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Abstract: Adjusting the density of low-energy boundary, i.e., £3” twin boundary, in a thermal-plastic deformation
process is a significant approach to enhance grain boundary-related properties for an alloy. In order to uncover the
distribution and evolution of twin boundary density in a current-heating forming process, and their inner mechanisms
dependent on grain size and stored-energy, an electrical-thermal-mechanical multi-field coupling and macro-micro
multi-scale coupling finite element model was established. Simulation results of isothermal compression processes for
Ni80A superalloy show that twin-boundary density keeps constant in the heating and holding stages, while it increases
quickly and then intends to decrease in the compressing stage. Its distribution gets more homogeneous under high
temperature and medium strain rate. The processing parameter domains corresponding to finer grain size and higher
stored-energy, as well as higher dynamic recrystallization degree, contribute to promoting the twin boundary density.
Key words: 23" twin boundary; multi-scale coupling simulation; current-heating forming; nickel-based superalloy

1 Introduction

Ni80A superalloy, as a typical nickel-based
heat-resistance alloy with low stacking fault energy,
has been widely used in the components of marine
diesel engines and advanced gas turbine engines in
virtue of its excellent comprehensive properties
such as high strength, superior corrosion resistance
and great creep-strength [1-3]. These components
generally work in elevated temperature and strong
corrosive conditions [4]. Such extreme service
environments put forward a higher demand on the
comprehensive properties of this alloy [5]. Traditional
method for improving the comprehensive properties

of an alloy is to obtain the grain refinement micro-
structures induced by dynamic recrystallization
(DRX) [2,6]. Nevertheless, grain refinement may
reduce the ductility and the high-temperature
creep property of alloys [7,8]. Grain boundary
engineering (GBE) whose purpose is to manipulate
the grain boundary character distribution (GBCD)
of alloys, provides a solution [9]. According to
GBE, there exist some special boundaries, often
denoted as 3" (n=1, 2, 3) twin boundaries, in the
microstructures of alloys with low and medium
stacking fault energy. High proportion of low-
energy boundaries can effectively improve the
boundary-related properties of an alloy [10—12].
It is worth noting that the Ni8OA components are
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usually manufactured by thermal forming processes,
such as electric upsetting and die forging [13,14].
Therefore, it is quite meaningful to study the
distribution and evolution of twin boundary density
during the thermal-plastic deformation of NiSOA
superalloy, and even identify the optimized thermal
deformation conditions for acquiring higher twin
boundary density.

Hitherto, there have been many studies on
describing the evolution behaviors of twin
boundaries during the thermal-plastic deformation
processes of nickel-based alloys. AZARBARMAS
et al [15] investigated the twin boundary evolution
in a hot deformation process of Inconel 718 alloy,
and found that the formation of twins is promoted
by DRX process. BOZZOLO et al [16] studied the
twin density evolution during a hot torsion process
of a nickel-based alloy, and the results suggested
that twin boundary density decreases with
increasing grain size and decreasing grain boundary
velocity. PRADHAN et al [17] elaborated the
influence of thermal processing parameters on twin
boundary evolution during the thermal deformation
process of 617 alloy, and found that the rapid
migration of high-angle boundaries is not always
favorable to twin boundaries. JIANG et al [18]
analyzed the evolution of twin boundaries in a low
strain rate hot deformation for 617B alloy, and the
results showed that X3" boundaries are sensitively
influenced by deformation temperature. From these
studies, it can be concluded that the twin boundary
density is governed by the synergistic effects of
DRX, grain growth and twin formation, and all
these mechanisms are sensitively dependent
on the thermal-processing parameters including
temperature, strain and strain rate [19-21]. A
widely accepted fact is that the distributions of
temperature, strain and strain rate on billet are
generally uneven in a certain thermal deformation
process. Thereupon, the distribution of twin
boundary density is accordingly uneven and
dynamically changeable in time—space domain. It is
exceedingly difficult to track or directly observe the
distribution and evolution of twin boundary density
in a thermal deformation process of an alloy. Finite
element method (FEM) is suitable for solving this
problem.

The kinetic equations for describing the twin
boundary density evolution are essential to
construct the FEM model. In the past, a number of

scholars developed various models to characterize
the twin density evolution. GLEITER [22] built an
atomic model to predict the twin density in an
annealing process of Ni—Al alloy. PANDE et al [23]
reviewed Gleiter’s model, and proposed a semi-
empirical model to characterize the evolution of
twin boundary density in the process of grain
growth. CAHOON et al [24] modified Pande’s
model by accounting for the influence of prior
strain on the formation of twin boundaries in a
commercially pure nickel. However, these models
are established based on the static evolution process
of twin boundary density. In our recent work [25], a
physical model was developed to predict the twin
boundary density during the thermal-plastic
deformation process of Ni8OA superalloy. In this
model, twin boundary density is considered as the
function of stored-energy and grain size, and the
stored-energy can be calculated by average grain
size and thermal deformation parameters. In the
works of QUAN et al [26,27], the grain size
evolution during the thermal deformation of NiSOA
superalloy has been quantitatively evaluated using
Johnson—Mehl-Avrami—Kolmogorov equation and
Sellar model. Hence, the final kinetic equations can
be formed by combining the grain size evolution
models with the twin boundary density model.

In this work, an electrical-thermal-mechanical
multi-field coupling and macro-micro multi-scale
coupling FEM model was developed to uncover the
distribution and evolution of £3" boundary density
during the isothermal compression process of
Ni8OA superalloy. The optimized deformation
parameter domains, and their corresponding
mechanisms for improving the twin boundary
density were identified. The established FEM
model was validated by EBSD characterization.

2 Experimental

The studied material is Ni8OA superalloy
whose chemical compositions (wt.%) are as follows:
Cr20.87, Ti2.070, Fe 1.260, Al 0.680, Mn 0.630,
Si0.550, C0.069, S0.001 and balanced Ni. Six
standard cylindrical specimens with 10 mm in
diameter and 12 mm in height were separated from
an as-forged Ni80A bar. Five of them were used
for isothermal compression experiments and the
remaining one was prepared for the characterization
of the initial microstructures. The isothermal
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compression experiments were carried out at a
constant deformation temperature of 1100 °C and a
strain rate of 0.1 s™' on a Gleeble-3500 thermal
mechanical simulator. The experimental procedures
can be schematically illustrated as Fig. 1. Firstly,
the specimen was heated to 1100 °C at a heating
rate of 5°C/s, and held at that temperature for
3 min. Then, it was isothermally compressed to a
specified height reduction with the strain rate of
0.1 s!, followed by water quenching. Here, the
height reductions of the compression specimens
were designated as 20%, 30%, 40%, 50% and 60%,
corresponding to the true strains of 0.223, 0.357,
0.511, 0.693 and 0.916, respectively.

Holding

at 1100 °C Compressing
for 30 min

o >

‘(0 b

i 015"
L 0=20%-60%

Temperature

o)
%
%
@

0 Time
Fig. 1 Experimental procedures of isothermal compression
process

After the isothermal compression, both the
deformed specimens and the original one were
sectioned in half along their axes. The cutting
surfaces of the specimens were ground firstly, and
then electro-polished in an electrolyte consisting of
10% HCIO4, 10% CH3COOH and water at an
electrolytic voltage of 20V for 22s. The central
regions of the sectioned specimens were
characterized wusing electron back scattered
diffraction (EBSD) technology. And the collected
EBSD data were post-processed by Oxford
Instrument Channel 5 software, in which X3”
boundaries were identified based on Brandon
criterion [28]. The critical angles for distinguishing
the low-angle grain boundary (LAGB) and
high-angle grain boundary (HAGB) were set as 2°
and 15°, respectively. Grain size is determined
based on the regions bounded by HAGBs. The
grain orientation spread (GOS) criterion in
classifying DRX grain, sub-grain and deformed
grain is as follows [29]. If the average orientation
within a grain is higher than the critical angle of

LAGB (2°), this grain will be identified as a
deformed grain. If the average orientation within a
grain is lower than 2°, and the misorientation
between two adjacent regions surrounded by
LAGBs exceeds 2°, this grain will be identified as a
sub-grain. The rest are identified as DRX grains.
For the purpose of quantitatively describing the
content of X3” twin boundaries in microstructures,
the indicator of boundary length density (BLDs3,
um™'), i.e., the length of £3" twin boundaries per
unit area, was introduced [30]. It can be calculated
from EBSD maps by (N,'4)/A, where N, is the
number of map-pixels representing X3" twin
boundaries, 4 is the scanning step size, and A4 is the
area of observing window.

Initial microstructures of this alloy are
characterized as Fig.2. From the orientation
imaging map in Fig. 2(a), it can be found that there
are no obvious textures in the initial microstructures.
Figure 2(b) shows the EBSD map of initial
microstructures, in which HAGBs, LAGBs, X3, X9
and X27 boundaries are highlighted by black,
light-gray, red, green and purple lines, respectively.

microstructures  of

Initial

Fig. 2 studied
(a) Orientation imaging map; (b) EBSD map with X3”

alloy:

twin boundaries
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DRX grain, sub-grain and deformed grain are
marked in blue, yellow and red, respectively.
From Fig. 2(b), it is noticeable that the initial
microstructures consist of abundant equiaxed DRX
grains and a small amount of sub-grains. The grain
boundaries are relatively smooth, indicating that the
stored strain energy is small. The average grain size
was measured to be 34.8 um, and the initial twin
boundary density was calculated to be 0.0027 um™.

3 FEM model describing twin-boundary
density evolution

It is well known that the isothermal
compression process is essentially a combinational
issue of resistance heating and thermal-plastic
deformation, in which the specimen is heated to an
elevated temperature by direct current and then
deformed under the thermal-mechanical coupling
effects. For the evolution of X3” twin boundary
density, it depends on the variation of grain size and
stored-energy, and all these variables can be
calculated from three basic thermal deformation
parameters (temperature, strain and strain rate) [25].
Thereupon, the isothermal compression FEM
simulation for £3” twin boundary density evolution
can be summarized as two issues, i.e., electrical—
thermal-mechanical multi-field coupling method
and macro-micro multi-scale coupling analysis.

3.1 Electric—thermal-mechanical coupling analysis
method

As mentioned above, the FEM simulation of
isothermal compression process needs to consider
the coupling effects of electric—thermal-mechanical
multi-fields. Generally, such simulation process can
be performed on some typical FEM solving
platforms, such as MSC.marc, Abaqus, and Deform.
During an electric-thermal-mechanical coupling
analysis, the temperature field can be regarded as an
intermediate variable to link the electric—thermal
coupling module to the thermal-mechanical
coupling module. For the electric—thermal coupling
analysis, current density is calculated by Ohm’s
law, and the heat generated by resistance heating
can be calculated by Joule’s law. The temperature
field obtained from the electric—thermal coupling
analysis will be passed to the thermal-mechanical
coupling module to solve the plastic deformation of
billet. During the thermal-mechanical coupling

analysis, classic dynamic equilibrium equations are
employed to calculate the rigid displacement and
plastic flow of materials. Friction, plastic work and
heat transfer among objects are considered.
Furthermore, the temperature dependence of
material parameters including electric resistivity,
conductivity and heat-transfer coefficients is taken
into account as well. The matrix equations used in
the electric—thermal—mechanical coupling analysis
are summed up as Eq. (1) [31]:

0" =vI

KE(TW=1I

Mii+ Dii + KM(T,u,t\u=F + F"

C' (T +K" (T =0" +0F + Q"+ 0F

(1)

where QF represents the Joule heat matrix. ¥ and 1
represent the matrices of nodal voltage and current,
respectively. K5(7) represents temperature-dependent
electric conductivity matrix. M represents the mass
matrix. D is the damping coefficient matrix.
KM(T, u, 1) represents the stiffness matrix, which is
the function of temperature 7, node-displacement u
and time ¢. F represents the loading external force.
F" represents the thermal stress resulting from
uneven temperature distribution. CY(7) is the
temperature-related heat capacity coefficient matrix.
K'(T) represents the temperature-dependent heat-
transfer coefficient matrix. QT, Q' and QF represent
the heat flux matrices resulting from heat transfer,
plastic work and friction, respectively.

For a certain isothermal compression FEM
simulation, the electric field, temperature field and
mechanical field will be solved in sequence, and the
flow chart for the solution process is shown in
Fig. 3. Based on the electric—thermal-mechanical
coupling analysis algorithm, the distribution and
evolution of various macro indicators including
voltage, current density, temperature, energy density,
displacement, strain, strain rate and stress can be
obtained.

3.2 Macro-micro multi-scale coupling analysis

method

In order to simulate the distribution and
evolution of 3" twin boundary density, the kinetic
model incorporating the evolution of twin boundary
density is essential. According to our previous
work [25], for the thermal-plastic deformation
process of Ni80A superalloy, twin boundary density
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Matrix equations for thermal-plastic

deformation

l

Calculating the mechanical fields
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Converge?
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Calculating the heat generated by
plastic deformation and friction

l

Calculating the heat capacity matrix
and heat transfer matrix

l

Updating the energy density field
and temperature field

l

Updating the temperature-related
material parameters

Final step ?

Fig. 3 Flow chart of electric—thermal—-mechanical coupling analysis

(BLDs3+) can be expressed as the function of grain
size and stored-energy, as shown in Eq. (2):

(I+k, E, )ln(g]
—5 5

D

where D represents the average grain size, Do
represents the critical grain size, below which 3"
twin boundaries will not be generated, E represents
the stored-energy, and k) and k; are coefficients.

During the thermal-plastic deformation
process of an alloy, grain size is governed by the
comprehensive functions of DRX and grain growth
mechanisms. In the work of QUAN et al [26],
the DRX behaviors of Ni8OA superalloy were
investigated, and an Avrami-type equation was
established and successfully implanted into an FEM
software platform to simulate the evolution process
of DRX volume fraction. The formula of DRX

BLD

T
3" :Ekl (2)

kinetics can be shown as follows:

’

where Xux represents the DRX volume fraction.
Both k4 and fq are coefficients. & represents the
critical strain, below which DRX will not happen.
05 represents the strain corresponding to the DRX
volume fraction of 50%, and it can be evaluated by

Eq. (4):
£y s=as" exp[Q/(RT)]

E-¢,
X 4 =l-exXp| = B4 [

3)

€o.s

)
where a is a coefficient. m is the strain rate
sensitivity exponent. £ is the strain rate. R
represents the molar gas constant. Q is the
deformation activation energy at &s. As for the
critical strain &, it is proportional to the peak strain
(&p), as shown in Eq. (5):
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where a; is a coefficient. The peak strain under
different deformation temperatures and strain rates
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can be calculated by Eq. (6):

£,=a,é" exp[ 0, /(RT)]

where a; is a coefficient. m; is the strain rate

sensitivity exponent. ; is the deformation c
activation energy at peak strain. Moreover, the E =— 21
m
DRX grains size (Dar) can be evaluated by Eq. (7): D
The

D

where a3 is a coefficient. m», n and & are the

drx

=a,d)e"&é" exp[Q,/(RT)]

(5) where d represents the grain size growth and d,
represents the grain size before it grows up. m3 and
as are coefficients. Qs is the activation energy of
grain growth.

As

(7

exponents of strain rate, strain and initial grain size, above

respectively. O, is the activation energy for DRX. dy
represents the initial grain size. Then, the average
grain size can be evaluated by Eq. (8) [26]:

5 :dO( 1 _Xdrx)+D drxXdrx

It must be noted that the effect of grain growth
is considerable during the thermal deformation
process of Ni8OA superalloy. Here, the increase of
grain size resulting from grain growth mechanism

for Ni8OA superalloy can be evaluated by Sellar
model, as shown in Eq. (9) [27]:

d™ =d " +a,texp[—Q;/(RT)]

3.3 Isothermal compression FEM model
Combining the electric—thermal-mechanical

for the stored-energy £,
(6) calculated by Eq. (10) [25], in which #; is the grain
size exponent. Both c¢i and ¢, are coefficients,
varying with thermal deformation parameters.

P

solving process
coefficients in Egs. (2)—(10) are indicated in our
previous works [25—27]. To sum up, based on the

mathematical models

thermal-mechanical

boundary density evolution, DRX kinetics and grain
growth, the microstructural indicators including
grain size, DRX volume fraction, stored-energy and
twin-boundary density can be calculated. Finally, all
®) of these equations were implanted into an electric-
multi-field coupling FEM
model, so as to conduct macro-micro coupling
analysis. The flow chart for macro-micro coupling
analysis is shown in Fig. 4.

) coupling method with the macro-micro coupling
Time step +1
No .

&> ¢g,? Grain growth model

Yes ‘

Calculating the matrix

equations in electric- DRX kinetic equations Updating grain size

thermal-mechanical 1

coupling FEM analysis

l

Extracting the variables

&

e

—g,
€os

1, Ey) (D
BLD, :gk,(})éoln[ﬂj

0
c nm
Eg=—" In[D—]
DM [

of temperature, strain &us = aé" explO/(RT)] ¢
and strainrate D, = a,dye"é™ exp[Q,/(RT)] Stored energy
&, = a,¢" exp[Q\/(RT)] DRX fraction and DRX | | %3" twin boundary
&, = a5, grain size density
< Fnel g ==
Yes
End

Fig. 4 Flow chart for macro-micro coupling analysis
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analysis procedures, a two-dimensional and half-
symmetry isothermal compression FEM model was
established. Planar four-node quadrilateral element
was applied to meshing the cylindrical specimen
and anvils. The geometry and mesh of the
isothermal compression FEM model are presented
in Fig. 5. Four points (P1, P2, P3 and P4) on the
central axis of the specimen were selected as the
sampling sites for analyzing the evolution process
of various indicators. The lower anvil in pink was
defined as a fixed rigid body, while the upper anvil
in yellow was set as a mobile part with a definable
velocity (v). Current density, i.e., current intensity
per unit area (A/mm?), was loaded on the end
surface of the upper anvil. The end surface of the
lower anvil was defined as zero potential. Initial
temperatures of the specimen and anvils were set as
room temperature (20 °C). Heat radiation
coefficients of the anvils and specimen were set as
0.02. Considering the actual lubrication condition in
the isothermal compression experiments, the
friction coefficients between specimen and anvils
were specified as 0.3. The stress—strain data of
Ni80A superalloy were obtained from our previous
work [26].

Upper anvil
P4
P3 )
P2 —— Current density
Specimen P1 — Velocity
—» Zero potential
 Sampling site
Lower anvil

T

Fig. S FEM model of isothermal compression process

In order to simulate the real isothermal
compression process, the current loading needs to
be designed carefully. After repeated attempts, the
current loading paths corresponding to different
temperatures (1000—1150 °C) for the heating and
holding processes were designed and shown in
Fig. 6. For the compression process, the designed
current loading paths are exhibited in Fig. 7.

To ensure the relatively constant strain rate in
isothermal compression process, the velocity of

upper anvil needs to be planned. Here, a conversion
relationship between strain rate (&) and
compressing velocity (v) is shown in Eq. (11), by
which the loading path of anvil velocity
corresponding to each constant strain rate can be
designed [26]. Taking the strain rate of 0.1 s as an
example, the planned upper anvil velocity is shown
in Fig. 8.

v=h,cexp(—é&t) (11)
where /o represents the original height of the

isothermal compression specimen, and ¢ is the
duration time of compression process.

2800
& 2400
g —
g
< 2000
=
5
< 16001 — 1000 °C
5 — 1050 °C
£ — 1100 °C
o 1200 — 1150 °C
800 . . . .
0 50 100 150 200

Time/s
Fig. 6 Designed current loading paths for heating and
holding processes

4 Results and discussion

4.1 Distribution and evolution of grain size in

time—space domain

Based on the established FEM model, for the
deformation condition of 1100 °C and 0.1 s™!, the
grain size distribution and evolution in different
stages of isothermal compression process are
illustrated in Fig. 9. In Fig. 9(a), the nephograms
(a") and (b") represent the grain size distributions at
the end of heating and holding stages, respectively.
It can be seen from Fig.9(a) that due to the
short heating time, grain growth is not provoked
completely at the heating stage, while the effect
of grain growth is remarkable at the holding
stage. Additionally, the grain size distribution is
inhomogeneous and the larger grain size appears in
the center of the specimen because of the relatively
in the interior of
the specimen. According to Fig. 9(b), at the
compressing stage, DRX occurs and grain size is
refined accordingly. The grain size in the center of

high temperature existing
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the specimen is finer owing to the higher DRX
degree where the plastic deformation is more
sufficient.

In order to analyze the influence of
deformation conditions on grain size evolution, the
final grain size distributions of the specimens
deformed under different isothermal compression
conditions are presented in Fig. 10. An apparently

similar feature in these grain size distributions is
that the finer grain size appears in the central region
of the specimens. Besides, it seems that the
fine-grain region gets larger with increasing
temperature and strain rate. Reasons for this
phenomenon are as follows. When the specimen is
deformed under a higher deformation temperature,
most material of the specimen will be yielded and
deformed. Accordingly, the plastic deformation in
specimen is more sufficient, thereby promoting the
DRX process and enlarging the fine-grain region.
On the other hand, the lower strain rate is generally
favorable for coordinating the uneven plastic
deformation in specimens. Therefore, the more
homogeneous grain size distributions can be
obtained under lower strain rates. From the
nephograms of grain size distribution, it is found
that the fine-grain region becomes smaller at the
lower strain rate.

To better describe the influence of deformation
parameters on grain size evolution, the values of
grain size and DRX volume fraction at sampling
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Fig. 9 Distribution and evolution of grain size at heating and holding (a) and compressing (b) stages of isothermal
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point P1 of the specimens were extracted, and their
variations with temperature and strain rate are
plotted in Figs. 11(a) and (b), respectively. It can be
seen from Fig. 11(a) that grain size decreases with
increasing strain rate and decreasing temperature.
According to Fig. 11(b), DRX volume fraction is
remarkably higher at high temperature and low
strain rate. It is well known that DRX is a thermal
activated process. Higher deformation temperature
contributes to promoting the nucleation and growth
of DRX grains. Lower strain rate can provide
enough time for the occurrence of DRX process.
That’s why the higher DRX fraction intends to
appear at higher temperature and lower strain rate.
It is worth noting that the effect of grain growth
mechanism will be weak when the specimen is
deformed at low temperature [32]. The tangles and
intersections among dislocations will be intensified
at high strain rate, which is favorable for the
nucleation of DRX grains [33]. Because of the high
nucleation rate of DRX grains and low grain growth
velocity under higher strain rate and lower
temperature, the finer grain size is obtained.

As the isothermal compression experiments of
Ni80OA superalloy over the studied deformation
parameters have been done in our previous
work [25], the grain size distribution (Fig. 11(a))
and DRX volume fraction distribution (Fig. 11(b))
can be verified. The average relative error between
simulated grain size and experimental one was
evaluated as 11.4%, which indicates that the
simulated grain size is reliable. In addition, the
variations of grain size and DRX volume fraction
with processing parameters are in good agreement
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with the experiment results obtained in our

previous work [25].

4.2 Distribution and evolution of stored-energy
in time—space domain
As twin boundary density depends not only on
grain size, but also on stored-energy, it is essential
to the distribution and evolution of
stored-energy during the isothermal compression
process of Ni80OA superalloy. Figure 12 shows the

reveal

evolution and distribution of stored-energy in
spacial and temporal domains at the deformation
temperature of 1100 °C and the strain rate of 0.1 s,
Clearly, the stored-energy basically remains
constant during the heating and holding stages,
while it increases rapidly until the peak in the early
stage of the compressing process, and then it
decreases slowly with further increasing strain.
Moreover, it can be noted from Fig. 12 that the
stored-energy in the central region of the specimen
reaches its maximum earlier, and decreases at a
faster rate. The final stored-energy distribution is
inhomogeneous, and the higher stored-energy
values appear in the near surface regions of the
specimen. A widely accepted fact is that
stored-energy is directly determined by dislocation
density [34], and the variation of stored-energy is
affected by various mechanisms including work
hardening (WH), DRX, dynamic recovery (DRV)
and grain growth. At the heating and holding stages,
DRV and grain growth are dominant, therefore, the
dislocation density intends to decrease. In view of
the initial microstructures composed of dislocation-
free grains, the stored-energy always keeps in a low

(b)

DRX volume fraction

o

- 0.80
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I 050
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Fig. 11 Variations of grain size (a) and DRX volume fraction (b) at sampling site P1 for specimen deformed at various

temperatures and strain rates
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level at the heating and holding stages. In the
compressing stage, dislocation density first
increases due to WH, and then decreases with the
occurrence of DRX process. Accordingly, the stored-
energy increases firstly and then decreases slowly.
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Figure 13 illustrates the final stored-energy
distribution of the specimens deformed under
different isothermal compression conditions.
According to Fig. 13, it can be found that the
stored-energy distribution varies widely under
different deformation conditions. Here, for the
purpose of assessing the distribution characteristics
of stored-energy, the indicator standard deviation
(SD), which represents the heterogeneity of stored-

energy distribution, is introduced. It can be

calculated by Eq. (12).

SDle(ﬁi—Hav)z (12)
]

where O; represents the average value of stored-
energy for any element, 6., represents the average
value of stored-energy in the billet, and n is the
number of billet elements. The SD-values under
diverse thermal deformation conditions were
figured out, and the results are shown in Table 1.
From Table 1, it is apparently seen that the stored-

10 s7!
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Fig. 13 Spacial distribution of stored-energy at end of isothermal compression process under different deformation

conditions (Unit: MJ/m?)
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Table 1 SD-values of stored-energy for specimens
deformed under different conditions

Temperature/ SD/(MJ-m™)
°C 00ls' o0l1s' 1s! 10s7!
1000 2.54 6.48 28.26 87.73
1050 1.16 5.57 20.53 72.87
1100 0.40 3.48 13.90 60.08
1150 0.20 3.20 8.26 35.15

energy distribution becomes more and more
homogeneous with increasing the deformation
temperature and decreasing strain rate. These
phenomena may be caused by the following reasons.
Firstly, the higher temperature is beneficial to
reducing the deformation resistance of alloy, which
makes the plastic deformation of specimens more
homogeneous. Secondly, plastic deformation can be
coordinated well under lower strain rates because
there is enough time for the grain rotation and slip
system activating. In addition, the material near the
surface of specimen can be heated to an elevated
deformation temperature when the specimen is
deformed at a low strain rate and a high temperature,
which expands the impact range of DRX and makes
the stored-energy distribution more homogeneous
on the specimen.

4.3 Distribution and evolution of twin boundary
density in time—space domain

The distribution and evolution of twin
boundary density at deformation temperature of
1100 °C and strain rate of 0.1 s™! are obtained based
on FEM simulation, and the numerical results
are shown in Fig. 14. Similar to the trend of
stored-energy, twin boundary density keeps roughly
constant in the heating and holding stages on
the ground of the slightly increasing grain size
and basically constant stored-energy. At the
compressing stage, twin boundary density increases
firstly and then decreases after it reaches the peak.
The reasons accounting for the variation tendency
of twin boundary density are as follows. During the
isothermal compression process, when the plastic
strain exceeds the critical value of DRX onset,
abundant DRX grains nucleate and grow up. The
possibility of stalking fault increases in virtue of the
rapid grain boundary migration during the growth
of new-born DRX grains [22,23,35]. Thereupon,
twin boundary density increases significantly

along with the continuously increasing DRX degree.
With the further increasing compression strain,
stored-energy is heavily consumed (Fig. 12), and
the driving force for grain boundary migration
decreases correspondingly [36]. More importantly,
the space for grain growth is limited because most
original grains have been replaced by refined DRX
grains. Therefore, the twin boundary density intends
to decrease at the later stage of DRX process.

Heating
0.20 | .
_ and ! Compressing
's holding
= !
2 015} 0.196 |
é 0.183 | _
5 0.169 :‘
2 0.156
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Fig. 14 Distribution and evolution of twin boundary

density during isothermal

1100 °C and 0.1 57!

compression process at

In order to clarify the influence of temperature
on the distribution and evolution of twin boundary
density, the isothermal compression processes were
simulated at different deformation temperatures and
a constant strain rate. Since the twin boundary
density keeps basically constant during the heating
and holding stages, its evolution in the two stages
will be ignored in the following discussion.
Figure 15 reveals the distribution and evolution of
twin boundary density in time—space domain for the
specimens deformed at different temperatures and a
constant strain rate of 0.1 s'. It is evident that with
increasing temperature, the formation of twin
boundaries is accelerated firstly and then delayed.
At the lower deformation temperature, DRX
process is retarded, which decreases the nucleation
rate of twin boundaries [32]. On the other hand, the
higher deformation temperature would lead to
coarser grain size, thus also decreasing the twin
boundary density [30]. Moreover, it can be
observed from Fig. 15 that the region with
higher twin boundary density changes under
different deformation temperatures, and the twin
density distribution is more homogeneous at higher
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temperatures. Reasons accounting for these results
are as follows. It has been acknowledged that for
the constant strain rate of 0.1 s~!, DRX occurs more
completely at higher temperatures, as shown in
Fig. 11(b). The higher DRX degree contributes to
forming twin boundaries. However, it must be
mentioned that the DRX process will consume
abundant stored-energy. At the later stage of DRX
process, twin boundary density intends to decrease
owing to the over-consumed stored-energy, as
shown in Fig. 12. Accordingly, the twin boundary
density in the central region of specimen begins to
decrease (Fig. 14). Thus, the largest twin boundary
density regions shift from the center of the
specimen to the near edge regions of the specimen

with the further increasing compression strain.
Meanwhile, the twin boundary density in the near
edge regions of specimen keeps increasing at the
compressing stage, and the difference of twin
boundary density between the central and near edge
regions becomes smaller with the proceeding of
compression process. Consequently, the final twin
boundary density distribution looks more
homogeneous at the higher deformation temperatures.

Figure 16 reveals the spacial and temporal
distribution of twin boundary density in isothermal
compression process in the strain rate range of
0.01-10s™! at 1100°C. It is apparent that the
distribution of twin boundary density is complex
under the varying strain rates. At the lower strain
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rate of 0.01 s!, the grain size is coarser (Fig. 11(a))
and the stored-energy is smaller (Fig. 13).
Correspondingly, the twin boundary density is
lower. As for the higher strain rates, the twin
boundary density distribution is uneven and their
values are lower. It can be attributed to the fact
that the higher strain rate provides less time for
the growth of DRX grains, thus decreasing
the possibility of grain growth accident. More
importantly, according to Table 1, the stored-energy
distribution is extremely uneven when the specimen
is deformed at higher strain rates. This is the main
factor causing the uneven twin density distribution
at higher strain rates. In a word, the distribution of
twin boundary density is more homogeneous at
medium strain rate.

Furthermore, the variations of twin boundary
density at the sampling point P1 for the specimens
deformed under diverse temperatures and strain
rates were extracted and exhibited in Fig. 17. It is
apparent that twin boundary density intends to
increase with increasing true strain under all
the studied isothermal compression conditions.
Particularly, there are two favorable thermal
processing-parameter windows, i.e., 1075—1125 °C,
0.032-0.316s' and 1000-1050 °C, 1-10s7",
where the twin boundary densities are obviously
higher. And the mechanisms underlying the two
windows are different. For the window of
1000—-1050 °C and 1-10s™!, finer grain size and
higher stored-energy are obtained, as shown in
Figs. 11(a) and 13. It has been proven that the finer
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grain size can effectively promote the twin
formation in DRX process [16,30]. The higher
stored-energy represents stronger driving force for
grain boundary migration, which can accelerate the

nucleation and growth of twin boundaries [36,37].
As for the other window of 1075—1125 °C and
0.032—0.316s!, the DRX volume fraction is
remarkably higher according to Fig. 11(b). Besides,
the power dissipation maps of Ni80OA superalloy
achieved from our previous work also proved that
the DRX occurs more easily under the mentioned
thermal deformation domains [6]. Therefore, the
higher twin boundary density was obtained under
this condition because of higher DRX degree.

5 Validation based on microstructure
characterization

In order to validate the reliability of the
established FEM model, microstructures of the
specimens deformed at 1100 °C and 0.1 s with
different height reductions were characterized, and
the results are shown in Fig. 18. When the specimen
was compressed to the height reduction of 20%, the
original grains were elongated and the twin
boundary fraction was still relatively low, as shown
in Figs. 18(a, a'). With increasing the plastic strain,
the initial grains were gradually refined due to the
occurrence of DRX, as shown in Figs. 18(b—e) and
(b'—¢'). In addition, it can be noticed from
Figs. 18(b—e) and (b'—e’) that the fraction of X3
twin boundaries got higher with the proceeding of
compression process. And the fraction of X9 and
327 twin boundaries also increased with increasing
the plastic strain. There is a widely acknowledged
fact that the twin boundaries can interact with each
other and lead to “multiple twining” phenomenon
when the twin boundary density exceeds a threshold
value [20]. The interactions among twin boundaries
can be described in Eq. (13). That is to say, the
formation of X3, X9 and %27 twin boundaries can
promote each other.

23+X3-529
T3+X 95327 (13)
TO+2275%3

To verify the simulated grain size and twin
boundary density, the grain size values and the
BLDss-values of these EBSD maps were counted
and calculated, and both the experimental values
and the simulated results were presented in Fig. 19.
Figure 19(a) exhibited the comparison of grain size
between simulated results and experimental ones.
The average relative error of grain size in Fig. 19(a)
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Fig. 18 Microstructures of specimens deformed at 1100 °C and 0.1 s™! with different height reductions: (a, a') 20%;

(b, b') 30%; (c, c') 40%; (d, d) 50%; (e, €') 60%

was evaluated as 5.03%, which indicates that the
grain size model used in this work is credible.
Figure 19(b) revealed the comparison of simulated
twin densities with the measured ones. The
nephograms in Fig. 19(b) showed the distributions
of twin boundary density obtained from FEM
simulation. It can be seen from Fig. 19(b) that the
variation tendency of twin density obtained from

numerical simulation is in agreement with the
experimental results. The average relative error
between simulated twin boundary densities and the
experimental ones was evaluated as 6.14%, which
indicates that the established FEM model can
well describe the evolution and distribution of
twin boundary density during the isothermal
compression process of Ni80OA superalloy.
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6 Conclusions

(1) An electro—thermal-mechanical multi-field
and macro-micro multi-scale coupling FEM model
was established to unravel the distribution and
evolution of twin boundary density in the current-
heating forming process of Ni80A superalloy.

(2) During the heating and holding stages,
the distribution of twin boundary density keeps
basically unchanged because of the slowly
increasing grain size and roughly-constant stored-
energy. During the compressing stage, twin
boundary density increases firstly, and then
decreases owing to the over-reduced stored-energy.
Besides, the distribution of twin boundary density is
more homogeneous under higher deformation
temperature and medium strain rate.

(3) Two favorable thermal processing
parameter windows corresponding to higher twin
boundary density were identified. One is
1000—1050 °C and 1-10 s}, where finer grain size

and higher stored-energy are beneficial to the
nucleation and growth of twin boundaries. The
other is 1075—1125 °C and 0.032-0.316 s™', where
higher DRX degree contributes to the formation of
twin boundaries.

(4) The established FEM model was validated
by microstructure characterization. The average
relative error between simulated twin boundary
densities and the experimental ones was evaluated
as 6.14%, which indicates that the established
FEM model can well describe the evolution and
distribution of twin boundary density during the

isothermal compression process of NiSOA
superalloy.
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