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Isotropic evolution features during ultrasonic welding of Cu single crystals
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Abstract: Based on the relationship between deformation microstructures and grain orientations, three characteristic
Cu single crystals were used to investigate the opposite effects of ultrasonic superimposed high-strain-rate on
the dislocation motion during ultrasonic welding (UW). The results revealed that equiaxed dislocation cells and
discontinuous dynamic recrystallization (DRX) grains dominated in the joint microstructures. Three Cu single crystal
joints exhibited an isotropic trend in grain orientation, welding quality, and microscopic mechanical properties. The
preferred dislocation behaviors and DRX modes were further analyzed by modelling the stored energy difference,
indicating that high mobility of intra-granular dislocations and homogeneous dislocation motion induced by the
ultrasonic excitation were the intrinsic factors contributing to the formation of isotropic microstructures and welding
quality.
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1 Introduction

Ultrasonic welding (UW) is a rapid solid-state
bonding technology widely applied in integrated
circuits, power electronics, and lithium-ion battery
manufacturing. By employing normal force and
interfacial reciprocal sliding, a robust weld is
typically formed within 1s [1]. During UW, the
high-frequency relative motion between upper and
lower substrate parts leads to a dynamic weld
formation process, including micro-weld formation,
deformation, breakage, and re-bonding [2—4]. The
high-strain-rate deformation in the interfacial
regions leads to unique phenomena during UW,
such as enhanced elemental diffusion [5], massive

vacancy formation [6], amorphization [7], and phase-
transformation-induced weld formation [8]. Unlike
the rapid accumulation and severe interaction of
dislocations caused by high-strain-rate deformation,
ultrasonic excitation mitigates dislocation pile-up
and facilitates the sub-grain formation [9,10].
However, the mechanisms underlying the interaction
of ultrasonic excitation and high-strain-rate
deformation on microstructural evolution during
UW remain unclear.

Cu, as a metal with medium stacking fault
energy, exhibits various dislocation behaviors, such
as planar slip, cross-slip or twinning, depending on
the plastic deformation conditions [11]. BROWN
et al [12] manipulated the Zener—Hollomon parameter
(Z parameter) to design diverse deformation modes
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for microcrystalline Cu, and observed a preference
for the formation of deformation twins when the
In Z value exceeded 31. WINTHER et al [13,14]
investigated the effect of matrix orientation on
dislocation substructures in terms of active slip
systems using quasi-static tension for pure Cu,
identifying preferred matrix orientations for forming
geometrically necessary boundaries (GNBs) and
incidental dislocation boundaries (IDBs). CAI
et al [15] and VOISIN et al [16] explored the
orientation  dependence  during  high-strain-
rate deformation, revealing a correlation between
dislocation substructures and grain orientation
in the twinning refinement mode induced by
dislocation pile-up.

In contrast to severe dislocation entanglements
induced by orientation constraints or high-strain-
rate deformation, dislocation dynamics simulations
conducted by SIU et al [17] and BACHURIN
et al [18] revealed that ultrasonic excitation promoted
dislocation dipole annihilation by enhancing
dislocation drifting. KANG et al [19,20] combined
visco-plastic self-consistent model and quasi-
static tension test for pure Cu, and illustrated an
anisotropic softening phenomenon in the deformed
grains with various orientations under the ultrasonic
vibration. The interfacial deformation during UW
presents a complex loading mode of ultrasonic
superimposed on the high-strain-rate. Instead of
massive deformation twins under the conventional
high-strain-rate deformation, the characterization
results of NI et al [21] found that only a few nano-
sized twins occurred in local interfacial regions of
the Cu—Ni ultrasonically welded joints. Notably,
even in ultrasonically welded low-carbon Fe or Ti
joints [8,22], where the slip systems were more
restricted, deformation twins were rarely found or
discussed.

In summary, the deformation condition in the
interfacial regions during UW involves a complex
loading mode of ultrasonic superimposed high-
strain-rate. Different impacts of ultrasonic vibration
and high-strain-rate on the microstructure evolution
at the ultrasonically welded interfaces require
further analysis. In this research, based on the
correlation between orientation and deformation
microstructures, the evolution of interfacial
microstructures and welding quality was traced
and analyzed using three characteristic Cu single
crystals. Dislocation and dynamic recrystallization

(DRX) behaviors of joints with various orientations
were simultaneously investigated using transmission
Kikuchi diffraction (TKD) and transmission
electron microscopy (TEM). X-ray computed
tomography (X-CT) and nano-indentation tests
were performed to evaluate the orientation
dependence of bonding quality. Preferred
dislocation behaviors and DRX modes under the
ultrasonic superimposed high-strain-rate deformation
were further discussed by establishing a numerical
model of stored energy difference.

2 Experimental

The Cu single crystal substrates with
dimensions of 10 mm X 5 mm %X 1 mm were used
for UW. The orientations and mechanical properties
were analyzed using electron backscatter diffraction
(EBSD) and nano-indentation, respectively, as
shown in Figs. 1 and 2. The inverse pole figures
(IPFs) and pole figures (PFs) indicated that
the initial Cu single crystals exhibited highly
uniform [001], [101], and [111] orientations. The
misorientation profiles (Figs. 2(a—c)) confirmed the
absence of high-angle grain boundaries (HAGBsS)
or low-angle grain boundaries (LAGBs) in the
initial Cu single crystals. The microhardness values
of the Cu single crystals with [001], [101], and
[111] orientations were HV 103.1, HV 103.3, and
HV 111.4, respectively, which were consistent with
the correlation between grain orientations and
mechanical properties ([111] > [101] = [001]) [23].

The welding surfaces were ground, polished,
and cleaned in ethanol before UW. The Cu single
crystals with the same orientation were stacked
and welded using an ultrasonic welder (Branson
Ultraweld L120). Both the sonotrode and anvil
featured pyramidal tip patterns, with the sonotrode
tip truncated to a surface area of 0.09 mm? and
anvil side to 0.04 mm?. Based on the EBSD
analysis, the rolling direction (RD), transverse
direction (TD), and normal direction (ND) shown in
Fig. 2(d) corresponded to [110]/[110]/[001], [121]/
[111]/[101], and [121]/[101]/[111] for [001], [101],
and [111]-oriented substrates, respectively.

As shown in Table I, the primary welding
parameters of welding pressure (0.31 MPa),
vibration frequency (20kHz) and oscillation
amplitude (55 um) were kept constant during
UW, with welding energies of 200 and 700 J. Before



Qiu-chen MA, et al/Trans. Nonferrous Met. Soc. China 35(2025) 4149—4165

A TD
o Max=29.4

Fig. 1 EBSD results of Cu single crystals with [001] (a), [101] (b), and [111] (c) orientations
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Fig. 2 Misorientation profiles of Cu single crystals with [001] (a), [101] (b), and [111] (c) orientations; (d) Welding

configuration of Cu single crystals

microstructural characterization, the ND—TD planes
of the joints were prepared through grinding,
mechanical polishing, and electrolytic polishing.
The orientation evolution of Cu single crystals
was characterized using an X-ray diffractometer

(XRD, DMAX2500). Low-magnification EBSD
characterization, using a step size of 0.8 um and
a voltage of 20 kV, involved scanning the electron
beam in the TD—ND plane. High-magnification
TKD characterization was performed on samples
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Table 1 Specific parameters for UW of Cu single crystals

Orientation Welding Welding Welding Vibration Osc'illation Power/W
energy/J pressure/MPa time/s frequency/kHz amplitude/um
[001] 200 0.31 0.26 20 55 1450
[101] 200 0.31 0.31 20 55 1320
[111] 200 0.31 0.29 20 55 1380
[001] 700 0.31 0.61 20 55 1580
[101] 700 0.31 0.60 20 55 1660
[111] 700 0.31 0.59 20 55 1700

prepared with a standard lift-out method using
a dual-beam field emission scanning electron
microscope (FE-SEM, Helios G4 CX), with analysis
conducted in the RD—ND plane at a step size of
30 nm and a voltage of 30 kV. EBSD and TKD data
were processed using OIM analysis software.
Dislocation substructures and nano-sized DRX
grains were observed using TEM and scanning
transmission electron microscopy (STEM) on a
200 kV JEOL—2100F instrument. The Vickers
microhardness of the ultrasonically welded joints
was measured with a KLA G200X nanoindentation
system, ensuring thermal drift calibration for
precision and setting indentation spacing to
ten times the maximum depth. The interfacial
welding quality was assessed using X-ray computed
tomography (X-CT; Zeiss Xradia 515 Versa) at
140 kV, with an exposure time of 2 s and a pixel
size of 6 um.

3 Results

3.1 Macro-weld evolution at interfaces

Under low welding energy inputs, the
interfacial regions directly below the knurl
pattern tips of the sonotrode preferentially formed
local welds. Correspondingly, the interfacial
microstructures characterized by EBSD at low
magnification were selected from these regions.
Figure 3 represents the low-magnification EBSD
characterization results of Cu single crystal joints
with [001], [101], and [111] orientations. The
locations of interface and DRX grains were marked
by the black arrows. At a low welding energy input
of 200 J, high-frequency friction drove the initial
flat interface to a serrated morphology, which
provided potential sites for the nucleation of
subsequent recrystallization.

SAKALI et al [24] indicated that DRX was a

grain refinement process driven by the coupling
of thermal and stress. Because of insufficient
accumulation of stored strain energy and frictional
heat, only several DRX grains appeared along the
mutual contact surfaces. Moreover, based on the
orientation dependence proposed by WINTHER
et al [13,14], the limited development of slip
systems resulted in parallel GNBs in Cu single
crystals with [101] and [111] orientations.
Surprisingly, there was no obvious discrepancy in
the plastic recrystallization
behavior for ultrasonically welded joints of Cu
single crystals, which was further analyzed and
discussed in the following section.

In Figs. 3(d—f), the color scale in IPF maps
indicated that the enhanced frictional deformation
caused by a higher energy input of 700 J led to the
formation of wavy GNBs, primarily in the adjacent
areas of [111] joints. AN et al [25] suggested that
GNBs were derived from the accommodation
of shear strain gradients during inhomogeneous
deformation. Moreover, with the increase in the
number of symmetric slip systems, the dislocation
substructures transformed gradually from parallel
GNBs to wavy GNBs and equiaxed dislocation
cells. In contrast to the orientation-constrained
dislocation behaviors, the molecular dynamics
simulation of ultrasonic-assisted tension for
monocrystalline Cu by ZHAO et al [26] proposed
that ultrasonic vibration facilitated the motion and
annihilation of dislocations by enhancing atomic
kinetic energy. For ultrasonic superimposed high-
strain-rate deformation in this research, even in the
[111] joints, where the slip systems were most
restricted, the wavy GNBs were still observed
because of enhanced dislocation motion.

In the interfacial regions of single crystal joints
welded at 700 J, the expansion of DRX grains
toward the unwelded regions and adjacent areas of

deformation and
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Fig. 3 IPF maps of Cu single crystal joints: (a—c) Joints welded at 200 J with grain orientations of [001], [101], and
[111], respectively; (d—f) Joints welded at 700 J with grain orientations of [001], [101], and [111], respectively; (g) PFs

of DRX regions marked in (d—f)

interfaces was driven by continuous welding energy
inputs. The grain orientation in the DRX regions,
analyzed in Fig. 3(g), showed a random distribution
in the interfacial regions covered with refined
grains. According to HUANG and LOGE [27],
discontinuous dynamic recrystallization (DDRX)
involved the nucleation and growth of strain-
free grains, inducing a randomizing effect on
crystallographic texture. The PFs indicated that
the ultrasonic  superimposed  high-strain-rate
deformation during UW had a negligible impact
on the formation of texture at interfaces. The
interfacial microstructures for [001], [101], and
[111] joints exhibited isotropic grain evolution
dominated by DDRX. Typically, high-strain-rate
deformation for pure Cu resulted in grain refinement

through continuous dynamic recrystallization

(CDRX) because of the rapid accumulation and
pile-up of intragranular dislocations [24].
contrast, the DDRX phenomenon observed in this
research could be attributed to the ultrasonically
excited dislocations that drove grain boundary
migration.

In

3.2 Dislocation and DRX behaviors at interfaces
To further investigate the orientation-
dependent microstructures at the interface, samples
welded at 200 J were characterized using TKD and
TEM for the microstructural analysis of interfacial
micro-regions, as depicted in Figs. 4—6. Prior to
the complete elimination of interfacial gaps in
[001] and [111] joints, the initial Cu single crystal
substrates underwent progressive orientation
rotation because of frictional deformation, resulting
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Fig. 4 Interfacial morphologies of Cu single crystal joints welded at 200 J: (a, d) IPF superimposed IQ maps for joints
with [001] and [111] grain orientations, respectively; (b, ¢) STEM images for dislocation substructures and interfacial
DRX grains of Regions I and III marked in (a) and (d), respectively; (c, f) Orientation analysis results of DRX grains in
joints with grain orientations of [001] and [111], respectively
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Fig. 5 Misorientation profiles of Line I (a), Line II (b), Line III (c), and Line IV (d) marked in Fig. 4




Qiu-chen MA, et al/Trans. Nonferrous Met. Soc. China 35(2025) 4149—-4165 4155

Discrete intra-granular
dislocations

Discrete intra-granular

Fig. 6 (a, b) KAM maps for joints with [001] and [111] grain orientations, respectively; (c, d) STEM images of Regions

II and IV marked in Fig. 4, respectively

in several ultrafine DRX grains with a sub-micro
scale near the interface. Orientation analysis of
DRX regions, shown in Figs. 4 and 5, revealed
that the nucleation and growth of DRX grains in
[001] and [111] joints led to the randomization of
the initial texture, with significant misorientation
between DRX grains and initial single crystal
(Lines I and III).

In addition, several ultra-fine grains developed
through progressively accumulative misorientation
from the initial single crystal to their boundaries, as
evident in the misorientation profiles over Lines Il
and IV. This evolution was commonly attributed to
CDRX mechanisms because of progressive lattice
rotation [28].

In UW, the high-frequency vibration of the
sonotrode induced frictional deformation with a
high InZ wvalue (>30) at the interfaces [29].
According to the deformation map established by
TIAMIYU et al [30], when pure Cu was subjected
to a deformation condition with a relatively high
In Z value (>25) and large strains (>1.5), newly

fine grains were primarily generated in the form
of CDRX through the accumulation of intra-
granular dislocations. Conversely, DDRX represented
dominance in the grain refinement process for [001]
and [111] joints under an interfacial deformation
condition of ultrasonic superimposed on the high-
strain-rate. This implied that the ultrasonic
excitation performed a characteristic role in the
intra-granular dislocation behaviors, as confirmed
by the kernel average misorientation (KAM) maps
shown in Figs. 6(a, b). The differences in KAM
values between the grain boundaries and the grain
interiors indicated that ultrasonic vibration provided
sufficient driving force for the movement of
dislocations within the grains.

Differential activation of dislocation slip
systems constitutes an intrinsic factor for the
formation of different dislocation substructures in
Cu single crystals with [001] and [111] orientations
[31]. However, as shown in Figs. 6(c, d), ultrasonic-
accelerated dislocation motion altered the intrinsic
dependence between deformation microstructures
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and initial grain orientation, leading to similar
equiaxial dislocation cells and discrete intra-
granular dislocations.

The microstructures and grain orientation in
the interfacial micro-regions of [101] joints welded
at 200 J were characterized using TKD and TEM,
as shown in Fig. 7. The rotation of the initial single
crystal and the ultra-fine DRX grain layer were
also observed before the complete weld formation.
According to the friction research on Cu single
crystal by TARASOV et al [32], strain inhomogeneity

500 nm
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of [111] and [110] orientations facilitated the
formation of shear bands and continuous
misorientation between the DRX grains and the
matrix. The analysis of grain orientation (Fig.7)
and misorientation profiles (Fig.8) indicated
progressive lattice rotation and substantial
misorientation accumulation at grain boundaries
for [101] joints. Ultra-fine grains with random
re-orientations dominated in the DRX regions,
suggesting that DDRX was the primary mechanism
for the grain refinement in [101] joints. Combining

; Region V-equiaxial cells

b) IPF superimposed IQ and

KAM maps, respectively; (¢, d) STEM images for dislocation substructures and interfacial DRX grains of Regions V
and VI marked in (a), respectively; (e) Grain orientation analysis results of DRX grain III; (f, g) TEM characterization

and orientation analysis results of twins, respectively
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Fig. 8 Misorientation profiles of Line V (a), Line VI (b), and Line VII (c) marked in Fig. 7
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the KAM profiles and STEM characterization
results of initial single crystal regions, the enhanced
intra-granular dislocation motion resulted in higher
KAM values in low-angle grain boundaries and
the formation of equiaxial cells induced by the
activation of highly symmetric slip systems. The
dislocation substructures and DRX mode exhibited
an isotropic microstructural feature for [001], [101],
and [111] joints welded at 200 J.

Furthermore, in contrast to massive nano-
sized twins induced by typical high-strain-rate
deformation [16], several mechanically annealing
twins generated by boundary migration in the DRX
regions reached sub-micro size, as shown in
Fig. 7(f). The grain orientation and misorientation
profiles revealed that the twin boundary in this
research was identified as the typical £3[111]60°
coherent twin boundary. According to AN et al [33]
and LIU et al [34], this twinning mode was
activated by extensive strain accumulation at
the grain boundaries during dislocation motion and
DDRX process. In UW, the ultrasonic vibration
promoted the motion of intra-granular dislocations
toward the grain boundaries, resulting in the
formation of mechanically driven annealing twins
during grain growth in the DRX regions.

Figures 9 and 10 show interfacial morphologies
of [001], [101], and [111] joints welded at 700 J.

With continuous welding inputs, the expansion of
nascent DRX grains fully filled the unwelded
regions because of the continuous stored
deformation energy and frictional heat. Based on
the research of BROWN et al [12], the size of
refined grain structures could reach nanoscale after
deformation at a high-strain-rate of 10°s™!. In UW,
the interfacial DRX grains were significantly larger
than those formed during typical high-strain-rate
deformation of pure Cu. However, the DRX regions
consisted of the re-oriented grains or sub-grain
structures near the microscale, and the refined grain
structures exhibited no preferential orientation. This
was attributed to the enhanced dislocation motion
and boundary migration under ultrasonic excitation.
The KAM maps in Figs. 9(d—f) show higher KAM
values along the grain boundaries, indicating high
mobility of intra-granular dislocations even with
differential activation of slip systems in joints with
various orientations.

The dislocation substructures in nascent DRX
grains with [001], [101], and [111] orientations in
Cu single crystal joints were characterized by
STEM, as shown in Fig. 10. The isotropic micro-
structural features of discrete dislocations and
boundary migration were also found in the re-oriented
grains for joints with wvarious orientations.
The appearance of tortuous pre-existing boundaries

001] joints welded at 700 J IEHED )N
N | Near [101]§

Fig. 9 Interfacial morphologies of Cu single crystal joints welded at 700 J: IPF superimposed 1Q (a—c) and KAM (d—f)

maps for joints with [001] (a, d), [111] (b, e), and [101] (c, f) grain orientations, respectively
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Fig. 10 (a, c, €) STEM images for DRX grains with [001], [111], and [101] orientations, respectively; (b, d, f) TEM images

for CDRX regions marked in Figs. 9(a—c), respectively

generated by the boundary migration implied a
recrystallization process involving the formation of
strain-induced sub-boundaries. Subsequent grain
refinement in the nascent re-oriented grains
predominantly followed a DDRX mode.
Additionally, CDRX analysis in the specific
regions for [001], [101], and [111] joints indicated
that the homogeneous initiation of intra-granular
dislocations led to the development of dislocation
tangles, dislocation walls, and sub-grain boundaries
in the nascent re-oriented grains. In Fig. 11, the

misorientation profiles further revealed that the
evolution of dislocation substructures induced
progressive lattice rotation, ultimately refining
the grains through a CDRX mode. In comparison
with dislocation and DRX behaviors in joints
with various orientations, identical dislocation
substructures and grain refinement modes
indicated an isotropic evolution in the interfacial
regions even under the aggravated strain
accumulation induced by a higher welding energy
input.
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3.3 XRD patterns and microhardness

The grain orientation and microhardness were
examined to further analyze the evolution
characteristics of microstructures and mechanical
properties at the interfaces, as shown in Figs. 12
and 13. The diffraction peaks were localized at
20 values of 50.4°, 74.1°, and 43.2° for welding
substrates with [001], [101], and [111] orientations,
respectively. The grain orientations for Cu single
crystal joints welded at 200 and 700 J are shown
in Fig. 12(b). The initial orientation of Cu single

4159

crystals retained high intensities of diffraction
peaks. Similar to the grain re-orientation and poly-
crystallization observed in the interfacial regions
using EBSD and TKD characterization, the
intensity of the weak diffraction peaks in the Cu
single crystal joints with various orientations
exhibited an isotropic gradual enhancement with
the increase in welding energies.

The Vickers microhardness in the interfacial
FIB-prepared micro-regions was analyzed by the
nanoindentation test, as shown in Fig. 13. For joints
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Fig. 11 Misorientation profiles of Line VIII (a), Line IX (b), and Line X (c) marked in Fig. 10
(@) (200) (b) (200)
111 220
[0o13, 7005 (1D} (220)
(200)
111
[0011,2005 (1D (220)
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20/(°) 20/(%)
(220) (220)
[1013,7005 (111D (200) l
(220)
[1011,200J  (111) (200)
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20/(°) 20/(%)
(111) (11D
(200) 220
[111],700J 7 (220)
(111)
200
[111],200 7] (L ) (220)
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20/(°) 20/(%)

Fig. 12 XRD patterns of Cu single crystal joints before (a) and after (b) UW
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Fig. 13 Vickers microhardness values (a) and nanoindentation curves (b) for Cu single crystal joints welded at 200 and

700 J with different grain orientations

welded at 200J, the development of ultra-fine
dislocation substructures and re-oriented grains
improved microhardness at the interfaces. As the
welding energy increased to 700 J, ultrasonic-
driven dislocation motion and frictional heat
facilitated boundary migration. The nascent
dislocation substructures and re-oriented grains
progressively increased in size, reaching nearly
microscale, which led to a slight reduction in
microhardness at the joint interfaces. Identical
microhardness  variation provided additional
evidence that the microstructures of single crystal
joints underwent an isotropic evolution during
the ultrasonic  superimposed  high-strain-rate
deformation.

3.4 Welding quality assessment by X-CT analysis

For conventional solid bonding of Cu to Cu,
the surface diffusion coefficient on the [111]
orientation is 3—4 orders of magnitude larger than
that on other orientations, which indicated that
joints welded using the [111] orientation exhibit
superior welding quality under the same bonding
process [35]. To assess the differences in welding
quality among the ultrasonically welded joints with
various orientations, X-CT analysis was conducted,
and the results are shown in Fig. 14. At a welding
energy of 200 J, local unbonded regions occurred in
the [001], [101], and [111] joints because of
insufficient material flow at the interface. The
differential diffusion rates and activation of slip
systems caused by orientation constraints did not
result in discrepancies in the welding quality of Cu
single crystal joints.

As the welding energy increased to 700 J,
continuous frictional deformation progressively
expanded the bonded regions across the welding
interfaces. X-CT analysis results of joints with
various orientations revealed an isotropic trend
in welding quality. In UW, the interfacial regions
underwent a three-stage evolution involving
fragmentation of oxide, material flow, and atomic-
diffusion [36]. The microstructural analysis of Cu
single crystal joints showed that a DRX layer with
random orientations formed initially at the stage of
material flow. In the subsequent atomic-diffusion
stage, the re-oriented grains mutually contacted
to develop reliable bonding at the interfaces.
Consequently, ultrasonic vibration induced an
identical microstructure of dislocation substructures
and DRX grains by altering orientation constraints.
This reduced the difference in diffusion rates among
various orientations, contributing to the isotropic
evolution of welding quality for Cu single crystal
joints.

4 Discussion

4.1 Isotropic dislocation behaviors induced by

ultrasonic excitation

The wvariation in dislocation motion caused
by the orientation constraints was the intrinsic
factor for the formation of different dislocation
configurations. The tendency for partial dislocations
to either separate or incorporate affects the
cross-slip behavior under varying activation states
of slip systems. As a result, the transformation of
dislocation slip modes from a planar slip to a wavy
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Fig. 14 X-CT scanning patterns of Cu single crystal joints: (a, c, €) Joints welded at 200 J with grain orientations of
[001], [101], and [111], respectively; (b, d, f) Joints welded at 700 J with grain orientations of [001], [101], and [111],

respectively

slip occurred by enhancing the cross-slip of
dislocations [25].

In typical plastic deformation of pure Cu,
dislocation configurations evolve from lamellar
GNBs to equiaxed dislocation cells with increasing
the number of symmetric slip systems. In contrast,
an isotropic dislocation substructure characterized
by equiaxed dislocation cells was observed
simultaneously in the [001], [101] and [111] joints.
Dislocation dynamics simulation by SIU et al [17]
demonstrated that ultrasonic excitation enabled the
dislocations to travel longer distances, and periodic
superimposition of oscillation stress and static
stress increased the probability of cross-slip.
Additionally, the formation of excessive vacancies
during UW provided the additional driving force
for the dislocation motion, and accelerated the
polygonization of dynamic recovery [6]. KANG
et al [20] further indicated that ultrasonic vibration
caused an inhomogeneous softening among grains
with various orientations, and grains with a hard
orientation might experience more pronounced
ultrasonic effects.

In UW, ultrasonic excitation in the interfacial
regions weakened intra-granular dislocation entangle-
ment at the high-strain-rate, and altered constraints
on cross-slip imposed by the characteristic
orientations. Thus, the isotropic dislocation
behavior was observed, driven by the enhanced
dislocation motion and cross-slip induced by
ultrasonic excitation.

4.2 Preferred DRX mode under ultrasonic

superimposed high-strain-rate deformation

UW involves applying ultrasonic vibration
and pressure, leading to intense shear plastic
deformation as well as considerably elevated
temperature at the interfaces. The Z parameter,
combining strain rate and temperature during
plastic deformation, is typically used to relate
process conditions to DRX modes in metals [37].
According to the previous research, the In Z value
of interfacial friction deformation exceeded
30, and the maximum shear strain within a single
welding cycle could reach 1.54 [29]. The strain—Z
microstructure map indicated that high-Z processes
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predominantly led to deformation twinning and
CDRX under low and high strain conditions,
respectively [37]. In contrast, the massive bulging
boundaries observed in the recrystallized grains
suggested that strain-induced boundary migration of
DDRX mode dominated in the interfacial regions.
SIU et al [17] indicated that periodic effects
of ultrasonic vibration facilitated the cross-slip of
dislocation and weakened dislocation pile-up during
plastic deformation. In this research, ultrasonic
excitation accelerated intra-granular dislocation
motion toward grain boundaries, creating a
difference in stored energy that provided a
prerequisite for DDRX. The nucleation stage of
DDRX was analyzed, and the results are shown
in Fig. 15. The stored energy difference between
adjacent grains drove the initial grain boundary to
bow out into Grain II side, generating a sub-grain
boundary on Grain I side. The driving force, i.e. the
stored energy difference (AE) can be calculated
using Eq. (1) [38]:
AE=0.5ApGb? (1)
where Ap represents the dislocation density
difference between both sides of the grain boundary;
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G is the shear modulus, which is 48 GPa for
Cu [39]; b represents the magnitude of Burgers
vector (0.256nm for perfect dislocation). By
analyzing the dislocation density statistics of Grains
Iand II, AE for the case in Fig. 15 can be calculated
to be 3.5x10° J/m?.

The criterion for strain-induced grain migration
is given by [38]

AE >2y/R (2)

where y is grain boundary energy with a value of
0.4 J/m? for the sub-micro sized Cu grains [40]; R
represents the curvature radius of the bulging
boundary, which was measured to be approximately
2.5 um for the case in Fig. 15. Substituting specific
values into Eq.(2), the critical stored energy
difference required to trigger the phenomena of
strain-induced grain boundary migration is
3.1x10° J/m?.

Therefore, the wultrasonic vibration-induced
acceleration of intra-granular dislocation motion
created a sufficient dislocation density difference
across the grain boundary. This was the intrinsic
reason that led to DDRX being the prominent
mode of grain refinement in the interfacial regions.
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Average value:
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M
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Fig. 15 DDRX mode analysis results in interfacial regions: (a) STEM image for bulging boundary; (b) Dislocation
analysis map; (c) Dislocation density profiles for adjacent Grains I and II during DDRX process
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Fig. 16 Schematics for microstructural evolution of Cu single crystal joints under different conditions

Moreover, the identical dynamic recrystallization
mode for [001], [101], and [111] joints observed in
Figs.4 and 9 further confirmed that ultrasonic
excitation weakened orientation constraints on
intra-granular dislocation motion, resulting in the
isotropic evolution of joint microstructures and
properties.

4.3 Isotropic microstructure evolution of Cu
single crystal joints during UW

Based on the analysis of microstructural and
welding quality for [001], [101], and [111] joints,
the weld formation represents an isotropic feature,
as illustrated in Fig. 16. For a low welding energy
input, insufficient frictional deformation inhibited
the complete extension of the bonding regions, and
the interfacial gaps were still observed in the Cu
single crystal joints. Ultrasonic excitation altered
the correlation between dislocation substructures
and orientation, and drove the boundary migration
by enhancing intra-granular dislocation motion.
Correspondingly, the ultrasonic superimposed
high-strain-rate deformation produced orientation-
independent microstructures, characterized by
equiaxed dislocation cells, DDRX grains, few
CDRX grains and mechanically driven annealing
twins in the interfacial regions.

As the welding energy increased, continuous
ultrasonic vibration enabled the DRX regions to fill
the interfacial gaps, and dramatically expanded
net welded areas. The homogeneous initiation of
dislocations within the grains resulted in the
isotropic morphologies of dislocations in the
nascent re-oriented grains, and interfacial micro-

structures were mainly refined by the DDRX modes.

This indicated that even under the condition of
intense deformation and substantial dislocation
accumulation at the interfaces, ultrasonic vibration
could still weaken the intra-granular dislocation

entanglement and facilitate dislocation-driven grain
boundary migration.

5 Conclusions

(1) At a low welding energy, the orientation-
independent microstructures of the equiaxed
dislocation cells and DDRX grains dominated in the
interfacial regions of Cu single crystal joints. As the
welding energy increased, the interfacial regions
were completely covered by the refined DRX
grains.

(2) The randomly oriented recrystallized layer
weakened the difference in plastic deformation
and diffusion rates among various orientations,
contributing to the isotropic evolution of micro-
hardness and welding quality for joints with various
orientations.

(3) Ultrasonic excitation weakened the intra-
granular dislocation entanglement and altered
the constraints on cross-slip imposed by the
characteristic orientations, which facilitated the
homogeneous dislocation nucleation and motion
under the loading mode of high-strain-rate, serving
as the intrinsic factor for the isotropic evolution
feature for Cu single crystal joints.
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