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Abstract: The filling quality of micro-feature structures has a significant impact on the forming quality
of micro-channels. The electrical-assisted forming technology can effectively improve the formability
of difficult-to-deform materials. In this research, the electrically driven micro-compression constitu-
tive model of SUS304 stainless steels was established to assign grain boundary and grain interior with
different material properties. An electrical-thermal-mechanical coupling model was constructed to
simulate the filling process considering the effect of grain boundary and grain size. Compared to the
experimental results, the simulation indicated a good agreement in microstructure characteristics
and higher filling height for the fine-grained material. The increase in grain boundary density makes
the resistivity of the fine grain material larger, causing the current destiny and temperature of the
specimen to increase with the decrease in grain size. An ellipsoidal gradient temperature distribution
is observed due to the uneven current density. Because of the high geometric dislocation density
near the grain boundary, a significant dislocation pile-up causes stress to concentrate. It is observed
that the deformation coordination is enhanced between the grain boundary and grain core with the
decrease in grain size, thus improving the material formability and forming quality.

Keywords: electrically assisted microforming; crystal plasticity; electrical-thermal-mechanical cou-
pling model; cross-scale simulation; grain size

1. Introduction

The printed circuit heat exchanger (PCHE) has desirable heat transfer, high compact-
ness, and small size, resulting in precise micro-channel structure and high manufacturing
cost [1]. Due to its high production efficiency, little or even zero material loss, excellent
product performance, high dimensional precision, no pollution, and other advantages [2],
micro embossing forming technology has been widely adopted to fabricate the surface
micro-structure [3]. The filling forming quality of the micro features after compression is
an important factor affecting the micro-channel forming of sheet metal.

Investigations have accentuated that grain refinement contributes to meliorating the
micro feature quality after micro-filling [4,5]. Qiao et al. [6] produced ultra-fine-grained
(UFG) Al-1050 through equal channel angular pressing (ECAP), but the cold embossing of
UFG Al-1050 resulted in a substantial failure rate of micro-scaled silicon die and insufficient
filling. Kim et al. [7] investigated the imprinting process of micro features in 304 stainless
steels. The experimental outcomes suggested that a large load is needed to realize the
designed shape. Their research further mirrored that many problems exist, such as large
forming forces, severe die failure, and low efficiency. Furthermore, Qiao et al. [6] studied
filling behavior under hot working conditions. At 300 °C, UFG Al-1050 produced smoother
channels than coarse-grained materials and required smaller forming pressure.

Therefore, energy-assisted methods can be used to improve the quality of the micro-
features, like imprinting with high-frequency vibration technology [8], direct heating [4],
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and electric heating [9]. These approaches can reduce the forming load, improve friction,
and enhance the material’s formability. Xu et al. have done comprehensive research on
energy field-assisted micro-filling. They prepared various UFG materials, such as AZ31B
magnesium alloy [4,10], Mg-Li alloy [11,12], and pure aluminum [13-15], and carried out
in-depth explorations of the micro-filling forming process under different grain sizes, tem-
peratures, and pressure conditions. A series of higher-quality array micro features were
produced once the ideal forming temperature and pressure were identified. However,
direct heating can also lead to severe drawbacks, including subpar surface polish, limited
tool life, microstructure changes, and reduced part tolerances [9]. Numerous research
projects have demonstrated that the electrically assisted forming process can decrease
deformation resistance, improve plasticity, reduce the springback, and regulate the mi-
crostructure, providing collaborative manufacturing with low energy consumption and
high efficiency. Peng et al. [9] proposed the method of making micro-channel on a metal
workpiece by using electrical-assisted embossing process (EAEP) and proved the feasibility
and superiority of the new process through experiments. Mai et al. [16] analyzed the influ-
ence of filling parameters on the electric field-assisted micro-filling process. Experimental
findings proved that the depth of the machining channel increases, and the stress in the
workpiece decreases during the process of embossing assisted by the high-density current.

Notwithstanding, it remains challenging to statistically investigate the macro- and
microscopic mechanisms in the process of energy field-assisted deformation through ex-
periments, and too many trials may result in resource waste. A multi-field coupling finite
element numerical analysis model of electrical-thermal-mechanical aspects was established
to simulate the electrically assisted micro-filling forming process of stainless steel [17]. The
results demonstrated that the high-density current could effectively lower the yield stress
during forming and raise the forming quality. To simulate the micro-filling process at
various temperatures and grain sizes, Qiao et al. [18] developed a finite element model with
ANSYS and concluded that it was consistent with the experimental data [6]. Nevertheless,
the properties of grain morphology are not considered in the model mentioned earlier.
Wang et al. [19] created two-dimensional crystal models to simulate the single groove filling
of LZ91 Mg-Li alloy with coarse and ultra-fine grains. However, they did not examine
the microscopic deformation mechanism. When conducting a finite element simulation of
the roll-to-plate (R2P) micro-filling process on pure copper sheets, Gao et al. [3] separated
the blank into grain region and non-grain area and investigated size effect on the molding
height, roll pressure, and microhardness distribution. A polycrystal filling model was
developed by Wang et al. [20], taking into account friction, tool constraints, cavity width,
grain size, and the cavity width to grain size ratio. Then, they examined the interaction
effects of these parameters on the final filling capacity and the internal physical mechanism
of deformation.

Few numerical analysis models exist for micro-filling with energy field-assisted
presently, and the current polycrystal models do not entirely account for the impact of
grain boundaries as well. In the process of electric field-assisted filling, the material’s
surface temperature can be continuously monitored by the thermal imager, which cannot
detect the temperature distribution inside the material when the current flows through the
sheet metal. In this research, a coupled electrical-thermal-mechanical polycrystal model
is established by considering grain boundary and grain size. Finite element simulation
and experiments are combined to explore the internal temperature distribution and filling
quality of materials with different grain sizes when energized, which provides theoretical
support for the electrically assisted forming process of heat exchanger micro-channel.

2. Materials and Methods
2.1. Electrically Assisted Micro-Filling Experiment

According to the electric field-assisted microforming experimental platform built
by Meng et al. [21], the electrically assisted micro-filling experiments were conducted on
SUS304 stainless steel, as shown in Figure 1. The die material is Cr12MoV, and the insulating
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material is the mica sheet. The real-time temperature of the specimen was monitored using
the FLIR A615 infrared thermal imager during the filling process. The samples used for
electrically assisted micro-filling were annealed at 1173 K in a vacuum furnace. First, the
specimen was placed on the die and then energized. When the specimen temperature
reached 700 °C due to the current, the punch started to move with the downward pressure
of 6000 N. The filling process lasted about 1 min. After that, the shaped micro-channel
morphology was observed and measured by electron microscope. Furthermore, the sample
was cut by wire-cut electrical discharge machining, and the cross-section sample was
prepared by electrolytic polishing. Then the electron backscatter diffraction (EBSD) was
used to observe the microstructure of the filling specimen by Hikari XP EBSD probe, and
the results were analyzed with OIM software. Forming quality is mainly measured by
micro-channel morphology and structure size.

D

Oscilloscope

(a) (b)

Figure 1. Electrically assisted micro-filling experiment platform: (a) Schematic diagram; (b) Physical
installation.

The main geometrical dimensions of the filling die in the electric field-assisted micro-
filling experiment are shown in Figure 2a. The spacing of the micro-filling die is 0.6 mm, the
tooth width is 0.29 mm, and the depth of the groove is 0.39 mm [21]. Figure 2b depicts the
specimen of the micro-filling experiment. The left and right through-holes are convenient
for connecting cables, and the current is directly input from one end of the workpiece
and output from the other. In the experiment, the electricity was applied directly to the
workpiece, making the specimen reach the required temperature faster and reducing heat
loss. The narrow part in the middle is the area in contact with the punch, that is, the 4 mm
machining area. The transition fillet of R10 on the specimen prevents stress concentration
from causing a fracture at the root of the machining area.
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Figure 2. Die and specimen design of micro-filling experiment (Unit: mm): (a) Filling die; (b) Specimen.

2.2. Introduction of Electric Current in Constitutive Modeling

At present, researchers mainly focus on the thermal deformation of metal materials.
However, the constitutive modeling of the electrically driven forming process is lack-
ing [9,22]. Liu et al. [22] established the electro-assisted compression constitutive model of
Ti6554 titanium alloy by modifying the Johnson-Cook model, whose parameters depend
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on current density. With the aid of Liu’s idea, it is noticed that the flow stress curves of
samples under different current densities obey the empirical exponential function through
the analysis of experimental data. The Voce equation [23] is used to characterize the flow
stress:

7 = 0o+ q(1 —exp(—bgp)) )

where 7 is equivalent stress, g is the equivalent plastic strain, 0y is the initial yield stress,
and g, b are material constants. Considering the influence of current density, 0y, 4, and b in
the Voce equation are represented as functions of current density:

09 = mg + npJ
q=m+m]+hJ? @)
b:m2+n2]+12]2

where m;, n;, lj (1=0,1,2;j =1,2) are the material coefficients under the influence of current
density .

Focusing on the impact of grain size during pure copper micro-compression, Fu
et al. [24] discovered that stress incompatibility vanishes at the grain boundary when
plastic deformation occurs within grains. Thereby, it is possible to regard the grain interior
and boundary as a separate portion, respectively. The flow stress can be obtained from the
combined contribution of the grain core and boundary. Grain boundary has an adverse
effect on dislocation slip within the grain, resulting in dislocation plugging. Only when
the force of the dislocation source is greater than the critical stress of dislocation activation
the dislocation slip occurs among grains. As a consequence, the flow stress of the grain
boundary is believed to be greater than that of the grain interior. This research assumes that
the plastic flow stress of the grain boundary is K times that of the grain core for convenience.
For ease of description, grain interior is referred to as “Gl”, and grain boundary is referred
to as “GB”. Hence, the GI and GB stress can be represented as:

o(e) = Fgr - oai(e) + Fgp - oGp(€) 3)

oce(e) = Kogi(e) 4)

where Fg) and Fgg denote the GI and GB area fractions in two dimensions, respectively.
oci(¢e) and ogp(€) are the flow stress—strain relationship of GI and GB, respectively. K is
constant, representing the stress relationship between the grain boundary and core.

The unequal distribution of grains with diverse sizes, constructions, and orientations
in the material results in the dispersion effect of stress, which is regarded as the standard
deviation of the mechanical flow curve [24]. The total GI flow stress consists of the contri-
bution of each GI according to the ratio of area. Therefore, the grain area distribution is
first obtained to calculate the probability density function (PDF), as shown in Figure 3a.
Consequently, the statistical area distribution is normalized (Figure 3b) to generate the
upper and lower limits as the range of GI properties. The flow stress-strain curves of each
GI are obtained on the basis of the above PDF, as shown in Figure 3c.
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Figure 3. The process of generating GI stress-strain curves: (a) GI area distribution; (b) Normalized
distribution; (c¢) Upper and lower limits of GI.
2.3. Finite Element Model of Electrically Assisted Micro-Filling
In the electrically assisted simulation process, the material properties are given in
three aspects, including thermal, electrical, and mechanical. The mechanical characteristics
of materials are mainly assigned through the above method in Section 2.2. For the setting
of electrical parameters, the electrical conductivity of grain boundary with different grain
sizes is the same but smaller than that of grain core [25]. The electrical conductivity of the
grain boundary is set to be 0.8 times that of the grain interior, and the thermal parameters
of GI and GB are identical, which are listed in Table 1. The die properties are shown in
Table 2, where the electrical conductivity parameter is calculated by JMatPro [26].
Table 1. Electrical and thermal properties of SUS304 [26].
Temperature Thermal Conductivity Specific Heat Density Co;f\ﬁcien: of Electrical Conductivity (S/m)
°C 0 C it /Kg-°C k 3 erma
(W@ (W/m-°C) apacity (J/Kg-°C) (kg/m?) Expansion (x10-5) GI GB
0 14.6 462 1.70 1,436,781 1,149,425.8
100 15.1 496 1.74 1,287,001 1,029,601.8
200 16.1 512 1.80 1,177,856 942,284.8
300 17.9 525 7810 1.86 1,092,896 874,316.8
400 18.0 540 1.91 1,024,590 819,672.0
600 20.8 577 1.96 931,099 744,879.2
800 23.9 604 2.02 870,322 696,257.6
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Table 2. Electrical and thermal properties of Cr12MoV [27].

Temperature Thermal Conductivity Specific Heat Density (kg/m®) Co;flf;izr;: of Electrical
Re) (W/m-°C) Capacity (J/Kg-°C) Y Expansion (x10-3) ~ Conductivity (S/m)

20 34.03 460 1.619 46,800,000

200 35.74 530 7850 1.693 27,900,000

400 34.87 620 2.323 17,300,000

800 27.21 820 2.389 7,600,000

Corresponding to the deformation region and the average grain size, two-dimensional
crystal models of stainless steel with four um quadrilateral mesh were established by
NEPER [28]. The inp file output by NEPER was rewritten by MATLAB to generate the
grain boundary combined with the common node method [29]. Next, it was loaded into
ABAQUS to simulate the forming morphology and deformation behavior of samples with
different grain sizes to analyze the influence of grain sizes on the forming performance in
electrically assisted micro-filling forming.

According to the primary size of the micro-filling die as shown in Figure 2, the size of
the crystal model is 2 mm x 1 mm considering the grain size and computational efficiency.
The horizontal and vertical axis are the length and thickness direction of the stainless
steel sheet, respectively, and the grain boundary thickness is approximately eight pm. As
specified by the above description, different material properties are assigned to GI and
GB, as shown in Figure 4. To probe the size effect of the electrically aided micro-filling
process, the polycrystal models with the coarse grain (95 um) and fine grain (18.81 um) were
established in Figure 5. Figure 6 shows the two-dimensional thermal—electrical-structural
simulation model of micro-filling with an electric field. The current flows in from the left
side of the model and discharges from the right side. Meanwhile, the symmetric constraint
boundary conditions in the x direction are applied to the left and right sides of the crystal
model. The micro-filling process is considered an isothermal forming process. Therefore,
the thermoelectric coupling model was first established. After the specimen was powered
up to 700 °C, the temperature field was transferred to the coupled thermo-mechanical
model for the simulation of the filling process, where the displacement of the filling die
was set to 0.4 mm.

700 Mean grain property L sum
Grain Boundary prope as O
6001
=¥
= 500
L __
]
£ 400-
w2
Q .
£ 300 Grinl 1
= rain E
200/ N
Grain n-1 -
100 Grain n 028 030 032 034 036 038 040
0.0 0.1 0.2 0.3 0.4 0.5 0.6 -

True plastic strain ¢P 2mm

Figure 4. Macroscopic size and properties assignment of polycrystal model.
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(b)

0.6mm

Figure 6. Two-dimensional simulation finite element model of electrically assisted micro-filling.

3. Results and Discussion
3.1. Constitutive Model Verification

The experimental data of electrically assisted micro-compression of SUS304 stainless
steels are from Ref. [30]. The stainless steels with a grain size of 18.81 um and 95 um are
chosen for model verification, and they are denoted as fine-grained (FG) and coarse-grained
(CG) materials, respectively. The relationship between constitutive model parameters and
current density is shown in Figure 7, where “Exp.” represents the experimental data and
“Theo.” is the theoretical prediction value (the same below).

During the electrically assisted micro-compression experiment, the pulse power equip-
ment could not make the temperature of the specimen reach 700 °C, even at a very high
current density, and the temperature could not be kept stable at 700 °C. Therefore, the
compression curves under 700 °C were not acquired by experiments but with the prediction
method. After analyzing the experimental data, the relationship between current density
and temperature can be expressed as an exponential function, as shown in Figure 8. As
the electrical-assisted filling is performed at a temperature of 700 °C, it is predicted that
the temperature can be up to 700 °C with a 75.11 A/mm? current density through this
relationship. In accordance with the above analysis and the established model, the com-
pressive stress—strain curves with different current densities are predicted, as depicted in
Figure 9. It is conspicuous that the established constitutive model can accurately describe
the micro-compression curves with different grain sizes at the current density of 9.65, 57.16,
and 70.23 A/mm?. Du et al. [30] pointed out that the micro-compression deformation of
electric heating conforms to the law of the Hall-Petch equation. With the increase in current
density, the flow stress exhibits a premature stable stage, and the stress—strain curves of
CG and FG materials gradually converge. The predicted theoretical curve at 75.11 A/mm?
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Figure 7. Relation between material parameters and current density: (a) The initial yield stress oyp;
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Figure 9. Experimental and theoretical prediction of true stress—true plastic strain curves of electro-
assisted micro-compression under different grain sizes and current densities: (a) 18.81 um; (b) 95 pm.

It is challenging to determine the stress of grain boundary and grain interior through
experiments. Their flow stresses are usually distributed by Equation (3) [31]. However, it
is impossible to uniquely determine ogi(¢) and ogp(¢e) with it. Fu et al. [32,33] assumed
that the strength of the grain boundary is about 20% higher than that of the grain core.
Although the material is copper, it still has a certain reference significance. Corresponding
experiments are not carried out to determine the value of K in Equation (4) and verify it, so
different K values are adopted for analysis.

As shown in Figure 10, multiple different relationships significantly affect the dis-
tribution of stress—strain curves. When K = 1.1, the maximum value of grain core flow
stress is greater than that of grain boundary, which is not enough to distinguish between
GB and @], so it is considered unreasonable. When K = 1.3, although the stress of the
grain boundary is higher than all grain interior curves, the diversity between GB and GI
gradually increases with the increase in strain. Micro-filling is a large deformation process,
and the significant difference between the two parts may lead to the non-convergence of
finite element analysis. Figure 10c shows that the stress at the grain boundary is not only
greater than the maximum value of the grain core when K = 1.2, but the difference is not
as significant as when K = 1.3. Furthermore, the focus of this investigation is properties
assignment, not the establishment of a constitutive model considering grain boundary.
Based on the above analysis, it is reasonable to assign mechanical properties with K =1.2,
that is, ogp (8) = 1.20G1 (8)
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Figure 10. Distribution of mechanical properties about grain boundary and grain interior at
9.65 A/mm? with 95 um: (a) K = 1.1; (b) K = 1.2; (¢) K = 1.3.

3.2. Effect of Grain Size on the Current Distribution

Figures 11 and 12 show the temperature distribution of the die and specimens obtained
by simulation, respectively. The experimental result indicates that the die temperature
increases to about 80 °C due to heat exchange. Whereas the specimen surface temperature
is about 700 °C during the filling process. The simulated temperature distribution of the

die and the average temperature of the specimen surface is fairly coincident with the
experimental counterparts.
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Figure 11. Comparison between simulated temperature distribution and experimental results.
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TEMP / °C TEMP / °C

(Avg: 75%) (Avg: 75%)
688.263 738.436
682.560 732.473
676.857 726.510
671.155 720.547
665.452 714.583
659.749 708.620
654.046 702.657
648.343 696.694
642.640 690.731
636.938 684.768
631.235 678.805
625.532 672.841
619.829 666.878

(b)

Figure 12. Distribution of temperature in polycrystalline under application of electric current in finite
element analysis: (a) CG model; (b) FG model.

As mentioned above, the micro-compression curves under 700 °C at a higher current
density are not obtained, but the temperature of the specimen reaches 700 °C during
the micro-filling, mainly because of the difference in the mode of electrification. As the
compression samples are very small, it is difficult to directly energize the specimen. So the
current is applied on the compression dies, which can be found in details from the work
of Du et al. [30]. However, in the process of electrically assisted micro-filling, the current
is directly applied to the deformed material. Therefore, the temperature of the filling
specimen can reach 700 °C under a certain current density, but the micro-compression
experiment cannot.

It is visible from Figure 12 that the deformation temperature increases with the de-
crease in grain size. The GB conductivity of materials with different grain sizes is the same
but smaller than that of GI. In the same deformation area, the grain boundary density
of the FG model is much higher than that of CG, resulting in a decrease in the overall
conductivity of the FG material. In other words, the electrical resistivity of the FG sample
is increased [34]. Consequently, the temperature of the FG model is 30~50 °C over that of
the CG model at the same current density. It is consistent with the temperature difference
between the CG and FG materials obtained by Du et al. [30] in the electrically assisted
compression process. The rationality of the thermoelectric coupling model and the validity
of the simulation results are further explained. In addition, both coarse and fine grains
show a temperature gradient distribution from the center to the periphery.

There is no temperature gradient between the GI and GB under the action of cur-
rent [25], but uneven electric current density (ECD) is observed at grain boundaries in
the current density contour map, as shown in Figure 13, which is in accordance with the
research results of Kim et al. [25]. However, for both CG and FG materials, the local heated
areas are observed, and the temperature distribution is a gradient from the center to the
periphery. In fact, the anisotropy of the materials is not considered in the finite element
model but rather the difference in the physical properties at the grain boundary and core.
The temperature distribution in Kim'’s polycrystalline model [25] is relatively uniform after
electrification, and there is no gradient difference, as shown in Figure 12. The electrical
conductivity of the grain boundary is smaller than that of the grain interior, and there is
heat exchange among the specimen, dies, and atmospheric environment. Therefore, the
coupling effect of these factors leads to the ellipsoidal temperature distribution observed in
Figure 12.
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Figure 13. Distribution of ECD in polycrystalline under the electric current application in finite
element analysis: (a) CG model; (b) FG model.

3.3. Effect of Grain Size on Micro-Filling Behavior

Figure 14 emerges the microfeature filling shape at the forming temperature of 700 °C.
It is found that the left and right sides of the filling shape have good symmetry, and the
slope of both sides of the microfeatures is slight. Although there is a radian at the top, the
curvature is small, which is close to the designed shape. Moreover, the height of the highest
point has reached 0.376 mm, indicating that the material has almost contacted the top of
the cavity, while the punch displacement is 0.527 mm.

Symmetry axis

h————1

0.376mm

Figure 14. A cross-section view of a filling microfeature.

To explore the microstructure evolution of stainless steels sheet in the thickness di-
rection with an electric field, the right region of the filling structure (the area in the black
dotted box in Figure 14) was selected for EBSD tests, as shown in Figure 15a. Based on the
grain morphology and orientation of different regions, three regions, A, B, and C, were
extracted from the cross-section of the microfeature, as shown in Figure 15b—d.
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(b) (c) (d)
Figure 15. Microstructures of different regions: (a) Right region; (b) Area A; (c) Area B; (d) Area C.

It is noticeable from Figure 15 that the grain orientation in area A is dispersed because
the grain is not directly affected by force, and the grain is large and massive, similar to
the original grain. The grain in area B has the most severe deformation due to the large
extrusion pressure, and the severe plastic deformation refines the grain size, showing a
trend of flow into the die cavity. Although these grains are severely squeezed in area C,
they are not refined into small grains except for a small part of the side wall. The material
is softened, and the formability is improved under the action of the current. The grains are
distributed in a strip shape along the deformation and filling direction.

It is illustrated in Figure 16 the comparison between the simulated microstructure and
the experimental one after micro-filling. The left part shows the simulation result, and the
experimental one is shown on the right. Similar to the experimental microstructure, the
simulation result shows three regions labeled A’, B’, and C’. The variation of grain in the
three regions reveals the same trend as the findings from experiments. In addition, the
simulated micro-structure morphology has a good consistency with the experiment.

Figure 16. Comparison of microstructure between simulation (left) and experiment (right).

Figure 17 depicts the Mises stress distribution of fine- and coarse-grained samples
after forming. When compared to the CG sample, the equivalent stress of the FG sample
is shown to be roughly 30 MPa higher. In Figure 9, under the same temperature, the
compressive stress in the FG material is 100 MPa greater than in the CG material. When
the grain size decreases, the grain boundary density increases, and the grain boundary
strengthening is boosted so that the deformation stress of the FG sample exceeds that of
the CG one. In the simulation process of electric-assisted micro-filling, the FG sample’s
temperature is comparatively higher, and the increase in the forming temperature reduces
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the deformation resistance of the micro-filling. In consequence, the flow stress of the FG
sample is slightly larger.
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Figure 17. Mises stress distribution and filling height after micro-filling simulation: (a) CG model;
(b) FG model.

Due to the difference in orientation of neighboring grains, it is difficult for the slip
of dislocation to directly transition from one grain to another, and the deformation of
each grain is inconsistent. To maintain the continuity of deformation, the deformation of
neighboring grains must be coordinated. In Figure 17, it is evident that the filling height of
the FG material is greater than that of the CG one, mainly because the grain size of the FG
material is small. Under the same deformation amount, the FG sample has more grains
to share the deformation resistance and participate in the slip deformation, leading to the
strong ability of grain flow and coordination deformation. Additionally, the electroplastic
effect induced by high-density current makes the material flow and fill into the die cavity
more readily on account of the electroplastic effect brought on by high-density current [9].
In the CG sample, there are only about 5 grains along the horizontal direction of the die
cavity, and fewer grains are involved in deformation. The deformation shared by each
grain is considerable, which makes the single grain seriously distorted. Grain interior and
grain boundary have extremely distinct deformation, and it is difficult to coordinate with
each other in view of the deformation among grains, leading to increased deformation
unevenness. The grain flow of CG material is tougher than that of FG material, which
increases the difficulty of micro-filling forming. The nonuniformity of this coordination
becomes more obvious with the increase in deformation. Hence, the radian is great at the
top of the filling microfeature but not as flat as the top of the FG sample.

3.4. Microscopic Response under Electric Current

In tandem with the above outcomes, it is proved that the reduction of grain size and
the electric field-assisted deformation are helpful to the filling forming of micro features.
As can be seen from Figure 16, the trend of stress distribution is consistent in both coarse
and fine grains, and a large stress concentration exists near the grain boundary. Especially
at the bottom of the filling structure, namely, the protrusion part of the filling die, the
stress concentration is apparent. Kernel average misorientation (KAM) is usually used to
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characterize the dislocation density of materials [35] to assess the state of stress distribution
in the deformation process. KAM is proportional to the geometric dislocation density [36].
Therefore, to explore the dislocation evolution and stress distribution in different regions,
the KAM distributions of the whole and areas A, B, and C are output, as shown in Figure 18.
Here, areas A — C and A’ — C’ are different deformation regions which are the same as in
Figure 16.
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(a) (b)

Figure 18. KAM distributions (2nd nearest-neighbor): (a) Global; (Here, blue and red color indicate
the minimum value and maximum value, respectively); (b) Three areas.

According to the corresponding relationship between the simulated stress distribution
(Figure 17) and the KAM distribution (Figure 18), the stress concentration occurs where the
KAM value is enormous. The higher grain boundary density of the FG sample resulting
in more serious dislocation plugging, and the stress concentration phenomenon is more
apparent. The extensive recrystallization nucleation position and powerful energy storage
capacity at the grain boundary of FG material are the reason why the FG sample recrys-
tallizes at a higher pace than the CG sample. More dislocation is consumed at the grain
boundary of the FG sample by the recrystallization nucleation. The electric current can
stimulate recrystallization nucleation and consume dislocations, thus alleviating strain
hardening and reducing deformation resistance. Moreover, the current can shrink the
difference in microstructure evolution between CG and FG samples and the size effect of
the mechanical behavior of materials [30]. Therefore, the deformation resistance of CG and
FG samples and the difference in filling microfeatures are reduced.

It is noteworthy from Figure 18 that the KAM value in region A is relatively low, and
the dislocation density value is small. Based on Figures 16 and 17, it can be found that there
is almost no grain deformation in area A, which is well confirmed by the simulation results
(area A in Figure 18a). The KAM value of area C is lower than that of area B. Although area
C is also affected by deformation, the deformation degree is not as severe as that of region
B. Figure 18a reveals that there is a certain stress concentration in the corresponding area C’,
but the concentration level is not as high as that in area B’. The deformation in area B is the
most severe, and the KAM value corresponding to the peak value in this region is the largest,
indicating a high dislocation density. In the process of electric-assisted micro-filling, the
extrusion of area B resulted in very great deformation and material strengthening, which is
essential because the grain boundary impeded the dislocation movement. The dislocation
moves to the grain boundary and accumulates gradually, causing stress concentration at
the grain boundary. With the accumulation of the dislocation, the stress concentration at
the grain boundary increases, as shown in Figure 17b. Although the current can reduce the
dislocation density and alleviate the dislocation plugging at the grain boundary [30], the
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structure and energy of the grain boundary do not change substantially during the process.
As a result, there is still a large stress concentration.

4. Conclusions

In this research, the constitutive model of electrically assisted deformation and electrical-
thermal-structural coupling polycrystal model was established for the finite element simu-
lation of electrical-assisted micro-filling of SUS304 stainless steel. The simulated results are
compared with the experimental findings. The main conclusions are drawn as follows:

(1) The established constitutive model considering electric current can better predict the
compression flow behavior of SUS304 stainless steel under different current densities.
The distribution of mechanical and physical properties of grain boundary and grain
interior is reasonable.

(2) Under the action of the current, the non-uniform current density is observed between
the grain interior and grain boundary, but there is no local joule heat. Under the
same current density, the increase in grain boundary density makes the resistivity of
the fine-grained material more considerable, and the temperature of the specimen
increases with the decrease in grain size. In addition, the temperature of the specimen
presents a gradient distribution from the center to the periphery.

(3) The coordination among grains of fine-grained materials is stronger than that of
coarse-grained counterparts. The reduction of grain size and the electrically assisted
deformation are helpful to the micro-filling forming of microfeatures, resulting in
better quality and higher feature height. The deformation and flow of grains in
different regions and the surface temperature difference in specimens obtained from
the finite element analysis are in good agreement with the experimental results,
which proves the validity of the established electrical-thermal-structural coupling
polycrystal model.

(4) Due to the fact of higher grain boundary density of the fine-grained sample, the
dislocation plugging is more serious, causing obvious and great stress concentration.
The difference in microstructure evolution and mechanical behavior between coarse-
grained and fine-grained samples is reduced by the introduction of electric current,
and the difference in deformation resistance and filling microfeatures between coarse-
grained and fine-grained samples is abated.
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