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Abstract: A kind of surface instability, basin-like depression defect companied by mixed grain structure at the bottom
of large-scale valve during electric upsetting process, would significantly influence the microstructures and mechanical
properties of components. In order to analyze the forming process of the basin-like depression defect, a finite element
model for the electric upsetting process of Ni8OA superalloy was developed using multi-field and multi-scale coupling
analysis method. Subsequently, a series of parameters loading path schemes for force and current were designed by
varying the initial value, peak value and value level, and their effects on basin-like depression and mixed grain structure
were simulated and uncovered. It is concluded that the changes of heating speed and pressurization speed result in the
different flow velocities between the inner and outer layers of billet, thus exerting the basin-like depression. Simulation
results also indicate that these defects can be optimized through the parameter coordination between force and current.
Finally, the validity and reliability of the finite element model were verified by physical experiments in electric
upsetting process.
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pursued [1-3]. Ni-based heat-resistant superalloys
are always extensively applied in two-stroke engine
valves, meanwhile, hot forging is considered

1 Introduction

Large-scale valve is a kind of typical disc-rod
component that works as the mostly stressed
exhaust controller in a working cycle of two-stroke
diesel engine. Its severe serving conditions
involving high temperature, high pressure, high
corrosion, high scouring velocity, etc, make itself a
vulnerable component in the whole engine.
Consequently, its excellent mechanical properties
and even its excellent serving performance are

as an efficient approach to achieve the pursued
mechanical properties. However, the material
flowing and the microstructure evolution in a hot
forging process of this type alloy exhibit very high
sensitivity to the processing parameters including
temperature, strain and strain rate [4—6].

As a kind of typical disc-rod component
having a very large difference in diameter between
the original bar and the disc, large-scale valves
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always rely on the electrical upsetting process. In
such a process as shown in Fig. 1, a direct current
with step change is passed into a portion of the bar
material, meanwhile, the hydraulic force is loaded
on another end of the bar. Thus, on the one hand,
the portion loaded by current is heated up to the
plastic state by the electrical resistance of material
itself; on the other hand, the hot material is yielded
and compressed by the force. As this process is
continued, a large portion of the bar material will be
formed into a desirable shape. For a long-time
electrical upsetting process, a kind of surface
instability defect, i.e. basin-like depression always
appears at the disc bottom of the formed piece. It is
certain that the three basic process parameters
including strain, strain rate and temperature
determine a hot forming process. For an electrical
upsetting process, these three parameters are
induced by the two key variables including current
and upsetting force. Consequently, the loading
mode design and optimization of the two process
variables are so significant.

The surface instability defect, basin-like
depression, always induces the microstructural issue
of mixed grains. As shown in Fig. 2, a region of
mixed grains extends from one corner of the basin-
like depression. During a hot forming process the
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Fig. 1 Schematic drawing of electric upsetting process:
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occurrence of mixed grains is determined by the
comprehension of grain growth mechanism and
dynamic recrystallization (DRX) mechanism which
are sensitive to the three basic process parameters
including strain, strain rate and temperature. Near
the basin-like depression the region of mixed grains
is a typical consequence of the uneven distribution
of these three process parameters [7-9]. The
existence of mixed grain defect always results in
the decline of comprehensive properties related to
grain boundary and mechanical properties of a
component. Therefore, it is significant to study the
forming mechanisms of the basin-like depression
defect in an electric upsetting process. It is
generally recognized that grain size difference in
mixed grain domain exceeds two grades in a field
of microscopic view [10]. To identify the mixed
grain domain, two grades in grain size at basin-
like depression domain correspond to grain size
difference of approximately 40 um. So, in
simulation diagram of grain size, one interval in
legend label is set as about 20 um. At local domain
of simulation results, in Fig. 2(c), the number of
intervals in legend label is more than 2. Such a
domain is considered as mixed grain structure.

So far, previous researchers have proposed the
influence of processing parameters on electric
upsetting. NUASRI and AUE-U-LAN [11]
evaluated anvil speed, upsetting load and heating
voltage on the material flow as well as the heating
characteristics in electric upsetting process. JEONG
et al [12] researched the influence of electric current
and the upset load on valve forming process
and its shape optimization. ELAIYARAJA and
PERIYASAMY [13] acquired different shapes of
workpieces without defects by varying upset
pressure, anvil position and anvil velocity of
electric upsetting process. For the specific defect
investigation, SUN et al [14] studied the damage
in microstructure of deformed material which
is induced by the overheat effect during electric

(b) (©

Simulation diagram of grain size

Fig. 2 Schematic drawing of basin-like depression (a), mixed grain structure (b), and simulation result of grain size (c)
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upsetting process. QUAN et al [15] reported that
the change of material resistivity would lead to
secondary upsetting defect of electric upsetting.
NUASRI and AUE-U-LAN [16] also paid attention
to the influence of the different size chamfers on
defect of “surface dimple” in electric upsetting
process. In addition to macro analysis on shape,
QUAN et al [17] constructed a finite element (FE)
model with electrical-thermal-mechanical multi-
field coupling and macro—micro multi-scale
coupling methods to reveal the microstructural
evolution in electric upsetting process for
3Cr20Ni10W?2 alloy, which provides a basis for the
subsequent microscopic investigations. Several
such investigations reveal that the electric upsetting
parameters are related to the forming shape and
grain uniformity. However, few investigations of
the basin-like depression and the mixed grain
structure defects in the electric upsetting process
have been carried out.

In the present work, in allusion to the defect of
basin-like depression commonly existed in large
scale electric upsetting, multi-field and multi-scale
coupling electric upsetting model was constructed
by the thought of simplified models. The finite
element simulation of electric upsetting for Ni80A
superalloy was carried out, and the forming process
of the defect was analyzed. The investigation of
defects based on different currents and forces was
redesigned, from which the influence of the two key
variables on basin-like depression and mixed grain
structure was uncovered. Simulation results indicate
that the defect mitigation through parameter
optimization is feasible.

2 Finite element model of electric
upsetting process

2.1 Multi-field and multi-scale coupling analysis

method

The numerical analysis of the electric
upsetting process as a coupled issue involving
electric, thermal and mechanical field, and
the microstructure evolution induced by the
comprehension of two mechanisms including grain
growth and DRX, can be summarized as two
solutions, i.e., electrical-thermal-mechanical multi-
field coupling and macro—micro multi-scale
coupling.

The usual finite element solvers utilizing the

staggered solution procedure, can solve the multi-
field coupling issue. In this approach, nodal
voltage, nodal temperature and nodal displacement
are achieved by solving electric, thermal, and
mechanical problem, respectively. The solution
concerning  electric, thermal and
mechanical methods are expressed as [18]

matrixes

K" (T)V=I
CH(T)T+K" (T)T=0+Q" +0'+0" (1
Mii+Dii+ K" (T, u, t)u=F+F"

where V, T, u and I are the node voltage vector, the
node temperature vector, the node displacement
vector, and the node current vector, respectively;
K:(T), C"(T), and K"(T) are the potential matrix,
the heat capacity matrix, and the thermal
conductivity matrix, respectively, which are related
to the temperature; Q is the flux vector; QF is the
heat generated due to the electrical flow vector; Q'
is the heat generated due to the plastic deformation
vector; QF is the heat generation due to the friction
vector; M is the mass matrix; p is the damping
matrix; K™(T, u, t) is the stiffness matrix associated
with temperature, strain and time; F is the vector of
the external applied force; F' is a vector of forces
generated by the thermal strain.

Figure 3 illustrates the schematic diagram of
coupling relationships about electrical-thermal—
mechanical multi-fields [18]. During the coupling
process, heat generation Q%, Q' and QF result from
electrical flow, plastic deformation and friction,
respectively. Besides, coupling problems may also
be caused by temperature-dependent electrical rates
K* and mechanical stiffness K™. In thermal
analysis, coupling problems can also arise from
convection, radiation, temperature-dependent thermal
conductivity, and specific heat capacity.

QE FT KM
Thermal

KE Ql, QF

Fig. 3 Schematic drawing of electrical-thermal—

Electrical Mechanical

mechanical coupling method

In the solving process of macro—micro scale
issue, not only the deformation in macro-scale, but
also the microstructural evolution mechanisms in
micro-scale including DRX and grain growth, are
relative to the three basic parameters, i.e. strain,
strain rate and temperature. Here, a Johnson—



Guo-zheng QUAN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 32763290 3279

Mehl-Avrami—Kolmogorov (JMAK) numerical
model (Eq. (2)) [19,20] is introduced to express
the DRX volume fraction kinetics. In the solving
process of macro—micro scale issue by finite
element method (FEM), the nodal parameters
including strain, strain rate and temperature at every
deformation increment are inputted into the DRX
kinetic equation to achieve the instant DRX volume
fraction [18].

kq
£-¢,
Xprx =1—exp _ﬁd( ]

0.5

£.=aE,

sy Q] j (2)

E,=a,€""exp (—

Eys=a;E"exXp (%j

where ¢ is the critical strain; g, is the peak strain;
€05 1s the strain of the dynamic recrystallization
(DRX) volume fraction reaching 50%; S and kq are
the material constants; O and O are the deformation
activation energy under different conditions, as for
Ni80A superalloy, here, (:=33332.13 J/mol,
0,=47009.41 J/mol; Xprx is volume fraction of
DRX; ai, az, a3, m; and m; are material constants, as
for Ni8OA superalloy, here, a;=0.403, a,=0.012415,
a3=0.0061, m;=0.248 and m»=0.053.

Since the volume fraction of DRX has been
calculated from the above equations, the acquisition
of DRX grain size is the following job. Here, a
Sellars-type model (Eq. (3)) [21] is applied in
expressing DRX grain size when the volume
fraction of DRX is below 95% and strain is above
critical strain. In this equation, DRX grain size is
determined by initial grain size, strain rate and
deformation temperature.

d, =ad'e"e"exp| 2 3
drx 0 p(RTj (3)
Pressure

Current
Voltage

Anvil

Velocity;

Fig. 4 Finite element model of electric upsetting process

where dar is the grain size of DRX; dj is the initial
grain size, a, h, n and m are material constants,
here, a=0.00025, h=1, n=0.39, m=—0.07; Q is the
deformation activation energy, and its value here is
80505.1 J/mol.

In addition, another Sellars-type model as
Eq. (4) is used to describe the grain growth kinetics
when the volume fraction of the DRX is above
95% [20]. In this equation, the grown grain size is
expressed by the function of initial grain size,
heating temperature and holding time.

d™ =dy"* +aztexp[Q,/(RT)] (4)

where d is the grain size after growth; a4 and m» are
material constants, and here, a4s=120028, m>=2; Q4
is the activation energy after growth, and
04=92442.75 J/mol; ¢ is the holding time. These
important model parameters in the JMAK equations
and Sellars-type equations are introduced in details
in the literature [22,23]

2.2 FEM model of electric upsetting process

In order to uncover the formation mechanism
of basin-like depression defect and its influence on
the microstructures in an electric upsetting process,
a 2D-semi-symmetric finite element model with
multi-field and multi-scale coupling was established
(see Fig. 4) based on the commercial solver platform
MSC. Marc using electrical-thermal-mechanical
module. In this model, the billet was set as a plastic
object, while the anvil and the clamping electrode
were set as rigid objects. Since in a large-scale
electric upsetting process, the plastic object is
suffered from a severe deformation, the mesh-
generator program will regenerate the mesh
automatically at any geometrical changes of region
elements and will generate mesh on the regions
having no mesh. When the boundary of
current flow was defined, the left side of anvil and

Clamping electrode

Workpiece

/
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the upper side of clamping electrode were loaded by
high voltage and low voltage, respectively. In
addition, the heat transfers between the following
contact interfaces were taken into a full
consideration, such as the heat conduction between
anvil and bar billet, the heat conduction between
clamping electrode and bar billet, and the heat
convection and the heat radiation between all the
objects and environment.

As for an electric upsetting process, at the
beginning stage, the maximum temperature region
always appears at the contact interfaces between
anvil and bar billet. With the upsetting process
extending, the maximum temperature region
transfers from the contact interface to other spots,
and the temperature at the contact interface drops to
a relatively low level. This fact reveals that the
electric-heating effect at the beginning stage is
dominated by the contact resistance, while in the
following process the contact resistance becomes
lower and lower. The evolution of the contact
resistance has been described as a function of
temperature and contact pressure by Eq. (5) [17]. It

200 @
a
160 -
[a]
[a W)
2 120} 1000 °C
5]
—
g 80 1050 °C
&= 1100 °C
a0 1150 °C
— 1200 °C
0 0.2 0.4 0.6 0.8 1.0
True strain
400 =
320}
2]
S 1000 °C
S 2401
8 1050 °C
2160 1100 °C
= 1150 °C
%0 1200 °C
0 0.2 0.4 0.6 0.8 1.0
True strain
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can be concluded that the contact resistivity
decreases till zero with the increase of temperature
and contact pressure.

p=1/(a\T +a,) (5)

where p is the contact resistance resistivity, 7 is the
heating temperature, and a; and a, are the
parameters related to the mass of contact surface
and initial contact pressure. Here, it is determined
that a; 1s 0.87, and a3 1s 132.

The basic stress—strain data of Ni80A alloy for
the finite element solution are shown in Fig. 5.
These data come from a series of isothermal
compression tests conducted on a Gleebl-3500
simulator, and this work was introduced in details
in the literature [24].

As for the long-time electric upsetting process
of a large-scale valve, the high-level multi-stage
loading mode of force and current parameters is a
basic approach to acquire the desired macro-scale
deformation and microstructures. However, the
multi-stage loading path schemes are endless. The
optimized design in the parameter loading-path is a

250
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200 F
& 1000 °C
2 150k
2 1050 °C
8
2 100, 1100 °C
&= 1150 °C
a 1200 °C
50
0 0.2 0.4 0.6 0.8 1.0
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(d
450 F
& 360+ 1000 °C
=
3 970l 1050 °C
:'v; 1100 °C
5 1150 °C
= 180 1200 °C
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True strain

Fig. 5 True stress—strain curves of Ni80A superalloy at different temperatures and strain rates: (a) 0.01 s7'; (b) 0.1 s7};

(¢)1s71;(d)10s7! [24]
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complex and difficult issue. Furthermore, the
design principles should be established. Figure 6
shows one of the most suitable loading-path
schemes of force and current parameters for any
electric upsetting process, which is concluded from
a lot of simulations and experiments. In this scheme,
the upsetting stroke is divided into more than 30
sections according to the equipment potential
ability. The force parameter and current parameter
vary with upsetting stroke. The current loading
mode is named as “Single peak” type, while the
force loading mode is named as “Flatbed” type.
This scheme ensures to achieve a desired shape for
component as well as a good grain size control.

- 1000

28F e Fnax Upsetting force (F)
é 26 1900 E
5 3
% 24 f~49
@ . {800 2
5 Loading current (/) =
§ 22 %

1700
20 h 1 1 1 L
0 500 1000 1500 2000 2500

Upsetting cylinder displacement/mm

Fig. 6 Basic scheme for electric upsetting process

The loading path scheme in Fig. 6 is regarded as
the basic loading mode for the subsequent
investigation. Since the basin-like depression
originates in the early stage of electric upsetting
process corresponding to the rising stage of current
and force parameters, it is essential to study the
influence of the parameter changes on the defect
during this stage. Therefore in the following
discussion of the forming mechanism of the basin-
like depression, the basic loading path scheme with
the characteristics including initial value, peak
value and value level, were scheduled, and then

Strain rate/s™!

their influences on the defect formation were
analyzed and uncovered.

3 Numerical results and discussion

3.1 Formation of basin-like depression in electric
upsetting process

In order to describe the forming process of
basin-like depression, the simulation related to the
basic loading path scheme was conducted by FEM.
The results in Fig. 7 show the evolution process of
this defect in the basic loading mode, from which it
can be seen that the direction and velocity of
material flow in different regions of the deformed
material vary with the upsetting process extending.
In summary, the forming process of basin-like
depression is divided into three deformation stages.
It is noted that the three deformation stages occur in
the rising stage of current and force parameters as
shown in Fig. 6. In order to summarize the change
of material flow, in Fig. 7(a), two typical tracks as
reference line for defect-existing domain were
marked on the FEM model, and then the track
variations were simulated. Track 1# is at the
leftmost of the “garlic” portion, and Track 2# is in
its middle. After a simulation, the positions of
element nodes on the two tracks were counted as
Figs. 8 and 9. It is illustrated that the flow rate of
the outer material is faster than that of the inner
material. At the initial stage of basin-like depression,
the origination of difference in material flow mainly
attributes to two factors. The first is the change of
heating rate induced by the transformation of
predominant resistance in heating from contact-
resistance to material-resistance. The second is the
timely different distribution of pressurization speed
induced by the step change of hydraulic force along
with the force loading path. To sum up, the main
reasons for the difference in material flow velocity

(a) (b) (c)

Fig. 7 Formation process of basin-like depression and distribution of strain rate field: (a) Initial stage of basin-like
depression (500 s); (b) Intermediate stage of basin-like depression (750s); (c) Stabilization stage of basin-like

depression (1000 s)
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can be concluded as the comprehensive effect of
heating speed and pressurization speed. Such
difference in material flow makes the basin-like
depression gradually appear. In addition, from
Figs. 8 and 9 it can be seen that before the defect
shape no longer changes, the flow velocities of the
outer material and the inner material are increasingly
different. Due to such a difference in flow velocities,
the outer material keeps continuously piling up,
whereas the inner material is hard to deform. Under
the action of uneven material flow velocity, the
basin-like depression appearing on contact surface
becomes much more apparent. At the stabilization
stage of basin-like depression, the deformation near
the basin-like depression tends to be stable, which

Temperature/°C

L1z
|

60240
57200
46160
2 51z
24080

indicates that the defect depth doesn’t change along
with upsetting process extending.

The change of heating rate can be illustrated
by the uneven temperature distribution. Figure 10
shows the temperature field distribution in the
formation process of basin-like depression, from
which it can be seen that along with the defect
transformation from the initial stage to the
stabilization stage, the maximum temperature
region transfers from the contact interface to the
neck of “garlic” portion. In addition, it can be found
that the temperature in inner region is higher than
that in outer region. It is sure that the portion with
higher temperature has better plasticity, so its
material flow is better. Consequently, the change of
heating rate results in the uneven temperature
distribution and then different flow velocities of the
inner and outer layers.

3.2 Influence of current on basin-like depression

formation and mixed grain structure

Since the basin-like depression originates in
the rising stage of current, it is of great significance
to analyze the influence of rising current on
basin-like depression formation. Thus, based on the
characteristic of basic loading path pattern
considering force as a constant, the current-loading
schemes with different levels, peak values and
initial values were designed, and their influences on
basin-like depression formation and mixed grain
structure were simulated and uncovered.
3.2.1 Influence of current level

The current loading paths were scheduled as
0.6/, 0.8/, 1.0/ and 1.2/, respectively, and the
detailed loading paths of different current levels
were exhibited in Fig. 11. As illustrated in Fig. 2,
the distance between the lowest point of basin-like
depression and the anvil surface is employed to
evaluate the size of this defect. For different current
loading levels, simulation results for the distribution
of temperature field, DRX volume fraction field

(a) (b) (©

Fig. 10 Formation process of basin-like depression and distribution of temperature field: (a) Initial stage of basin-like
depression; (b) Intermediate stage of basin-like depression; (c) Stabilization stage of basin-like depression
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Fig. 11 Parameter settings under different current levels

and grain size field were derived and shown in
Fig. 12. In order to thoroughly clarify the variations
of basin-like depression at these current loading
levels, the depths of basin-like depression varying
with upsetting time were counted, as shown in
Fig. 13. It can be seen that the defect depth is
enlarged with the increase of current level. The

main reason for this can be attributed to two aspects.

In Fig. 12(a), at the initial deformation stage, the
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billet with lower temperature deformed difficultly,
especially for the material contacted with the anvil.
Thus, the defect depth is relatively low at lower
current level. In addition, it is also noted that a
significant difference of temperature between inner
and outer materials exists. With current level
increasing, such a difference will be intensified
resulting from the faster material flow at higher
current level. With that, the basin-like depression
becomes more and more serious with the current
level increasing. It is worth emphasizing that the
defect depth will reach a stable state as the
deformation continues.

In order to intuitively analyze the influence of
current level on mixed grain structure, the
distribution of mixed grain at diverse current levels
was analyzed. It is obviously found in Fig. 12(c)
that the mixed grain domain decreases with
increasing current level for a fixed force, which
indicates that more DRX grains occurred.
Comparing Fig. 12(a) with Fig. 12(b), it can be seen
that the deformation temperature benefits the
occurrence of DRX. This is because more activated

Grain size/um

ez
| .

o
|

b
2o
e

(b) (©)

Fig. 12 Distribution of temperature field (a), DRX volume fraction field (b), and grain size field (c) under different

current loading levels
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Fig. 13 Variation of defect depth with time under
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slipping systems and higher grain boundary
mobility induced by elevated temperature can
significantly enhance the DRX process [6].
However, the average grain size increases with
increasing current level. It attributes to the fact that
DRX occurs completely and the formed DRX
grains will grow at elevated temperatures. So, the
difference of average grain size in mixed grain
domain decreases at higher current levels.
3.2.2 Influence of initial current

Figure 14 demonstrates the loading paths of
different initial current values. The variation of
defect depth with time and the distribution of grain
size field under different initial currents are shown
in Fig. 15. In Fig. 15(a), it is found that the basin-
like depression depth increases with the increase of
initial current. It is sure that the billet generates
more heat at higher initial current and possesses
better material flow, which will enhance the
basin-like depression.

As for the mixed grain domain exhibited in
Fig. 15(b), the area of this domain varies slightly
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Fig. 14 Parameter settings under different initial currents
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Fig. 15 Variation of defect depth with time (a) and
distribution of grain size field (b) under different initial
currents

with initial current increasing. This phenomenon
can be attributed to two factors. On the one hand, it
is evident that the temperature of billet under higher
initial current rises more rapidly than that under
lower initial currents. This can also accelerate the
occurrence of DRX at the elevated temperature to a
large extent. On the other hand, the inputted
maximum current of the loading paths is the same,
which limits the highest temperature occurring in
upsetting process. Consequently, there is no
significant difference on the area of mixed grain
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domain at the loading paths of different initial
currents.
3.2.3 Influence of peak current

The loading paths under different peak current
values were exhibited in Fig. 16. The defect depths
varying with time are shown in Fig. 17(a), and the
distribution of grain size field under different
peak current values is shown in Fig. 17(b). In
Fig. 17(a), at the early forming stage of basin-like
depression, since the difference in the inputted
current is relatively small, the generated defect
depth is almost the same. As upsetting time
continues, the loading path with higher peak current
value possesses more heat and faster material flow
velocity, which led to an obvious difference in the
defect depths of these loading paths. As shown in
Fig. 17(b), it is apparently found that the mixed
grain domain decreases with increase of peak
current value. This is mainly because higher
temperature can significantly facilitate the DRX
grain growth. Thus, the average grain size increases
at higher current peak, while the difference of
average grain size in mixed grain domain decreases.

Based on the above analysis, it can be
concluded that the loading path of current with
different initial values, peak values and value levels
has strong influence on the formation of basin-like
depression and mixed grain structure domain.

Loading current/kA
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-

[\
—_
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Upsetting cylinder displacement/mm
Fig. 16 Parameter settings under different peak current
values

3.3 Influence of force on basin-like depression
formation and mixed grain structure
Similarly, keeping current as a constant, the
force with different levels, peak values and initial
values were also designed, and their influences on
the basin-like depression formation and mixed grain
structure were simulated and uncovered.
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Fig. 17 Variation of defect depth with time (a) and
distributions of grain size field (b) under different peak
current values

3.3.1 Influence of force level

The loading paths of force with different
levels of 0.6F, 0.8F, 1.0F and 1.2F were shown in
Fig. 18. Figures 19(a—c) show the simulation results
for the distributions of temperature field, DRX
volume fraction field and grain size field,
respectively, of basin-like
depression varying with upsetting time at these
loading paths are demonstrated in Fig. 20. It is
obviously found that as upsetting time continues,

and the wvariations
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the defect depth increases gradually and then keeps
a constant in the studied loading paths. Additionally,
it can also be noted that the defect depth increases
with the increase of force level, while the defect
depth at the force level of 1.2F is lower in
comparison to the force level of F. That is to say,
there is a nonlinear relationship between the defect
depth and force level. This can be explained as
follows: when the force keeps a relatively low level
with less than F, with force level increasing, the
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Fig. 19 Distributions of temperature field (a), DRX volume fraction field (b), and grain size field (c) under different
force loading levels

material flow velocity increases, and then the defect
depth increases. However, for the same inputted
current and higher force level, the billet with a
larger upsetting radius possesses a smaller current
density on its section, and the rise of temperature
is limited. Meanwhile, the forming of basin-like
depression is also impeded at lower material flow
velocity.

In order to intuitively analyze the influence
of force level on mixed grain structure, the
distributions of mixed grain at various force levels
were analyzed. In Fig. 19(c), it can be observed
that the mixed grain domain becomes larger as
force level increases. Combining Fig. 19(c) with
Fig. 19(b), it is found that with the increase of force
level, DRX occurs extremely incompletely in the
mixed grain domain. According to Fig. 19(a), by
comparing the temperature difference between the
outer and inner layers of material at these loading
paths, it is noted that the conspicuous temperature
difference exists at higher force level, and higher
force level can result in lower temperature. So, the
mixed grain domain expands with the increase of
force level.
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3.3.2 Influence of initial force

The loading paths of different initial force
values were exhibited in Fig.21. Figure 22(a)
shows the variation of defect depth with time, and
Fig. 22(b) shows the distributions of grain size field
under different initial forces. It is found in Fig. 22(a)
that the increase of initial force value is beneficial
to the reduction of defects. From Fig. 22(a), it is
apparent that the rising slopes of the loading paths
are different, and lower initial force corresponds to
higher pressurization speed. Besides, there is a
significant difference in the flow velocity between
the outer and the inner layers of material under
higher pressurization speed, thus the defect depths
will be enhanced with the decrease of the initial
force.

As illustrated in Fig. 22(b), the mixed grain
domain increases slightly with the initial force
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Fig. 21 Parameter settings under different initial forces
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Fig. 22 Variation of defect depth with time (a) and
distribution of grain size field (b) under different initial
forces

increasing. On the one hand, billet deformed under
a lower initial force possesses a larger current
density on its section, resulting in higher
temperature. To some extent, occurrence of DRX is
accelerated induced by the elevated temperature.
On the other hand, the lower initial force can result
in lower strain, which will impede the formation of
mixed grain structure. Therefore, the difference of
mixed grain domains at the loading paths is not
obvious.
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3.3.3 Influence of peak force

Figure 23 illustrates the loading paths of
different force peak values. The variation of defect
depth along with time and the distribution of grain
size field under different peak force values are
shown in Fig. 24. It is observed from Fig. 24(a)
that the depth of basin-like depression increases
with peak force increasing. This is because higher
force strengthens the difference of material flow
velocity. As for mixed grain structure, it can be seen
from Fig. 24(b) that the mixed grain domain does
not vary obviously at different peak forces. The
reason for this is similar with the inducing
mechanism of the mixed grain domain at different
initial forces. With the increase of peak force, the
mixed grain domain shows no significant difference
owing to the comprehensive action of lower
temperature and higher strain.
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Fig. 23 Parameter settings under different peak forces

Based on the above analysis, it can be
summarized that the formation of basin-like
depression and mixed grain domain are strongly
influenced by the loading paths of force involving
different initial values, peak values and value
levels.

4 Validation of simulation

The physical experiment for the electric
upsetting process of Ni8OA superalloy, was carried
out using basic scheme with multi-stage loading
modes of force and current parameters, and the
reliability of the developed finite element model
was validated. Figure 25(a) shows the experimental
results of surface instability
depression. The defect depth in experiment was
measured as 9.15 mm, while the simulation result
corresponds to 8.75 mm. The relative error between
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Fig. 24 Variation of defect depth with time (a) and
distribution of grain size field (b) under different peak
force values

experiment and simulation results is not greater
than 5%, which indicates the correctness and
reliability of the finite element model. In addition,
the microstructure of one corner of the basin-like
depression which was marked in red box of
Fig. 25(b) was observed by optical microscopy, as
exhibited in Fig. 25(c). The maximum grain size is
210.4 pm and the grain size in nearby region is
40.5 um. It is noted from Fig.25(b) that a
significant difference can be characterized on the
grain size between coarse and fine grains,
representing as mixed grain structure. Such
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microstructures also prove the reliability of the
developed finite element model.

[>4 Observation location

Fig. 25 Experiment results:

(a) Forming

shape;
(b) Observation location; (¢) Microstructure

5 Conclusions

(1) In the electric upsetting process of NiSOA
superalloy, the deformation instability results in the
basin-like depression companied by the mixed grain
structure. The main factors that affect the defect are
the different flow velocities between outer and
inner layers at head deformed portion induced by
the changes of heating speed and pressurization
speed.

(2) With the decrease of initial current, peak
current and current level, the depth of basin-like
depression decreases, while the mixed grain domain

expands gradually. Moreover, the depth of
basin-like depression increases with increase of
peak force and force level and decrease of initial
force, while the mixed grain domain increases with
increase of initial force, peak force and force level.

(3) Simulation results suggest that the defect
with smaller basin-like depression and mixed grain
domain needs to coordinate the parameter matching
of force and current.

(4) The correctness and reliability of the
established finite element model were conducted by
the physical experiment for the electric upsetting
process. The relative error of the depth of basin-like
depression between simulation and experiment
results is limited within 5%.
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