scatter
diffraction (EBSD). The evolution of microtexture components and the
substructure characteristics of the dominant orientation grains during
the full DRX process were studied. Moreover, the variation of PMAX
with the conditions of the constant strain rate and the transient defor-
mation caused by the momentary change of strain rate was also exten-
sively analyzed, with the focus on revelation of the probable reason for
the change of PMAX.

2. Experimental procedure

The nominal chemical composition (wt%) of the studied nickel-
based superalloy is 0.03C-0.5Mo-0.5Si-0.3Mn-20Co-0.9Al-25Cr-0.7Fe-
1.8Ti-2.0Nb and (Bal.) Ni. The specimens with 12 mm height and
8 mm diameter were taken from the forged billet. Theses specimens
were heated to 1150 °C and held for 30 min, and subsequently
quenched in water. The isothermal uniaxial compression tests were
then performed using a Gleeble 3500 thermo-mechanical simulator. A
constant deformation temperature accompanied by the variations of
true strain and strain rate during hot deformation was employed for
the DRX process of the studied nickel-based superalloy. The imposed
strain rate routes are illustrated in Fig. 1. The specific deformation con-
ditions shown in Fig. 1(a) are the deformation temperature of 1100 °C,
and two strain rates of 0.01 s−1 and 0.1 s−1 as well as four true strains
of 0.22, 0.36, 0.51 and 0.8. Moreover, the transient deformation caused
by the instantaneous change in strain rate was also implemented and
was divided into the two cases shown in Fig. 1(b). Case I referred to sce-
nario that the strain rate of 0.01 s−1was applied before the true strain of
0.36, and then the strain rate of 0.1 s−1was performed after the strain of
0.36. On the contrary, the specimen with the strain rate of 0.1 s−1 was
deformed to the true strain of 0.36, and then the subsequent strain
rate was reduced to 0.01 s−1 in Case II. In the two cases, the specimens
were deformed to the true strain of 0.51 and 0.8, respectively. The mi-
crostructures of these two strains were observed.

Upon compression, the specimens were rapidly quenched in water
to freeze their high temperature microstructures. The place selected
for analysis of the microstructure characteristic was located at the cen-
tral maximum deformation zone of the deformed specimen along the
compression axis, involving the normal direction (ND, equivalent to
compression direction) and the extension direction (ED). The observa-
tion surfaces of these specimens were polished mechanically and then
electropolished in an electrolyte of 40ml vitriol and 160mlmethyl alco-
hol for EBSD analysis. The area N1 mm2 was scanned to give a reliably
statistical explanation for microtexture. A Gaussian half-width of 5°
and the harmonic series expansion method (L= 22, L is the truncation
error) were used for calculating the orientation distribution functions
(ODF) in order to evaluate the microtexture properly. In calculation of
the volume fraction of a main component, a specific grain orientation
was permitted within a 15° deviation from the ideal component unless
otherwise indicated [15]. The aforementioned process was performed
through the software Channel 5.

3. Results and discussion

3.1. True stress-strain curves

Fig. 2 shows the true stress-strain curves at different strain rate
routes. The curves at the constant strain rate of 0.01 and 0.1 s−1 show
the characteristics of a single peak. Before peak stress (σp), the stress
is increased due to the dislocation multiplication caused by strain hard-
ening.While afterσp, the stress is continuously decreased due to the dy-
namic softeningdominated byDRX. After the transient deformation, the
secondary hardening appears on the curve in Case I. The true stress is re-
duced again due to the ruling role of DRX after σp. It is remarkable that
σp after the transient deformation in Case I is lower than that at the con-
stant strain rate of 0.1 s−1. The difference (Δσp) between the two σp

values is about 30.60 MPa. It is because the stored dislocations at the
low strain rate make a positive contribution to initiating DRX at the
high strain rate in Case I, resulting in the difference. On the other
hand, the true stress in Case II after the transient deformation is de-
creased rapidly, since the dislocation accumulation at the high strain
rate is sufficient for the instantaneous occurrence of DRX at the low
strain rate. Moreover, the true stress of the constant strain rate of
0.01 s−1 and the Case II present a good reproducibility at the true strain
of 0.8 and reach a steady state. Therefore, the deformation condition
with the constant strain rate of 0.01 s−1 is used to illustrate the follow-
ing microtexture component evolution in the fully DRX process.

3.2. Evolution of microtexture components

The heat-treated specimen is defined as the initial material. The ini-
tial microstructure consisted of the nearly equiaxed, static
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recrystallization (SRX) grains and plentiful annealing twins is demon-
strated in Fig. 3(a). The volume fraction of SRX grains (yellow) reaches
93.6%. Since the nucleation and uniform growth of SRX grains are char-
acterized by the randomized orientation at grain boundaries during
heat treatment [16], the {111}, {110} and {100} pole figures of the initial
material in Fig. 3(b) display a weak texture prior to hot deformation.

Fig. 4 shows that the quantitative description of the microtexture
evolution is presented by the sections (φ2 = 45° and 65°) of ODFs at
the strain rate of 0.01 s−1 and different true strains. The some ideal tex-
ture components are found to form during hot deformation of the
nickel-based superalloy, including Rotated Copper {112} 〈110〉, Brass
{110} 〈112〉, Rotated Goss {110} 〈110〉, Goss {110} 〈100〉, Rotated Cube
{001} 〈110〉, Cube {001} 〈100〉, S {123} 〈634〉 [17] and P {110} 〈122〉 [18].

The evolution characteristic of maximum intensity of all the
microtexture components and DRX volume fraction at 0.01 s−1 and dif-
ferent strains is plotted in Fig. 5. The overall maximum intensity dis-
plays an increased firstly and then decreased tendency with the
increase of DRX fraction. This implies that the level of DRX volume frac-
tion plays an observable role in the weakening of the maximum inten-
sities at the high strain of all the microtexture components in the
nickel-based superalloy. Under a lower strain, the leading role of de-
formed original grains in the microstructure makes the non-
recrystallized (strain-hardened) grains rotate towards the one or
some stable deformation textures during hot deformation [19]. Thus,
the maximum intensity of all components is increased when the strain
is less than 0.36. As the strain is further increased, more DRX grains
formed by the bulging of original grain boundaries in the nickel-based
superalloy are going to inherit the diverse misorientation of the neigh-
boring initial grains and rotate to matchwith the preferred slip systems
[20]. Eventually, the DRX grains tend to be the random oriented
Fig. 2. True stress-strain curves under the variation of the strain rate.
characteristic, which in turn reduces the intensity of microtexture
components.

Fig. 6 demonstrates the volume fractions corresponding to all the
main microtextures derived from Fig. 4 under different strains. The
fully SRX initial microstructure displays a rather weak microtexture
with a random distribution. As the strain is increased, the microtexture
is gradually transformed from the initial random components to some
fcc ideal textures. When the strain is lower, the central region of the
specimen is subjected to unidirectional compressive stress during iso-
thermal compression process. Since the 〈110〉 direction is orientated
to the shear direction in the fcc materials, the {hkl} 〈110〉 texture is the
preferred texture component [21]. Therefore, the volume fraction of
the typical shear component, such as Rotated Copper, is very high, and
reaches 21.9% at the strain of 0.22. When the strain is 0.36, the stress
in the central region is a state of triaxial compressive stress due to the
obvious bulging of specimen caused by the effect of the friction between
specimen and die, resulting in the smaller shear stress and thus weak-
ening the effect of the shear texture component. Hence the unexpected
Rotated Copper texture transforms intoα-fiber texture characterized by
the {110} 〈uvw〉 textures containingGoss, Rotated Goss, Brass and P, etc.
Meanwhile, Goss component can run to P component bymeans of Brass
component, resulting in the content variation of α-fiber texture [22].
Therefore, the volume fractions involvingα-fiber texture increase in dif-
ferent degrees at the strain of 0.36. It is noted that the fraction of Goss,
which is also considered as a recrystallization texture component, is in-
creased until the true strain of 0.51. It is proven that a considerable de-
gree of DRX has occurred at the strain of 0.51. A complete DRX
microstructure is obtained when the strain is increased to 0.8. At this
moment, the fractions of all the main microtextures are visibly small
or up to the average. Therefore, when the microstructure is filled with
DRX grains, there is reason to believe the maximum intensity of all the
deformation textures is greatly decreased, as illustrated in Fig. 5. In ad-
dition, during hot deformation, the fractions of Rotated Cube and Cube
components have a little bit increase, while that of S component is de-
creased firstly and then increased. However, the above three compo-
nents vary within a little range.

Thefiber texture plotswhich are related to the ideal textures in Euler
space, as shown in Fig. 4, distinctly illustrate that the γ-fiber intensity
involved in the fcc material is very weak. Therefore, Fig. 7 describes
the variations of microtexture intensity (f (g)) along α-fiber, β-fiber
and τ-fiber for comparing quantitatively the microtexture evolution in
the DRX process. Fig. 7(a) reveals that the α-fiber (〈110〉//ND orienta-
tions, at φ2 = 0°, Φ = 45°, φ1 = 0° to 90° in Euler space) shows an in-
creasing firstly and then decreasing trend in the micortexture
intensities along this fiber with the increasing deformation. It is clear
that the high intensities along the fiber corresponding Brass (32.7)
and P (15.2) texture components at the strain of 0.36. The strengthening
Brass component during deformation process is typical characteristic in
fcc materials with low SFE [23]. With the increasing strain, the intensity
of α-fiber is decreased sharply. Eventually, when the strain is 0.8, there
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is a little difference from the initial material. Fig. 7(b) shows the β-fiber
(tilted 60° form ND towards ED) related to Copper, S and Brass orienta-
tions acrossφ2 section. It is evident that the intensity of Copper compo-
nent is weak, meanwhile, and that of S peaks at the strain of 0.36. The
reorientation path of Copper to Goss orientations depending on me-
chanical twins is manifested by τ-fiber (〈110〉//ED orientations, at
φ2 = 45°, φ1 = 90°, Φ= 0° to 90° in Euler space) in low SFE materials
[24]. The intensity variations of different micortexture components
along the τ-fiber are described in Fig. 7(c). The intensities correspond-
ing to Copper and Copper-Twin orientations are relative low and have
a little difference at any given stage of deformation. The intensity of
Goss component is the most significant at the strain of 0.51.
Fig. 4. The φ2 = 45° and 65° sections of ODF under the deformation c
3.3. Characteristic of the dominant orientation grains

The mechanical twinning and dislocation slip are two basic mecha-
nisms for the plastic deformation of metallic materials. The prevailing
one of these twomechanisms is mainly dependent on the SFE of metal-
lic material and deformation conditions (i.e., temperature, strain rate
and strain). No evidence of mechanical twins is observed in Figs. 4 and
7(c), indicating that the deformation is accommodated entirely by
slip. The plastic deformation results in the orientation difference within
the randomly orientated matrix grain, which can generate geometri-
cally necessary dislocation (GND) to accommodate the intragranular
orientation gradient [25]. The four matrix orientation grains with the
onditions of different true strains and the strain rate of 0.01 s−1.
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dominant volume fraction in Fig. 6 are emphatically analyzed, as shown
in Fig. 8(a). The true strains corresponding to Rotated Copper, P, Brass
and Goss orientation grains are 0.22, 0.36, 0.36, and 0.51, respectively.
Based on the Schmid factors (summarized in Table 1) of slip systems
and their grain orientations, the traces of {111} slip planes are delin-
eated. The CD letters denote the co-directional slip systems [26], and
the black arrow in the crystal lattice indicates the ND of the preferred
orientation grain. The accumulation of GND leads to the low angle
grain boundaries (3°–15°) in individual grains. Moreover, the local mo-
bility differences of grain boundaries seem to further complicate the ob-
served substructure in these grains due to the arrays of GND walls [27].
It is found that the someGNDwalls appear to be parallel to certain {111}
slip planes in Rotated Copper, P, Brass and Goss orientation grains. For
example, the partial GND walls in Rotated Copper grain are parallel to
(111) and (1-11) planes, and the partial walls in P grain are parallel to
(111) plane, as well as the partial walls in Brass and Goss grains are par-
allel to (1-11) plane. Therefore, it can be concluded that the locally orga-
nized substructure is formed on {111} slip planes with the value of high
Schmid factor, meanwhile, the multiple slip systems are activated
within these grains. Fig. 8(b) demonstrates the distribution of local mis-
orientation between neighboring pixels in these orientation grains. The
distribution for these grains is shifted to the higher values (the average
Fig. 6. The volume fraction of the main microtexture components at the strain rate of
0.01 s−1.
angle θAVE) with the increase of strain, indicating the occurrence of slip
[24].

Further insights into the misorientation gradient of the dominant
orientation grains during DRX process, the point to origin (cumulative)
and point to point (local)misorientations are quantified and depicted in
Fig. 9, respectively. The cumulative misorientations within these de-
formedmatrix orientation grains show the rather highermisorientation
gradient (exceeding 10°, blue dashed line) as plotted in Fig. 9(a)–(d). It
clearly indicates the active dislocation multiplication/rearrangement
process. This is due to the above multiple slip systems running concur-
rently in these grains, and the running can promote the appearance of
the intricate but locally organized substructure formed by dislocation
walls (or microbands) in Fig. 8(a). However, Fig. 9(e)–(h) reveal that
the maximum cumulative misorientations tend to be obviously weak-
ened in the dominant orientationDRX grains. This phenomenon is char-
acterized by a significant decrease in peak cumulative misorientation
(not exceeding 1.5°). The lowering cumulative misorientation is caused
by the substructure evolution [28], such as dislocation motion and lat-
tice rotation, showing the random orientation characteristic of the
dislocation-free DRX grains. Furthermore, the local misorientation gra-
dient is quiteweak especiallywithin theDRX orientation grains. The de-
formation time caused by the low strain rate (0.01 s−1) is sufficient so
that the dynamics involved in the substructure evolution and disloca-
tion rearrangement are raised to preclude the formation of the high
intragranular local misorientation gradient.

3.4. Microstructure and crystallographic orientation

The deformation microstructures and crystallographic orientations
of different strain rates are shown through the grain boundary maps
and inverse pole figures (IPFs) parallel to ND, respectively, as illustrated
in Figs. 10 and 11. The red and black lines in themicrostructures denote
the annealing Σ3 twin boundaries and the grain boundaries with the
misorientation angle N15°, respectively. Obviously, the changes in strain
and strain rate affect themicrostructure, fiber orientation and pole den-
sity. From Fig. 2, the peak strains corresponding to the values ofσp at the
strain rate of 0.01 and 0.1 s−1 are less than 0.22, indicating the occur-
rence of DRX at the strain of 0.22. When the strain is increased, the vol-
ume fraction of DRX in Fig. 10 is also gradually increased, while this
fraction of each true strain at 0.01 s−1 is higher than that at 0.1 s−1. Fur-
thermore, from Fig. 10(a), the compression fiber at the strain of 0.22
shows no particular dominant orientation along ND. When the true
strains are increased to 0.36 and 0.51, 〈101〉 fiber appears. A consider-
able amount of initial deformed (strain-hardened) grains is still in the
microstructures with the strains of 0.36 and 0.51, resulting in the com-
pression orientations near to 〈101〉 fiber. Therefore, under these two
true strains, the highlighting of 〈101〉fiber texture is due to the presence
of the abundant strain-hardened grains [29]. The 〈001〉 fiber is sharp-
ened when the strain is increased to 0.8. Although the analysis of
above sections indicates that the DRX grains with dislocation-free pres-
ent the characteristic of randomorientation distribution, thefiber orien-
tation can be rotated from 〈101〉 to 〈001〉, when theDRX grains are filled
with themicrostructure with the strain of 0.8. In other words, the 〈001〉
fiber in this nickel-based superallloy is considered as the crystallo-
graphic orientation caused by the DRX grains. Moreover, the variation
tendency of PMAXs given by IPFs in Fig. 10(a) is similar to themaximum
intensity of the ideal microtexture components shown in Fig. 5. How-
ever, a large proportions of deformed matrix grains in the microstruc-
tures of different strains at 0.1 s−1 are subjected to be strain-hardened
certainly during hot deformation [30], resulting in PMAX in Fig. 10
(b) being continuously increased with strain. Meanwhile, the 〈101〉
fiber in Fig. 10(b) induced by the development of the strain-hardened
structure at the high strain rate are gradually intensified. With the in-
crease of strain, the increase of PMAX near to 〈101〉 fiber as a compres-
sionmicrotexture has also been reported in pure nickel and pure copper
materials [31]. Thus, in the nickel-based superalloy, the crystallographic
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orientation parallel to ND tends to form the 〈101〉 fiber highlighted by
the deformed matrix grains, while those orientations dominated by
the DRX grains are a tendency towards 〈001〉 fiber. On the other hand,
by comparing Fig. 10(a) and (b), it is found that PMAXs at 0.1 s−1 are
greater than PMAXs at 0.01 s−1 under the higher strain (0.51 and 0.8)
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(1-11)

(11-1) & (-111) CD

(111)

(a)

P 

(1-11)
(11-1) & (-111) CD

(111)

Brass

(11-1) & (-111) CD

(111)
(1-11)

Goss

(111)
(1-11)

(11-1) & (-111) C

(

Fig. 8. (a) GND distributions and the traces of active {111} slip planes in the dominant Rotated C
in these grains. The black and white lines in (a) denote the boundary misorientation angle wit
condition. This phenomenon is similar to other fcc materials [19,32].
The low strain rate is more conducive to the DRX occurrence at a con-
stant temperature. The DRX grains show the rather random orientation
and therebyweaken themicrotexture intensity, as the above analysis in
the previous sections.
D

1

2 3

4

5

0.0

0.4

0.8

1.2

1.6

2.0

R
el

at
iv

e 
F

re
q
u
en

cy

Local misorientation ( )

P

Strain of 0.51

Strain of 0.36

Goss

Brass

P

Rotated Copper

Strain of 0.22

Rotated Copper
P
Brass
Goss

AVE
0.55°
0.76°
0.72°
0.84°

b)

opper, P, Brass and Goss orientation grains and (b) the distributions of local misorientation
h N15° and 3°–15°, respectively.



Table 1
Schmid factor values for {111} 〈110〉 slip systems of the dominant ideal orientation grains: Rotated Copper, P, Brass and Goss.

Plane (111) (11-1) (-111) (1-11)

Direction [01-1] [10-1] [1–10] [011] [101] [1–10] [01-1] [101] [110] [011] [10-1] [110]

Rotated Copper 0.17 0.10 0.07 0.34 0.15 0.01 0.06 0.31 0.24 0.37 0.05 0.32
P 0.43 0.31 0.01 0.05 0.06 0 0.17 0.32 0.25 0.42 0.17 0.26
Brass 0.06 0.01 0.05 0.24 0.26 0.02 0.02 0.26 0.25 0.32 0 0.31
Goss 0.38 0.09 0.29 0.01 0.02 0 0.08 0.18 0.10 0.47 0.07 0.39
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Fig. 11 shows the microstructures and crystallographic orientations
at the higher strain after the transient deformation. Obviously, the mi-
crostructures after the transient deformation show that the DRX frac-
tions at the instantaneously increased strain rate are less than that at
the instantaneously decreased strain rate. The reason is that the higher
strain rate before the transient deformation accumulates the higher dis-
location density for the nucleation of new grains, and the subsequent
lower strain rate after transient deformation provides the adequate
time for the development of new grains. Furthermore, a lot of the
strain-hardened matrix grains in the microstructures at the strain of
0.51 show the crystallographic orientations near to the 〈101〉 fiber in
Cases I and II. The dominant proportion of DRX grains in themicrostruc-
tures at the strain of 0.8 in Cases I and II is apparent due to the increase
of true strain, and the 〈001〉 fiber is formed consequently. Meanwhile,
PMAXs in Cases I and II are decreased with the increase of strain,
respectively.

The crystal plane normal and direction with the same indices in
cubic crystals are paralleled, and thus the ND of specimen can be
expressed in the form of crystal plane coordinate [33]. Therefore,
when the strains are 0.36, 0.51and 0.8, the compression and recrystalli-
zation fibers from Figs. 10 and 11 are in accordance with the {110} (cor-
responding to α-fiber) and {001} (corresponding to Rotated Cube and
Cube components) plane microtextures from the φ2 = 45° sections of
ODF in Fig. 4, respectively. It indicates the consistency of microtexture
evolution in the different DRX processes caused by the variation of
strain rate in the nickel-based alloys.
Fig. 9.Misorientation gradient scans along the lines in the dominant Rotated Copper, P, Brass and
grains; (e)–(h) DRX orientation grains.
3.5. Role of annealing twins

It is worth mentioning that when the strain is 0.8, the fractions of
DRX grains in the microstructures at the constant 0.01 s−1 and Cases I
and II are quite high, as shown in Figs. 10(a) and 11. However, a more
or less difference among PMAXs under these conditions is demon-
strated. The known fact is that due to the migration of grain boundaries
with the misorientation angle N15° [34], the annealing twins can form
during DRX of the materials with low SFE [35]. The fraction of the
first-order twins (Σ3) in other nickel-based superalloys is much more
than that of other higher orders annealing twins duringhot deformation
[36,37].Moreover, theΣ3 boundaries are featured by 60°misorientation
around 〈111〉 axis. Therefore, the formation of Σ3 boundaries provides a
significantway to understand the difference of crystallographic orienta-
tion, and thus gives a feasibility to analyze the change of PMAX in the
studied nickel-based superalloy. The values of PMAX under the condi-
tions of true strains of 0.51 and 0.8 in Figs. 10 and 11 are again given
in Fig. 12(a) to compare the changing tendency of Σ3 boundaries in
Fig. 12(b). It is found that the fraction of Σ3 boundaries in Fig. 12
(b) under the testing conditions is increasedwith the true strain. It is at-
tributed to the higher mobility of grain boundaries, the higher fre-
quency of twinning. Moreover, Fig. 12 reveals that the greater fraction
of Σ3 boundaries corresponds to the smaller PMAX under all the defor-
mation conditions, except for the strain rate of 0.1 s−1. That is to say, the
fraction of annealing twin boundaries in the microstructures where the
DRX grains are absolutely dominant can cause a difference in the values
Goss orientation grains at the strain rate of 0.01 s−1: (a)–(d) deformedmatrix orientation



Min Max

001

101 111

(a)

0.22

0.36

0.51

0.8

200μm

3.14
Max

2.70
Max

2.25
Max

8.11
Max

101

(b)
Min Max

0.22

0.36

0.51

0.8

001

111

2.17
Max

200μm

4.98
Max

3.37
Max

3.00
Max

Fig. 10.Microstructure evolution and crystallographic orientations represented by IPFs//ND at the strain rate of (a) 0.01 s−1 and (b) 0.1 s−1.
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of PMAX, as shownby the strain of 0.8 in Figs. 10(a) and 11. On the other
hand, Fig. 12 also depicts that PMAX and fraction of Σ3 boundaries at
0.1 s−1 are increased with the true strain. The phenomenon roots in
the fact that the twinning occurs within the DRX grains during hot de-
formation. From Fig. 10(b), the initial Σ3 boundaries in the initial grains
disappear gradually with the increase of strain, since the grain rotation
causes the initialΣ3 boundaries to lose the twinnature. Although the re-
generative Σ3 boundaries within the DRX grains are increased with
strain, the new Σ3 boundaries do not affect the development of the
strain-hardened structure, resulting in the continuous increase of
PMAX with the true strain.

In order to understand the role of the regenerated annealing twins in
the formation of recrystallization 〈001〉//ND fiber and the decrease of
PMAX at the higher strains of 0.01 s−1 and Cases I and II, the enlarged
microstructure and orientation characteristics obtained at the strain
101

001
(a)

Min Max

111

4.25
Max

2.94
Max

0.51

0.8

200μm

Fig. 11. The microstructure evolution and crystallographic orientations express
rate of 0.01 s−1 and the strain of 0.51 are given in Fig. 13. It is reported
that the twinningwithin Brass andGoss orientation grains facilitates the
development of α-fiber components during SRX of fcc cold rolled and
annealed high-entropy alloy and TWIP steel [38,39]. Fig. 13(a) exhibits
the orientation distribution of some ideal microtexture components in
the microstructure. The red and black lines are the Σ3 boundaries and
the grain boundaries with the misorientation angle N15°, respectively.
The colorful grains represent the four ideal orientation grains, while
the white grains denote other random orientation grains. It is apparent
that only a small number ofΣ3 boundaries are associatedwith Brass and
Goss oriented grains, which indicates the twinning during DRX of the
nickel-based alloy is different from that during SRX of other fcc mate-
rials. Furthermore, the annealing twin contributes to the final Cube re-
crystallization texture during DRX of an fcc austenitic stainless steel
[40], however, the further explanation is missing. From Fig. 13(a),
Min Max

(b)
001

101 1110.51

0.8

2.58
Max

1.96
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200μm

ed by IPFs//ND after the transient deformation: (a) Case I and (b) Case II.
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some named Cube-Twin {212} 〈122〉 orientation grains are accompa-
nied by the Cube grains. The IPF//ED in Fig. 13(b) demonstrates that
the sharpened 〈122〉 pole is the evidence for the presence of Cube-
Twin component. However, the 〈122〉 fiber with the lower PMAX ren-
ders a less significant performance in the 65° section of ODF with the
strain of 0.51 in Fig. 4. Moreover, the positional relationship between
Cube (Grain 1) and Cube-Twin (Grain 2) orientation grains in {111}
pole figure is displayed in Fig. 13(c). A near-twin misorientation of
grains is decided by Brandon criterion [41]. Themisorientation relation-
ship betweenGrains 1 and 2 in Fig. 13(c) show a 58.99° [1-1-1],which is
much less than 15°/(Σ)1/2 = 8.66° obtained by the criterion of ideal Σ3
boundaries (60° 〈111〉). Therefore, there is a precise Σ3 relationship
(a)

Grain 1

Grain 2

Min

Max
2.36
Max

001

101

111

(b)

Fig. 13. Under the true strain of 0.51 and the strain rate of 0.01 s−1: (a) the orientation di
crystallographic orientation expressed by IPF//ED and (c) the positions of Cube and Cube-Twin
between Cube and Cube-Twin orientation grains. In addition, the frac-
tions of Cube component and new Σ3 boundaries are increased with
strain, as illustrated in Figs. 6 and 12(b). The interactionmechanism be-
tween the two components is predictable during DRX of the nickel-
based superalloy. However, the fractions of Cube (4.3%) and Cube-
Twin (3.42%) components are much less than that of Σ3 boundaries
(14.5%) at the strain of 0.8 and 0.01 s−1, since most of twinning occurs
within the randomly oriented DRX grains from Fig. 13(a). Hence, the
contribution of Cube-Twin component to the formation of Σ3 bound-
aries is not much, but its role cannot be ignored. Whereas Cube-Twin
component contributes to Cube component involved in 〈001〉//ND in
the full DRX state. Moreover, according to Fig. 6, the fraction of Goss
component is the largest at the strain 0.51. Rotated Cube component in-
volved in the final recrystallization 〈001〉fiber//ND can be concerned
with a rotation of 35° 〈111〉 by Goss component [40].

The fraction of Σ3 boundaries increased to a certain degree can re-
duce PMAX during DRX of the nickel-based superalloy. The similar
viewpointwas reported in the other fccmaterial [42]. The new twinning
process occurs in the DRX grains. The annealing twins composed of
stacking faults on the consecutive {111} plane can be explained by the
growth accidentmodel [43]. In thismodel, the growth accident happens
on the propagating of {111} steps related to the migration of grain
boundaries. The difference of dislocation densities across the grain
boundary is regarded as the driving force for the migration of grain
boundaries [44]. Moreover, the movement distance of grain boundaries
is increased by the sufficient deformation time. Therefore, in this re-
search, the instantaneous decrease of strain rate during hot deformation
provides not only the high dislocation density, but also the sufficient
time for the grain boundary migration, leading to the minimum of
PMAX in Case II, as shown in Fig. 12(a). This also shows that the fre-
quency of twinning is proportional to the fraction of DRX grains. Fur-
thermore, although the highest dislocation density is produced by the
constant strain rate of 0.1 s−1, the insufficient deformation time causes
the lowest twinning frequency and DRX fraction. This is not enough to
50μm

Σ3 boundaries

More than 15º boundaries

Cube

Brass

Cube-Twin

Goss

ND

ED

{111}

(c)

Grain 1

Grain 2

stribution of ideal Brass, Cube and Cube-Twin components in microstructure, (b) the
orientation grains in{111} pole figure.
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offset the development of strain-hardened grains, resulting in the con-
tinuous increase of PMAX with strain, as illustrated in Fig. 10(b).

4. Conclusions

The microstructure and microtexture characteristics of a nickel-
based superalloy in different DRX processes caused by the variation of
strain rate were investigated. The major findings drawn from this
work are summarized in the following:

(1) The evolution path of microtexture components in the full DRX
processwith the constant low strain rate (0.01 s−1) is as follows:
a random distribution caused by SRX → Rotated Copper compo-
nent with the high volume fraction→ α-fiber micortexture with
the highest intensity focused on Brass and P components → α-
fibermicrotexture centered onGoss component→ a randomdis-
tribution caused by DRX.

(2) The plastic deformation under the testing conditions is accom-
modated entirely by slip. The partial dislocation walls in the
dominant matrix orientation grains (i.e., Rotated Copper, P,
Brass and Goss) tend to be formed on {111} slip planes with
the high values of Schmid factor. Meanwhile, these grains show
the similar locally organized substructures formed by the high
misorientation gradient.

(3) The 〈101〉with the high PMAX and 〈001〉with the low PMAX fi-
bers are considered as the compressive and recrystallized crys-
tallographic orientations parallel to ND, respectively. The high
fraction of regenerative Σ3 boundaries at the strain of 0.51 and
0.8 decreases the values of PMAX under the strain rate of
0.01 s−1 and transient deformation. Nevertheless, the increase
of Σ3 boundaries at the high strain rate (0.1 s−1) does not play
a role in the continuous increase of PMAX with strain due to
the generation of Σ3 boundaries within DRX grains.

(4) The maximum mobility of grain boundaries caused by the in-
stantaneous decrease of strain rate (Case II) during hot defor-
mation maximizes the twinning frequency within the DRX
grain, and thus minimizes the value of PMAX in Case II. The
generation of regenerated Σ3 boundaries is basically con-
cerned with the migration of grain boundaries, and is also
partly affected by the evolution of Cube and Cube-Twin
components.
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