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Abstract: Microstructural evolution and dynamic recrystallization (DRX) behaviors of a Ni-Cr-Mo
alloy were researched utilizing hot compressive experiments. The changed features of dislocation,
subgrain and grain structure correlating to forming parameters were examined by transmission
electron microscope (TEM) and electron backscatter diffraction (EBSD). Results illustrate that the
consumption of dislocation and the coarsening of substructure/DRX grain are prominently enhanced
with an increased forming temperature. However, the annihilation/interaction of dislocation and the
expansion of subgrain/DRX grain boundary can be limited at a larger strain rate. Meanwhile, consid-
ering the discrepancy in DRX variation rates concerning the strain rate’s ranges, an improved DRX
kinetic model was developed. Compared to the classical DRX kinetic model, the good consistency
between the forecasted and tested results demonstrates that the established improved DRX kinetic
model can precisely characterize the DRX features of the Ni-Cr-Mo alloy over a wide strain rate range.
Additionally, the EBSD’s quantitative statistical results proved that the variation of DRX grain size
can be supremely defined as the power formulation of the forming temperature and strain rate.

Keywords: hot deformation; dynamic recrystallization; kinetics equations; Ni-Cr-Mo alloy

1. Introduction

In hot forming, sophisticated microstructural changes often occur and markedly affect
the deformation characteristics of alloys [1-7]. The changes in microstructures during
hot forming are closely correlated to several metallurgical mechanisms, including work-
hardening (WH), dynamic recrystallization (DRX) and dynamic recovery (DRV) [8-13].
Normally, DRX is characterized as one of the representative grain refinement mechanisms
of alloys in hot deformation [14-18], and it can prominently affect the properties of compo-
nents [19]. Therefore, analyzing the kinetic feature and microstructural variations of DRX
is significant for machining metallic parts.

In past, the kinetic behaviors and microstructural changes of alloys during DRX were
widely investigated [20-22]. Firstly, the microstructural variation mechanisms, consisting
of substructure evolution [23], the change of grain structure [24-27] and phase transforma-
tion [28] of several alloys in DRX, were studied. The microstructural changes had an impact
on the DRX’s nucleation mechanism [29] and could affect the DRX grain boundary expan-
sion of alloys simultaneously. Moreover, according to the features of flow curves, some
DRX kinetic models were proposed to strictly forecast the DRX fractions of alloys [30-32].
Xu et al. [33] developed the JMAK-type DRX kinetic model to precisely characterize the
DRX behavior of a 22MnB5 alloy. Based on the analysis of the true stress-true strain results,
Quan et al. [34] studied the evolution of DRX characteristics during hot deformation, and a
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DRX kinetic model was proposed to accurately forecast the DRX behavior in AICu4SiMg
alloys. Considering the impact of DRV on the critical dislocation density of DRX, Mo-
meni et al. [35] proposed a modified DRX kinetic model to accurately describe the DRX
behaviors of AISI 410 martensitic stainless steel in hot forming. Additionally, some preci-
sion models of the DRX grain size were developed and utilized to exactly characterize the
variations of DRX grain in alloys [36].

Due to the outstanding resistance of oxidation and corrosion, Ni-Cr-Mo alloys are
extensively applied in the nuclear industry [37-39]. Recently, the hot forming features of the
Ni-Cr-Mo alloys were researched, and the available constitutive models were proposed to
describe flow characteristics [40,41]. Meanwhile, several processing maps were established
to identify the optimum forming parameters of Ni-Cr-Mo alloys [42—44]. Furthermore, mi-
crostructural changes including substructure variation, the interaction of dislocations with
twins and grain structural evolution were researched [45,46]. Additionally, the correlations
of recrystallization kinetic features (involving the mechanism of discontinuous dynamic
recrystallization (DDRX) and continuous dynamic recrystallization, DRX grain evolution
and DRX textures) and forming parameters were characterized by some recrystallization
kinetics models [47,48]. As analyzed in previous references, many investigations reported
the flow features and microstructural variations of Ni-Cr-Mo alloys. However, there were
limited reports on the interactions of substructure and grain structure, as well as the DRX
kinetic feature of Ni-Cr-Mo alloys.

In the present work, the changes and interactions of substructure/ DRX grain structure
of a Ni-Cr-Mo alloy in hot compression are studied. The variation of DRX kinetic with
forming parameters is investigated. An improved dynamic recrystallization kinetic model
is established, and its forecasted precision is analyzed.

2. Experimental Material and Procedure

In the present investigation, the utilized material is a commercial Ni-Cr-Mo alloy,
and its chemical composition (wt. %) is shown in Table 1. Cylindrical samples were
machined from a forged bar, and their dimensions measured ®8 mm x 12 mm. Isothermal
compression tests were performed on Gleeble-3500 at 1000-1150 °C and 0.001-10 s~ 1,
according to the standard of GB/T 9327.4-1988. The Gleeble-3500 simulator is produced
by the DSI company. The total height reductions in the tested specimens were set as 60%.
The concrete step of hot formation can be formulated as follows. Every tested specimen
was firstly heated to a forming temperature at 10 °C/s and maintained for 300 s. Then,
the hot forming of each tested specimen was conducted, respectively. The compressed
samples were swiftly cooled by water after hot compression. To investigate the changes of
dislocations and substructures, TEM was utilized. Simultaneously, the changes of grain
structure were examined by EBSD. For TEM and EBSD analyses, the deformed objects were
primarily polished and then etched in a solution (180 mL CH3;CH;OH + 20 mL HCIOy).
As illustrated in Figure 1, the initial microstructures clearly consist of equiaxed grains
and twins.

Table 1. Composition of the experimental Ni-based superalloy (wt. %).

Elements C Si Cr Mo Fe Co w A% P S Ni
Contents 0.007 0.06 15.8 16.2 6.5 1.9 4.2 0.30 0.035 0.025 Bal
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Figure 1. Initial microstructures of the researched Ni-Cr-Mo alloy.

3. Results and Discussion
3.1. High-Temperature Compression Characteristics

Figure 2 displays the representative flow curves of the researched Ni-Cr-Mo alloy.
The similar tendency of all curves is that the true stress (¢) firstly increased when true
stain (¢) increased. At a small value of ¢, the work-hardening (WH) induced by the vast
generation of dislocations and interaction with grain boundaries is distinct, while the
dynamic softening correlated to the consumption of dislocations and the development of
substructures/DRX grains cannot counteract the WH behaviors [5,9]. Then, the values of ¢
were markedly raised in the early forming period of the researched Ni-Cr-Mo alloy. As ¢
surpasses the peak strain, the values of o were dramatically reduced due to strong DRX
behaviors. Moreover, the value of ¢ is noticeably reduced as the forming temperature (T)
ascends or the strain rate (¢) diminishes. As noted in the TEM images of Figure 3a, high-
density dislocations are generated and accumulated to form dislocation cells and networks
around grain boundaries and inner grains at 1000 °C. Meanwhile, many refined DRX
grains with dimensions measuring less than 1.5 pm can be observed, while the DRX grains
coarsen significantly and the dimension of most DRX grains exceeded 4 pm as T increased
toward 1150 °C (Figure 3b). Simultaneously, the distinct annihilation of dislocations and
the coarsening of subgrains can be found. This indicates that DRV and DRX are promoted
at high T. Therefore, the values of ¢ decreased at high T. Furthermore, the depletion of
dislocations and the formation of dislocation cells/networks became obvious with the
amplification of ¢, as observed in Figure 3c,d. Moreover, the coarsening of DRX grains is
prominently inhibited at large ¢. Thus, the development of DRV and DRX is restrained at
larger values of ¢. Therefore, the values of o remarkably increased with the increase in €.
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Figure 2. Typical flow curves at (a) ¢ =0.1s71;(b) T = 1100 °C.
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Figure 3. TEM images at (a) T = 1000 °C, ¢ =0.01 5*1;(b)T = 1150°C, £ =0.01 sfl;(c) T = 1150 °C,
e=1s15() T = 1150 °C,é=10s"1.

Normally, the values of peak strain (¢},) are immensely influenced by the Z parameter,
and ¢p can be formulated as follows [13]:

&p = Akap 1)

where Ap and kp represent material parameters.
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Normally, the Zener-Hollumon (Z) parameter is generally characterized as follows [13]:

— rexn( 2 —
zZ = eexp(RT) = AF(0) (2)
o xo < 0.8
where F(o) = ¢ exp(Bo) ac > 1.2 . eand T present the strain rate and tempera-
[sinh(ac)]"  for alle

ture, respectively. Q notes the material parameter. A, B, n’, nand « = B/n’ indicate the
material constants, respectively.

Substituting the tested true stress-true strain results into Equation (2), the value of
« can be defined as 0.003954 by the regression analysis of the relation of dInc/dIne —
do/dIne. Then, taking the value of & into Equation (2), the value of Q can be defined
as 467,710.9 J/mol by the relation of dInsinh(ao) — 1/T. Moreover, substituting Q into
Equation (2), the value of Z at different forming conditions can be identified. Furthermore,
taking the values of ¢, and Z into Equation (1), the values of Ap and kp can be assessed by
the relation of Inep — InZ. Then, the value of Ap and kp, can be determined as 0.002481
and 0.11173, respectively. Additionally, the correlation coefficient (R) of forecasted ¢, and
tested ones is 0.995 (Figure 4), suggesting that Equation (1) can exactly predict the change

ofsp.
0.6
. Correlation coefficient=0.995
w (0.4
hei
8 -
w 0.3 .
5t
5 0.2
[
0.1
0-0 1 ] L] L] T
00 01 02 03 04 05 0.6
Tes.tedaP

Figure 4. Comparison forecasted and tested values of ep.

3.2. Classical DRX Kinetics Model
Generally, the classical DRX kinetics model of metals and alloys provides the following [26]:

e — &g "

Xarx = 1 — exp[—0.693( ) J(e > &) ©)]

€05 — &
where Xy, illustrates the DRX volume fraction, ¢. indicates the critical strain for the
appearance of DRX, g5 is the true strain of 50% DRX volume fraction and n shows
material constant.

3.2.1. Identification of Xy,

Commonly, for the classical method to determine X4, — € curves, there is an assump-
tion that the flow softening of the alloys during the DRX stage is only induced by DRX.
Therefore, the values of X 4,5 can be expressed as follows [26,32]:

Orec — O

Xdrx =
OUsat — Uss

4)
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where X4, illustrates the volume fraction of DRX; 0gs, 0sat and orec represent the steady stress,
the saturation stress and the true stress;the chief softening mechanism is DRV, respectively.

As illustrated in Equation (4), the values of orec, 0ss and osat should be firstly deter-
mined to evaluate the values of X4,«. The detailed procedure to identify the values of
Orec, Oss and 0s,¢ of alloys can be observed in previous references [26]. For oye, it can be

identified as follows:
Orec = [Uszat - (‘73 - Usat)e—()s]o.s ©)

where () indicates the dynamic recovery coefficient. oy illustrates the yield’s stress. The de-
tailed procedures for identifying the values of (2 and ¢ can be seen in previous works [26].

3.2.2. Identification of €. and ¢ 5

Commonly, the values of . are closely related to ¢, and can be identified as [26]:
gc = Bep (6)

where B is the proportional constant.
The correlation of ec and ¢p, is revealed in Figure 5. Based on linear fitting, the mean
value of B can be obtained as 0.631.

0.3

=  Experimental data
Fitting line

0.0 . . . .

0.0 0.1 0.2 0.3 0.4 0.5

e
p

Figure 5. Relationship of ¢. and ¢p.

Substituting the values of 0rec, 0ss and osat into Equation (4), the value of gy 5 under
various tested conditions can be estimated from the Xy,.x — € curves. Normally, the change
of £y 5 with Z can be given as follows:

05 = AgsZk0s )

where A(5 and k(5 are the material constants.
According to the tested data (Figure 6), the mean value of A5 and kg 5 can be identified
as 0.00476 and 0.1334, respectively.
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Figure 6. Variations of ¢ 5 at different values of Z.

3.2.3. Identification of n

Furthermore, substituting the values of X, £c and g 5 into Equation (3), the average value
of n can be determined as 1.094 from In( — In(1 — Xg.)) versusIn((e — &)/ (e05 — €c))
curves, as indicated in Figure 7.

4

In (-In (1-X))

-6 -'4 -'2 0 2
In ((&-¢)/(g,,—¢))

Figure 7. Relationships between In(—In(1 — Xg,,)) and In((¢ — &¢) /(€05 — €c))-

From the above analysis, the DRX kinetics equation can be summarized as follows.

— 1.094
Xane = 1 - expl-0693(:5=55) " ™](e > )
gc = 0.0015662011173 ®)

€05 = 0.00476701334

Z = eexp(*H)

3.2.4. Verification of Classical DRX Kinetic Model

Figure 8 indicates the comparisons between the DRX fractions (Xg4,y) forecasted by the
classical DRX kinetic model (Equation (8)) and tested values. Clearly, all curves reveal a
similar trend in which the value of X, steadily increased as the strain was amplified. More-
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over, the prominent enlargement of X4, can be seen at high T or low &. This demonstrates
that DRX kinetic behaviors are strengthened with increased T or a reduction in é.

1.0 [ested data 1.0 Tested data
= 1150°C e 1100°C = 1150°C e 1100°C
0.89 « 1050°Cc & 1000°C 0.89 « 1050°Cc & 1000°C
Predicted data Predicted data
0.6- 1150 °C 0.6 1150 °C
. - - 1100°C " --- 1100°C .
S 044 1050 °C o 04l 1050 °C
" |-----1000°C ]
0.2 T
A |
0 0 ca "! .
) 0.0 0.3 0.6 0.9
True strain True strain
(a) (b)
1.0 [Fested data 1.0 Tested data
= 1150°C & 1100°C = 1150°C e 1100°C
0.84 « 1050°Cc & 1000°C 0.8 » 10s0°c & 1000°C C
Predicted data » Predicted data
0.6 1150 °C 0.6 1150°C ‘
" - — 1100°C P ---1100°C g
S 4 e 1050°C e < 04 T
04-1_._ 1o00°c LR - b —% )
* e A
0.24 >k 0.2 « 4
-3 J A .lr'. i
A a (s
0.0 N . 0.0+——=—— T
0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9
True strain True strain
(0) (d)
1.0 Tested data . .
= 1150°C & 1100°C -
0.89 » 1050°C a 1000 °C
Predicted data ~
=
0.6 1150 °C -7 -
P Ec llOO:C 4 '/_,-,A
< 0.4 o 10soc RPN
—-— 1000 °C, L kLT
/.’ A
0.2 A
0.0 T T
0.0 0.3 0.6 0.9
True strain

(e)

Figure 8. Comparison of predicted and tested DRX fractions at (a) ¢ = 10 s (b)e=15s"1;
(©)é=01s"1;(d)e=0.01s"1;(e)£=0.0015s"1.

It was also observed that the forecasted precision at when ¢ is larger than 0.1 s~ ! can
be reasonably accepted. As ¢ is less than 0.1 s}, the discrepancy between the forecasted
X4rx and tested ones becomes greater. This demonstrates that the developed classical
DRX kinetic model cannot characterize the DRX kinetic feature of the researched alloy
over the wide strain rate scopes. This result can be ascribed to the fact that the variation
rate of DRX is substantially affected by ¢. In particular, dislocation easily nucleates and
interacts to promote the formation of dislocation networks and subgrains at larger strain
rates (Figure 3c,d). Then, the nucleation of DRX grains can be accelerated, while DRX
grains have difficulty in becoming coarsened due to the limited hot forming incubation
time. However, DRX grains can coarsen easily as the strain rate diminishes to 0.01 s~
(Figure 3b), indicating that the DRX variation rate varies relative to larger strain rates. As
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observed in Equation (3), the variation rate of DRX kinetic is mainly correlated to the values
of e and g 5. Therefore, the variations of €. and ¢g 5 with respect to the Zener-Hollomon
parameter should consider the influence of ¢ ranges, and a detailed analysis is illustrated
in Section 3.3.

3.3. An Improved DRX Kinetics Model

As displayed in Equation (3), the evolution of X4, is mostly affected by e. and g 5.
Meanwhile, it is clearly stated in Section 3.2.4 that the variation of DRX is sensitive to strain
rates. Therefore, the implication of . and €5 at different strain rates scopes should be
firstly identified to precisely characterize the DRX behavior of the researched alloy.

3.3.1. Determination of €. and ¢( 5

With respect to the tested results, the variations of . with Z at the strain rate ranges
of 0.1-10 s~! and 0.001-0.1 s~ ! are exhibited in Figure 9. According to the linear fitting
method, the ¢, at different strain rate ranges can be estimated as follows.

gc = 0.0012239Z7011739 (¢ = 0.1s71-10s71) ©)
gc = 0.001543Z01136 (; = 0.001s71-0.1s571)
-1.0 -1.5
-1.5 . -2.0
;-20 ;-25 >
-2.54 -3.0
_3.0 T T '3.5 T T T
36 40 44 48 32 36 40
InZ InZ
(a) (b)

Figure 9. Relationships of ¢ and Z at strain rate range of (a) 0.1-10 s~L; (b) 0.001-0.1 s 1.

Correspondingly, the change of ¢ 5 with Z at the strain rate ranges of 0.1-10 s} and
0.001-0.1 s~! is displayed in Figure 10. The ¢g5 at different strain rate ranges can be
evaluated as follows.

0.0008152%17507 (¢ = 0.1s71-10s71)

£05 019245 [; ~1 1 (10)
€95 = 0.0005827" (8 = 0.001s7'-0.1s )
2 0.5
0.04
0 51 A
£
-1.0-
T T -1 .5 T T T T T
36 40 44 48 30 32 34 36 38 40 42
InZ InZ
(a) (b)

Figure 10. Relationships of ¢y 5 and Z at strain rate range of (a) 0.1-10 s~1; (b) 0.001—0.1s1.
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3.3.2. Determination of n

Substituting the tested X, €c and € 5 into Equation (3), the relations of In(— In(1 — X4,y ))
versusIn((e — €.)/ (€05 — €c)) at different strain rate ranges are indicated in Figure 11. Uti-
lizing the linear fitting method, the mean value of 7 at the strain rate ranges of 0.1-10 s ~!
and 0.001-0.1 s ~! can be determined as 1.512 and 1.61, respectively.

In (In (1-X))

Figure 11. Relationships between In(—In(1 — X4,5)) and In((e — &) /(€95 — €c)) at strain rate range
of (a) 0.1-10 s~ ; (b) 0.001-0.1 s~ 1.

3.3.3. Verification of the Improved DRX Kinetic Model

Based on Sections 3.2.1 and 3.2.2, the kinetics equations of DRX for the researched
alloy can be reformulated as follows.

Xarx = 1 — exp[—0.693(FE—)"] (e > &)
gc = 0.0012239Z91173 (¢ = 0.1s571-10s71)
ec = 0.001543Z0113% (¢ = 0.001s71-0.1s71)
{ eos = 0.000815Z0179%7 (¢ = 0.1s71-10s71)
n
V4

; 11
o5 = 0.000582Z019%%5 (¢ = 0.001s71-0.1s71) ()

_ { 1512 (¢ = 0.1s71-10s71)

1.610 (¢ = 0.001s71-0.1s71)
= Eexp(“T0)

To verify the improved DRX kinetic model (Equation (11)), the comparisons between
the assessed values and tested values of Xy, are illustrated in Figure 12. Apparently,
the assessed X4, well matched the tested values. Moreover, the correlation coefficient
and AARE between the assessed Xy, and tested ones can be estimated as 0.99 and 6.2%,
respectively. Here, R denotes the correlation coefficient. AARE expresses the average
absolute relative error. The specific procedures for determining the values of R and AARE
are introduced in previous works [1]. From the above analysis, it can be reasonably
concluded that the established kinetics equations of Equation (11) can well predict the DRX
features of the investigated alloy.
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Figure 12. Comparison of the X4, predicted by the improved DRX kinetic model and tested
ones at (a) ¢ = 0.001 s™1; (b) e =0.01s7; () e=01s"1 (d)e=1s"1; (e) ¢ = 10 s~ () total
experimental conditions.

4. Modeling the DRX Grain Size

Normally, microstructural variations not only respond to the material’s hot form-
ing features but also severely affects the properties of the components [28,34]. For the
researched alloys during the DRX process, the principal microstructural change charac-
teristics consisted of substructures and grain structure. The representative changes of
substructures of the researched alloy in hot working are analyzed in Section 3.1. Here, the
typical change features of grains at different forming conditions are displayed in Figure 13.
As noted in Figure 13a, the elongation of the formed original grains along the direction
perpendicular to hot compression can be found. Moreover, numerous refined DRX grains
formed and are spread around the original grains. By conducting statistical analyses
(Figure 13f), the mean DRX grain size (drex) at the T of 1000 °C and ¢ of 0.01 s~ 1 is estimated
at 8.5 um. When T increases toward 1050 °C, the distinct bulging of DRX grain boundaries
appear, suggesting that DDRX characteristics become intense (Figure 13b). Moreover, the
value of drex increased to 10.1um. As T reaches 1150 °C, the obvious coarsening of DRX
grains comes up, and the value of drex ascends to 13.7 um, as observed in Figure 13c.
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This is ascribed to that the fact that the diffusion of vacancies/atoms intensified at high T,
which induces the enhancement of grain boundary migration. Furthermore, the changes
of DRX grain are notably influenced by ¢, as noted in Figure 13c—e. When ¢ increased
from 0.01 s7! to 1 s}, the lowering DRX degree can be seen, and the growth of DRX
grains is limited (Figure 13c,d). Concurrently, the values of drex reduced from 13.7 um
to 8.5 um, as ¢ increased from 0.01 s~1 to 1 s~1. With the ¢ further increasing to 10 s 1,
the nucleation/coarsening of DRX grains is apparently restrained, and the value of drex
dropped to 6.7 pm. Commonly, according to the nucleation kinetics of DRX grains, the
nucleation rate of DRX grains abruptly increases with an increase in ¢ [7]. However, the
incubation time for the expansion of DRX grain’s boundary decreases at high ¢. Therefore,
the mean size of DRX grains was prominently reduced with an increase in &.

Figure 13. Changes of DRX grain structures at (a) T = 1000 °C, ¢ = 0.01 s~L (b) T = 1050 °C,
€=0.01s"1 (c) T=1150°C, ¢ =0.01s"1;(d) T=1150°C, e =157} (e) T = 1150 °C, ¢ = 10 s };

(f) grain size distribution (Case I: T = 1000 °C, ¢ = 0.01 s Case Il: T = 1050 °C, ¢ = 0.01 s~ 1; Case III:
T=1150°C,£=0.01s"1; Case IV: T = 1150 °C, ¢ =1 s~1; Case V: T = 1150 °C, ¢ = 10 s~ 1).

Normally, quantitatively characterizing the changes of DRX grains with deforma-
tion conditions is significant for the forming parameters” optimum value relative to the
alloys [28]. The relations of drex and Z can be usually formulated as follows [49]:

o = Agé exp() (12)
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where A4 and kgq are the material constants.
We take a logarithm of Equation (12) and readjust it as follows.
Indrex = InAg + kgé + 2 (13)
RT

By substituting the experimental values of drex at various tested conditions into
Equation (13), the values of Ay, kq and Qg4 can be computed as 431.54, —0.10222 and
—46,293.77 ] /mol, respectively.

Therefore, drex can be expressed as follows.

drox = 43154 1022 g (T20298.77

) (14

To validate the DRX grain size predicted model (Equation (14)), the comparisons
between the forecasted drex and tested ones are shown in Figure 14. Clearly, the forecasted
drex well consented with the tested values, indicating that the established model (Equation
(14)) can exactly catch the change features of DRX grains in hot forming processes.

16
Correlation coefficient=0.992
141

rex

121

10+ -

Forecasted d

6 8 10 12 14 16
Tested dm

Figure 14. Comparison forecasted and tested values of drex.

5. Conclusions

The microstructural changes and DRX behaviors of a Ni-Cr-Mo alloy in hot compres-
sion are researched. An improved DRX kinetic model was established to calculate the DRX
features of the Ni-Cr-Mo alloy. Several significant results are summarized as follows.

(1) The variations of substructures are closely correlated to forming parameters. The
nucleation and interaction of dislocations can be intensified, while the refinement of
subgrains/DRX grains is easily limited at high temperatures or low strain rates.

(2) Animproved DRX kinetic model that considers the variation characteristics of DRX
behavior in the segmented ranges of strain rate is proposed. Good consistency be-
tween the forecasted and tested results demonstrates that the established model can
strictly elaborate the DRX kinetic features of the researched alloy.

(3) The variation of DRX grains is abruptly affected by forming parameters. At a large
strain rate or low temperature, the DRX grain is distinctly refined. The mean size of
DRX grains in hot forming is well described as the equation of the forming tempera-
ture and strain rate.



Materials 2022, 15, 3161 14 of 16

Author Contributions: Conceptualization, X.Y. and D.H.; methodology, Y.X. and D.H.; software,
X.Y,; validation, Y.X., D.H. and Y.C.L.; formal analysis, D.H. and Y.C.L.; investigation, X.Y. and D.H.;
resources, X.Y. and D.H.; data curation, Y.X., D.H. and Y.C.L.; writing—original draft preparation, D.H.
and Y.C.L.; writing—review and editing, X.Y. and D.H.; visualization, D.H. and Y.C.L.; supervision,
D.H. and Y.C.L.; project administration, X.Y. and D.H.; funding acquisition, D.H. and Y.C.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant No.
52005519, 51375502), Hunan Provincial Natural Science Foundation of China (Grant No. 2021]JJ40738),
Changsha Municipal Natural Science Foundation (No. kq2007024) and Fundamental Research Funds
for the Central Universities of Central South University (No. 1053320212298), China.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw /processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.

Conflicts of Interest: No conflict of interest exist in the submission of this manuscript, and the
manuscript is approved by all authors for publication. I would like to declare on behalf of my
co-authors that the work described was original research that has not been published previously, and
it is not under consideration for publication elsewhere, in whole or in part. All authors listed have
approved the manuscript that is enclosed.

References

1.

10.

11.

12.

13.

14.

15.

16.

Chen, Z]; Lin, Y.C.; He, D.G.; Lou, YM.; Chen, M.S. A unified dislocation density-based model for an aged polycrystalline
Ni-based superalloy considering the coupled effects of complicate deformation mechanisms and initial delta phase. Mater. Sci.
Eng. A 2021, 827, 142062. [CrossRef]

Long, J.C; Xia, Q.X.; Xiao, G.F; Qin, Y,; Yuan, S. Flow characterization of magnesium alloy ZK61 during hot deformation with
improved constitutive equations and using activation energy maps. Int. J. Mech. Sci. 2021, 191, 106069. [CrossRef]

He, XM,; Yu, Z.Q.; Liu, G.M.; Wang, W.G.; Lai, X.M. Mathematical modeling for high temperature flow behavior of as-cast
Ti-45A1-8.5Nb—(W,B,Y) alloy. Mater. Des. 2009, 30, 166-169. [CrossRef]

Xu, W.C,; Jin, X.Z.; Xiong, W.D.; Zeng, X.Q.; Shan, D.B. Study on hot deformation behavior and workability of squeeze-cast 20
vol% SiCw /6061Al composites using processing map. Mater. Charact. 2018, 135, 154-166. [CrossRef]

Wen, D.X; Yue, T.Y,; Xiong, Y.B.; Wang, K.; Wang, ] K.; Zheng, Z.Z.; Li, ].]. High-temperature tensile characteristics and constitutive
models of ultrahigh strength steel. Mater. Sci. Eng. A 2021, 803, 140491. [CrossRef]

Rafiei, M.; Mirzadeh, H.; Malekan, M. Delta processing effects on the creep behavior of a typical Nb-bearing nickel-based
superalloy. Vacuum 2021, 184, 109913. [CrossRef]

Wang, G.Q.; Chen, M.S,; Lin, Y.C.; Li, H.B,; Jiang, Y.Q.; Ma, Y.Y.; Peng, C.X,; Cai, ].L.; Chen, Q. Recrystallization nucleation under
close-set 6 phase in a nickel-based superalloy during annealing. |. Mater. Sci. Technol. 2022, 115, 166-176. [CrossRef]

Eriksson, E.; Colliander, M.H. Dynamic and Post-Dynamic Recrystallization of Haynes 282 below the Secondary Carbide Solvus.
Metals 2021, 11, 122. [CrossRef]

Quan, G.Z; Liu, Q.; Zhao, J.; Xiong, W.; Shi, R.J. Determination of dynamic recrystallization parameter domains of NiS0OA
superalloy by enhanced processing maps. T. Nonferr. Metal. Soc. 2019, 29, 1449-1464.

Zareian, Z.; Emamy, M.; Malekan, M.; Mirzadeh, H.; Kim, W.J.; Bahmani, A. Tailoring the mechanical properties of Mg-Zn
magnesium alloy by calcium addition and hot extrusion process. Mater. Sci. Eng. A 2020, 774, 138929. [CrossRef]

Tang, L.Q.; Jiang, EL.; Teng, J.; Fu, D.E; Zhang, H. Strain path dependent evolutions of microstructure and texture in AZ80
magnesium alloy during hot deformation. J. Alloy. Compd. 2019, 806, 292-301. [CrossRef]

Kotkunde, N.; Krishnamurthy, H.N.; Singh, S.K; Jella, G. Experimental and Numerical Investigations on Hot Deformation
Behavior and Processing Maps for ASS 304 and ASS 316. High. Temp. Mater. Process. 2018, 37, 873-888. [CrossRef]

Chen, X.M,; Lin, Y.C,; Li, X.H.; Chen, M.S.; Yuan, W.Q. Investigation on strain dependence of metadynamic recrystallization
behaviors of GH4169 superalloy. Vacuum 2018, 149, 1-11. [CrossRef]

Long, J.C.; Zhu, N.Y,; Xia, Q.X.; Cheng, X.Q. A Study of the Dynamic Recrystallization Behavior of Ni-Based Superalloy during
Hot Power Spinning Based on Cellular Automaton. Adv. Eng. Mater. 2019, 21, 1801022. [CrossRef]

Kumar, S.; Aashranth, B.; Samantaray, D.; Davinci, M.A.; Borah, U.; Bhaduri, A K. Investigation on Grain Boundary Character
Distribution During Dynamic Recrystallization of Austenitic Stainless Steel During Hot Deformation. Mater. Perform. Charact.
2019, 8, 796-807. [CrossRef]

He, D.G,; Su, G,; Lin, Y.C,; Jiang, Y.Q.; Li, Z.; Chen, Z.].; Yan, X.T.; Xia, Y.C.; Xie, Y.C. Microstructural Variation and a Physical
Mechanism Model for a Ti-55511 Alloy during Double-Stage Hot Deformation with Stepped Strain Rates in the beta Region.
Materials 2021, 14, 6371. [CrossRef]


http://doi.org/10.1016/j.msea.2021.142062
http://doi.org/10.1016/j.ijmecsci.2020.106069
http://doi.org/10.1016/j.matdes.2008.04.046
http://doi.org/10.1016/j.matchar.2017.11.026
http://doi.org/10.1016/j.msea.2020.140491
http://doi.org/10.1016/j.vacuum.2020.109913
http://doi.org/10.1016/j.jmst.2021.11.016
http://doi.org/10.3390/met11010122
http://doi.org/10.1016/j.msea.2020.138929
http://doi.org/10.1016/j.jallcom.2019.07.262
http://doi.org/10.1515/htmp-2017-0047
http://doi.org/10.1016/j.vacuum.2017.11.021
http://doi.org/10.1002/adem.201801022
http://doi.org/10.1520/MPC20190025
http://doi.org/10.3390/ma14216371

Materials 2022, 15, 3161 15 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Alone, A.; Chatterjee, R.; Alankar, A. A comparative study of the effect of random and preferred crystallographic orientations on
dynamic recrystallization behavior using a cellular automata model. Mater. Today. Commun. 2020, 25, 101200. [CrossRef]
Mozumder, Y.H.; Babu, K.A ; Saha, R.; Sarma, V.S.; Mandal, S. Dynamic microstructural evolution and recrystallization mechanism
during hot deformation of intermetallic-hardened duplex lightweight steel. Mater. Sci. Eng. A 2020, 788, 139613. [CrossRef]
Tikhonova, M.; Torganchuk, V.; Brasche, F; Molodov, D.A.; Belyakov, A.; Kaibyshev, R. Effect of Warm to Hot Rolling on
Microstructure, Texture and Mechanical Properties of an Advanced Medium-Mn Steel. Metall. Mater. Trans. A 2019, 50, 4245-4256.
[CrossRef]

Zu, G.Q.; Lu, YK, Yan, Y;; Zhang, X.M.; Zhao, ] W.; Du, W,; Ran, X; Jiang, Z.Y. Effect of Temperature and Strain Rate on the Hot
Deformation Behaviour of Ferritic Stainless Steel. Met. Mater. Int. 2020, 26, 248-259. [CrossRef]

Dolzhenko, P,; Tikhonova, M.; Kaibyshev, R.; Belyakov, A. Dynamically Recrystallized Microstructures, Textures, and Tensile
Properties of a Hot Worked High-Mn Steel. Metals 2019, 9, 30. [CrossRef]

Xie, B.C.; Zhang, B.Y.; Yu, H.; Yang, H.; Liu, Q.; Ning, Y.Q. Microstructure evolution and underlying mechanisms during the hot
deformation of 718Plus superalloy. Mater. Sci. Eng. A 2020, 784, 139334. [CrossRef]

Wang, Q.P.; Zhou, R.F; Li, YK.; Geng, B.Y. Characteristics of dynamic recrystallization in semi-solid CuSn10P1 alloy during hot
deformation. Mater. Charact. 2020, 159, 109996. [CrossRef]

Ning, Y.Q.; Fu, M.W.; Yao, W. Recrystallization of the hot isostatic pressed nickel-base superalloy FGH4096. II: Characterization
and application. Mater. Sci. Eng. A 2012, 539, 101-106. [CrossRef]

Ji, H.C,; Peng, Z.S.; Huang, X.M.; Wang, B.Y.,; Xiao, W.C.; Wang, S.F. Characterization of the Microstructures and Dynamic
Recrystallization Behavior of Ti-6Al-4V Titanium Alloy through Experiments and Simulations. J. Mater. Eng. Perform. 2021, 30,
8257-8275. [CrossRef]

Chen, X.M; Lin, Y.C.; Wen, D.X.; Zhang, J.L.; He, M. Dynamic recrystallization behavior of a typical nickel-based superalloy
during hot deformation. Mater. Des. 2014, 57, 568-577.

Chen, E; Qi, K.; Cui, Z; Lai, X. Modeling the dynamic recrystallization in austenitic stainless steel using cellular automaton
method. Comp. Mater. Sci. 2014, 83, 331-340. [CrossRef]

Lin, Y.C,; He, D.G.; Chen, M.S.; Chen, X.M.; Zhao, C.Y.; Ma, X,; Long, Z.L. EBSD analysis of evolution of dynamic recrystallization
grains and 6 phase in a nickel-based superalloy during hot compressive deformation. Mater. Des. 2016, 97, 13-24. [CrossRef]
Lin, Y.C;; Wu, X.Y,; Chen, X.M.; Chen, J.; Wen, D.X.; Zhang, J.L.; Li, L.T. EBSD study of a hot deformed nickel-based superalloy. J.
Alloy. Compd. 2015, 640, 101-113. [CrossRef]

Wang, M.].; Sun, C.Y.; Fu, M\W,; Liu, Z.L.; Wang, C.H. Experimental investigations and constitutive modeling of the dynamic
recrystallization behavior of Inconel 740 superalloy. Mater. Sci. Eng. A 2020, 793, 139939. [CrossRef]

Li, CM,; Tan, Y.B.; Zhao, F. Dynamic recrystallization behaviour of H13-mod steel. ]. Iron. Steel. Res. Int. 2020, 27, 1073-1086.
[CrossRef]

Chen, M.S,; Yuan, W.Q.; Li, H.B.; Zou, Z.H. New insights on the relationship between flow stress softening and dynamic
recrystallization behavior of magnesium alloy AZ31B. Mater. Charact. 2019, 147, 173-183. [CrossRef]

Xu, YK,; Birnbaum, P; Pilz, S.; Zhuang, X.C.; Zhao, Z.; Krausel, V. Investigation of constitutive relationship and dynamic
recrystallization behavior of 22MnB5 during hot deformation. Results. Phys. 2019, 14, 102426. [CrossRef]

Quan, G.Z; Shi, R.J.; Zhao, J.; Liu, Q.; Xiong, W.; Qiu, H.M. Modeling of dynamic recrystallization volume fraction evolution for
AlCu4SiMg alloy and its application in FEM. T. Nonferr. Metal. Soc. 2019, 29, 1138-1151. [CrossRef]

Momeni, A.; Dehghani, K.; Ebrahimi, G.R. Modeling the initiation of dynamic recrystallization using a dynamic recovery model.
J. Alloy. Compd. 2011, 509, 9387-9393. [CrossRef]

Meng, FEX.; Ye, Q.B.; Tian, Y.; Wang, Z.D.; Wu, D. Dynamic Recrystallization Behavior in a Hot Compressed Symmetrical Bulb
Flat Steel. J. Mater. Eng. Perform. 2021, 30, 2536-2544. [CrossRef]

Bal, K.S.; Majumdar, J.D.; Choudhury, A.R. Effect of post-weld heat treatment on the tensile strength of laser beam welded
Hastelloy C-276 sheets at different heat inputs. J. Manuf. Process. 2019, 37, 578-594. [CrossRef]

Bal, K.S.; Majumdar, J.D.; Choudhury, A.R. Optimization of Melt Zone Area for Electron Beam Welded Hastelloy C-276 Sheet
and Study of Corrosion Resistance of the Optimized Melt Zone in 3.5 wt% NaCl Aqueous Solution. Arab. |. Sci. Eng. 2019, 44,
1617-1630. [CrossRef]

Dhananchezian, M. Study the machinability characteristics of Nicked based Hastelloy C-276 under cryogenic cooling. Measurement
2019, 136, 694-702. [CrossRef]

Jaladurgam, N.R.; Kanjarla, A.K. Hot deformation characteristics and microstructure evolution of Hastelloy C-276. Mater. Sci.
Eng. A 2018, 712, 240-254. [CrossRef]

Lu, Y,; Liu, J.; Li, X;; Liang, J.; Li, Z.; Wu, G.; Zhou, X. Hot deformation behavior of Hastelly C276 superalloy. Trans. Nonferrous
Met. Soc. China 2012, 22, s84—s88. [CrossRef]

Kong, Y,; Chang, P; Li, Q.; Xie, L.; Zhu, S. Hot deformation characteristics and processing map of nickel-based C276 superalloy. J.
Alloy. Compd. 2015, 622, 738-744. [CrossRef]

Zhang, C.; Zhang, L.W.; Shen, W.E; Xu, Q.H.; Cui, Y. The processing map and microstructure evolution of Ni-Cr-Mo-based C276
superalloy during hot compression. J. Alloy. Compd. 2017, 728, 1269-1278. [CrossRef]

Zhang, C.; Zhang, L.W.; Shen, WE; Li, M.E; Gu, S.D. Characterization of hot deformation behavior of Hastelloy C-276 using
constitutive equation and processing map. J. Mater. Eng. Perform. 2015, 24, 149-157. [CrossRef]


http://doi.org/10.1016/j.mtcomm.2020.101200
http://doi.org/10.1016/j.msea.2020.139613
http://doi.org/10.1007/s11661-019-05340-8
http://doi.org/10.1007/s12540-019-00316-0
http://doi.org/10.3390/met9010030
http://doi.org/10.1016/j.msea.2020.139334
http://doi.org/10.1016/j.matchar.2019.109996
http://doi.org/10.1016/j.msea.2012.01.065
http://doi.org/10.1007/s11665-021-06044-0
http://doi.org/10.1016/j.commatsci.2013.11.029
http://doi.org/10.1016/j.matdes.2016.02.052
http://doi.org/10.1016/j.jallcom.2015.04.008
http://doi.org/10.1016/j.msea.2020.139939
http://doi.org/10.1007/s42243-020-00462-5
http://doi.org/10.1016/j.matchar.2018.10.031
http://doi.org/10.1016/j.rinp.2019.102426
http://doi.org/10.1016/S1003-6326(19)65022-3
http://doi.org/10.1016/j.jallcom.2011.07.014
http://doi.org/10.1007/s11665-021-05589-4
http://doi.org/10.1016/j.jmapro.2018.12.019
http://doi.org/10.1007/s13369-018-3629-9
http://doi.org/10.1016/j.measurement.2018.12.072
http://doi.org/10.1016/j.msea.2017.11.056
http://doi.org/10.1016/S1003-6326(12)61688-4
http://doi.org/10.1016/j.jallcom.2014.10.118
http://doi.org/10.1016/j.jallcom.2017.09.107
http://doi.org/10.1007/s11665-014-1310-3

Materials 2022, 15, 3161 16 of 16

45.

46.

47.

48.

49.

Zhang, C.; Zhang, LW.; Shen, W.F; Liu, C.R;; Xia, Y.N. The Kinetics of Metadynamic Recrystallization in a Ni-Cr-Mo-Based
Superalloy Hastelloy C-276. J. Mater. Eng. Perform. 2016, 25, 545-552. [CrossRef]

Guo, S.; Liu, J.; Du, B,; Liu, S.; Zhang, X.; Li, D. An Investigation on Constitutive Relation and Dynamic Recrystallization of
Hastelloy C-276 Alloy During Hot Deformation. J. Mater. Eng. Perform. 2020, 29, 5902-5912. [CrossRef]

Li, B;; Du, Y,; Chu, Z.; Zhou, W,; Yang, X. Research on dynamic recrystallization behavior of Ni-Fe-Cr based alloy. Mater. Charact.
2020, 169, 110653. [CrossRef]

Zhang, C.; Tang, X.L.; Zhang, L.W.; Cui, Y. Cellular automaton modeling of dynamic recrystallization of Ni-Cr-Mo-based C276
superalloy during hot compression. J. Mater. Res. 2019, 34, 3093-3103. [CrossRef]

Chen, Q.; Meng, Y.; Lin, ].Y;; Xiao, H.; Huang, Z.Q.; Sugiyama, S.; Yanagimoto, ]J. Microstructural evolution of a niobium-
microalloyed steel during hot shear deformation and subsequent cooling. J. Mater. Process. Technol. 2022, 300, 117417. [CrossRef]


http://doi.org/10.1007/s11665-015-1756-y
http://doi.org/10.1007/s11665-020-05057-5
http://doi.org/10.1016/j.matchar.2020.110653
http://doi.org/10.1557/jmr.2019.218
http://doi.org/10.1016/j.jmatprotec.2021.117417

	Introduction 
	Experimental Material and Procedure 
	Results and Discussion 
	High-Temperature Compression Characteristics 
	Classical DRX Kinetics Model 
	Identification of Xdrx  
	Identification of c  and 0.5  
	Identification of n  
	Verification of Classical DRX Kinetic Model 

	An Improved DRX Kinetics Model 
	Determination of c  and 0.5  
	Determination of n  
	Verification of the Improved DRX Kinetic Model 


	Modeling the DRX Grain Size 
	Conclusions 
	References

