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Abstract

This study compares the electrically assisted pressure joining (EAPJ) performances of two non-ferrous alloys, aluminum
(Al) 6061-T6 and copper (Cu) C11000. For joining, two cylindrical specimens with identical geometries are assembled in a
longitudinal direction. Electric currents with various electric current densities are applied directly to the specimen assemblies
during continuous axial plastic deformation. Microstructural analysis confirms that the joints are successfully fabricated
without melting and solidification in both material combinations. While the mechanical properties of the joints are strongly
affected by the electric current density, the results also show that both joining temperature and amount of plastic deformation
for successful EAPJ of the C11000 alloy are much lower than those of the Al 6061-T6 alloy. In EAPJ, the Cu C11000 even
can be joined at a temperature (250 °C) lower than the 0.3-0.7T,, range (T,,: the melting temperature of material), while the
Al 6061-T6 requires the joining temperature (450 °C), which is about 0.7T,, for that material. The present study confirms

that the process parameters for successful EAPJ can strongly differ depending on the metal alloy.

Keywords Electrically Assisted Pressure Joining - Current Density - Deformation - Temperature - Aluminum 6061-T6 -

Copper C1100

1 Introduction

Depending on the industrial application, non-ferrous metal
alloys offer advantages over ferrous alloys in terms of cor-
rosion resistivity, thermal and electrical conductivity, and
strength-to-weight ratios [1, 2]. The demand for complicated
structural components made of non-ferrous metal alloys
is increasing in various industrial applications. A proper
joining technique for each non-ferrous alloy is essential to
accomplish the target design.

Fusion joining has been commonly used to fabricate a
joint of metallic materials. For example, arc welding can
be applied in disparate workpiece positions and has been
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preferable for welding of similar materials [3]. Laser weld-
ing also offers several advantages, including high energy
density and welding speed, accurate control of heat input,
and rapid cooling [4], all of which help reduce the size of
heat-affected zone [5, 6]. However, fusion joining also has
disadvantages, such as excessive thermal stress, residual
stress, distortion, crack, and creation of a thick layer of inter-
metallic compounds (IMCs) after joining, resulting in severe
deterioration of joint properties [7-9].

With the recent trend of using non-ferrous metal alloys,
demand for solid-state joining, which can avoid the draw-
backs of conventional fusion joining, is increasing. Among
the popular processes for solid-state joining are pressure
joining [10], friction joining [11, 12], and friction stir weld-
ing (FSW) [13-15]. Pressure joining has been considered an
effective alternative to fusion joining due to its simplicity and
cost-effectiveness. It has been demonstrated that workpieces
for pressure joining need to undergo severe plastic defor-
mation to break the oxide layer, which allows atom-to-atom
contact and generates the bond. In cold pressure joining, the
shape of the product may be severely altered due to the force
required to induce plastic deformation. In conventional hot
pressure joining, workpieces are heated in a furnace to reduce
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the required joining force and to enhance diffusion. How-
ever, the heating process for conventional hot pressure join-
ing is often time-consuming. Also, it is typically necessary to
place the entire workpiece in the furnace, causing unexpected
microstructural changes in the entire workpieces.

Friction joining offers benefits in overcoming the tech-
nical disadvantages of pressure joining since the heating
and deformation during friction joining can be relatively
localized compared with pressure joining. However, friction
joining requires high-precision rotation and braking, which
can be expensive and bulky. FSW, in which heat sources
are purely mechanical, is a relatively well-commercialized
process. However, it requires a complex and costly machine
and a specially designed tool. Under these circumstances, a
simple, efficient, and controllable joining method that pro-
vides acceptable joint properties with less damage to the
vicinity of joint is needed.

Electrically assisted pressure joining (EAPJ) is a rela-
tively new solid-state joining technique that avoids the
drawbacks of conventional solid-state joining. With a cer-
tain amount of plastic deformation, EAPJ exploits thermal
(resistance heating) and athermal [16] effects of electric cur-
rent. EAPJ is highly efficient because the resistance heating
and accompanying athermal effect of an electric current are
rapid, localized, and controllable [17]. Also, since EAPJ
does not require bulky (and expensive) rotation and braking
systems, the entire system can be much more compact than
conventional friction welding.

The athermal effect of electric current [16] reportedly
enhances the atomic kinetics in microstructural rearrange-
ments, such as recrystallization [18, 19], phase transforma-
tion [20, 21], and healing [22]. Kim et al. [16] reported that
charge imbalances at microstructural defects weaken the
strength of atomic bonding as an electric current is applied.
Jeong et al. [23] reported that, as the current density increases
for a fixed temperature, the athermal effect becomes more
prominent. It is expected that the athermal effect can enhance
the diffusion process during joining [24-29].

A sound solid-state joint was reportedly fabricated by
means of EAPJ even for dissimilar material combinations
with significantly different thermomechanical properties
[25-27, 30]. Also, the effectiveness of EAPJ can be improved
using an additive manufactured porous interlayer at the join-
ing interface [28, 29]. Zhang et al. [29] reported that the addi-
tive layer has a measurable impact on the interfacial bond
strength of EAPJed maraging steels/AISI stainless-steel
joints. Lee et al. [31] successfully produced a robust joint
of functionally graded lightweight steels (Mo-doped and
Si-doped) by adopting EAPIJ. They also reported that the
chemical inhomogeneity matrix, which is typically observed
in fusion joining, was avoided entirely. Furthermore, the con-
cept of EAPJ can be simply expanded to in situ joining and
forging, as demonstrated by Do et al. [32].

Although EAPJ has been actively investigated as men-
tioned above, few studies on the feasibility of EAPJ of
various non-ferrous metal alloys have been conducted. Alu-
minum and copper are two typical face-centered-cubic struc-
ture metals that are commonly used in electrical industries.
Unfortunately, the EAPJ performance of those two popular
materials is still unclear. To fill this gap, EAPJ of aluminum
(Al) 6061-T6 and copper (Cu) C11000 alloys and the effi-
ciency of the joining process are compared in the present
study. Especially, the joining performance and the micro-
structural evolution of joint are discussed in detail through
microstructural analysis.

2 Experimental Set-Up

For the EAPJ experiment, cylindrical specimens of the Al
6061-T6 and C11000 alloys were used (each 10 mm in diam-
eter and 10 mm in height), as shown in Fig. 1. The chemical
compositions of both alloys are listed in Table 1. Silicon
carbide (SiC) grinding paper (first a 180-grit paper followed
by a 600-grit paper) was used to remove oxide layers on
the joining surfaces. The specimens were degreased with
acetone before the two cylindrical specimens were assem-
bled along the axial direction. To minimize reoxidation of
the joining surfaces, the interval between surface preparation
and the EAPJ process was less than 1 min.

As shown in Fig. 2, a custom-made fixture for EAPJ was
installed in a universal servo press machine with a capacity
of 700 kN (DTU-800SP, Daekyoung, Busan, Republic of
Korea). Both electrodes were made of tool steel. To iso-
late the servo press from the electric current, two insulators
made of Bakelite were placed between the servo press and
electrodes. A digital signal processor (DTU-2000X, Daeky-
oung, Busan, Republic of Korea) was used to record the load
history and to control the displacement. A programmable
electric current generator (VADAL SP-1000U, Hyosung,
Seoul, Republic of Korea) connected to a cooling system
supplied the current. An infrared thermal imaging camera
(FLIR-T621, FLIR, Taby, Sweden) was used to record the
temperature during the EAPJ process. Thermal black paint
with heat resistance of up to 800 °C was sprayed on one

10 mm 10 mm

10 mm

Fig. 1 The dimensions of specimens
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Table 1 Chemical composition
of A1 6061 and C11000 alloys

Fig.2 The experimental set-up =

Material Chemical composition (wt%)
Si Fe Cu Mn Mg Cr Zn Other Al
AA6061-T6 0.67 0.5 0.23 0.12 0.9 0.17 0.07 0.02 Bal
C11000 - - 99.95 - - - - Bal -
Cooling system — SH controller
Compression Test MIC 70 ton.* * e
e _t _____ et j Insulator
I () | | i Elecimde
- ; :
I- al ‘ Y : \ : H
| ! 1
, i Electrode
| Insulator

Custom-made fixture

Thermal camera

Table2 The applied displacement, joining time, and target joining
temperature in EAPJ

Displacement Joining time (s) Target joining temperature (°C)
(mm)

Al/Al Cu/Cu
5 23 330,450,550 250,350,550
10
15

side of the specimen surface to increase the accuracy of
temperature measurements by stabilizing the emissivity.
Before EAPJ, a 1000 N pre-load was applied to the specimen
assembly to ensure firm contact between the specimens and
between the specimen and electrode. As a result, sparks at
the joining interface or at the interface between the specimen
and electrode were effectively prevented when the electric
current was applied.

To compare the EAPJ performance of Al/Al and Cu/
Cu combinations, an applied displacement and target join-
ing temperature were selected (Table 2). As schematically
shown in Fig. 3, the displacement was set to complete con-
currently with completion of the electric current. A dis-
placement rate was chosen to maintain a constant joining
time. In the present study, it was assumed that the effect of
displacement rate on joining performance was not signifi-
cant. A main current pulse was applied to reach the target
joining temperature, and nine following pulses were applied
to maintain the elevated temperature during the remaining
joining time. The matrices of the electric current parameters
for EAPJ of the Al/Al and Cu/Cu alloys, selected through

Following pulse

End of displacement
and electric current

Interval  Duration
< P> <+ >

Current intensity (kA)
(wrur) yudwddedsiq

Time (s)

Fig.3 The schematic of electric current and displacement during
EAPJ

preliminary tests, are listed in Table 3(a) and (b), respec-
tively. Each set of parameters was tested at least three times
to ensure repeatability.

After EAPJ, the joined samples were cut perpendicular
to the interface (along the joining direction). The cross-sec-
tions were mechanically ground, polished, and then etched
(AV/AL joint: H,O 190 mL, HNO; 5 mL, HC1 3 mL, HF
2 mL; Cu/Cu joint: H,O 50 mL, HNO; 50 mL) according
to a typical metallographic preparation procedure. A field-
emission scanning electron microscope (SU5000, Hitachi,
Tokyo, Japan) equipped with an electron backscatter dif-
fraction (EBSD) system (Velocity super/EDAX, California,
USA) was used to observe the microstructure and to verify
the absence of macroscopic defects in the joint. The EBSD
analysis was carried out at the joint interface to investigate
the microstructural evolution during joining. The working
conditions for the EBSD analysis were 15 kV acceleration
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Table 3 Electric current parameters for EAPJ process

(a) A1/AL
Max temperature” (°C) Main pluse

Intensity (kA) Normal Duration (s)

current
density™
(A/mm?)
~330 32 40.74 5.0 0.5
~450 34 43.29
~550 3.7 47.11
(b) Cu/Cu

Max temperature* (°C) Main pluse

Intensity (kA) Normal Duration (s)

current

density™

(A/mm?)
~250 2.8 35.65 5.0 0.5
~350 32 40.74
~550 5.0 63.66

Interval (s) Following pluse

Interval (s) Following pluse

Total time

Intensity (kA)  Duration (s) Number of pulse (s

32 1.5 9 23.0
3.35
3.65

Total time

Intensity (kA)  Duration (s) Number of pulse (s)

2.6 1.5 9 23.0
32
4.0

* Approximate value reached at the end of main pulse

“"Defined as the current intensity of the main pulse divided by the original area of the workpiece

voltage, 18 mm working distance, a 70° tilt, and a 5° critical
misorientation for grain identification. The microstructural
evolution of EAPJ joints was analyzed through inverse pole
figure (IPF), grain orientation spread (GOS), and kernel
average misorientation (KAM) maps to obtain average grain
sizes, recrystallization fractions, and KAM average values,
respectively. Grains with a GOS between 0° and 2° were
considered recrystallized grains. Finally, a Vickers indenter
(HM-100, Mitutoyo, Kanagawa, Japan) was used to evalu-
ate the mechanical properties. Vickers hardness (load: 1 N,
dwell time: 10 s) was measured perpendicular to the joining
interface with steps from the joint interface of 50 pm for the
Al/Al joint and of 100 pm for the Cu/Cu joint.

3 Results and Discussion
3.1 Process Response

The temperature and load histories of successful EAPJ
of the selected materials are shown in Fig. 4. The tem-
perature graphs of EAPJ displayed in Figs. 4a—c show a
similar trend. When the main pulse of the electric current
was applied, the temperature of the specimen assembly
rapidly reached the target temperature. During the fol-
lowing nine current pulses, the temperature stayed at the
elevated value, plateauing with serration. Finally, the speci-
men assembly was air-cooled. The induced temperature
(the average temperature in the plateau) during the EAPJ
process is referred to as the joining temperature. The load
histories, as shown in Figs. 4d—f, during EAPJ of the two
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materials exhibited similar trends overall. Initially, the load
increased as a result of compressive displacement. As the
temperature increased, the load began to decrease due to
thermal softening of the joining materials. As the height
of the specimen assembly continued to decrease due to
compressive displacement (during the plateau of tempera-
ture), the load gradually increased. The load history clearly
showed that the joining load decreased as the current den-
sity increased. Naturally, the load history during EAPJ of
Al/Al showed lower values than those of Cu/Cu due to the
different mechanical properties of the materials.

The joints were labeled according to the given
experimental parameter sets (Fig. 5). For example,
A-NTO0.69D15 denotes a joint of AA6061/AA6061 at
69% of the normalized joining temperature, which was
defined as the joining temperature divided by the melting
temperature (T,)) of the joining material, with 15 mm of
compressive displacement.

For the combinations of displacement and joining tem-
perature (or normalized joining temperature), the joining
performances of the two material alloys were significantly
different, as shown in the result maps (Fig. 6). The joining
temperature and induced normalized temperature in the
result maps are the average of three repeated tests. Among
the displacement-temperature combinations selected in
the present study, Al/Al joints were only produced with
a displacement of 15 mm and normalized temperatures
of 0.69 and 0.85. However, Cu/Cu joints were success-
fully created with displacements of 10 and 15 mm for all
selected normalized temperatures. It is interesting to note
that the EAPJ of copper was successful with a smaller
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Fig.4 Histories of temperature (a,b,c) and load (d,e,f) during EAPJ of A-D15, C-D15, and C-D10, respectively

Fig.5 Successful joints: a Al/Al joints with 15 mm of displacement, b Cu/Cu joints with 15 mm of displacement, and ¢ Cu/Cu joints with

10 mm of displacement

compressive displacement and at a lower temperature (for
example, with a displacement of 10 mm at a joining tem-
perature of 250 °C) compared with that of aluminum. A
joining temperature of 250 °C, which induced successful
EAP]J of copper, was even lower than the 0.3-0.7 T, range
for diffusion-based solid-state joining during warm [33]
and hot working [34].

3.2 AA6061/AA6061 Joint

IPF maps of as-received AA6061 and two cross-sections
of joints are illustrated in Figs. 7a-c. The IPF maps of the
A-NT0.69D15 and A-NTO0.85D15 joints in Figs. 7b and
c, respectively, show no detectable joint lines. A joint of
similar materials is generally considered complete when the

@ Springer KEF]E



882

International Journal of Precision Engineering and Manufacturing-Green Technology (2024) 11:877-888

(a) Cu/Cu: (- Failed, O -Joined (b) Cu/Cu:QO- Failed,o -Joined
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Joining temperature (°C)
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Fig. 6 Result maps based on: a displacement vs temperature and b displacement vs induced normalized temperature
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Fig. 7 IPF maps of: a as-received AA6061, b A-NT0.69D15, ¢ A-NT0.85D15, d as-received C11000, e C-NT0.23D10, f C-NT0.32D10, and g

C-NT0.5D10

joining line is eliminated [35]. Additionally, EBSD observa-
tions show that neither joint had macroscopic defects nor
a sign of melting or solidification in the joining interface.
These results suggest that aluminum alloys were completely
joined at a solid state in a relatively short time by EAPJ.
The average grain size of base materials and joints is listed
in Table 4. The as-received AA6061 was composed of a mix-
ture of elongated grains and equiaxed grains with an average
grain size of 19.14 + 18.20 pm, as detailed in Fig. 7a. The
A-NTO0.69D15 joint shown in Fig. 7b not only included com-
pressed grains, but also consisted of many refined grains at
the expense of deformed grains. This suggests that dynamic
recrystallization (DRX) occurred during EAPJ, leading to

@ Springer KE _:E

Table 4 Average grain size of base materials and joints (pum)

As-received AA6061 A-NTO0.69D15
19.14+18.20 13.62+13.09
As-received C11000 C-NT0.23D10
34.09+18.23 13.19+15.20

A-NT0.85D15 -
16.89+10.56 -
C-NT0.32D10 C-NT0.5D10
10.33+11.05 15.95+10.02

a decrease in average grain size (13.62 +13.09 pm). The
microstructure of the A-NT0.85D15 joint in Fig. 7c shows
that the joint consists of coarser grains (in comparison with
the A-NT0.69D15 joint), with average grain size increasing
to 16.89 +10.56 pm. Moreover, no distinct interfacial lines
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were observed at the joining interface (the so-called inter-
facial grain boundary [IGB]) [36, 37], which differs from
the A-NT0.69D15 joint interface. The loss of IGBs can be
explained by the formation of triple conjunctions between
grains across the interface and by rapid grain growth, result-
ing in a complete joint [36]. This suggests that an increase
in normalized temperature, corresponding with an increase
in current density, accelerated the diffusion of atoms across
the interface and enhanced the migration of IGBs.

Figures 8a-c depict GOS maps of the base material and
EAPJed AA6061. Recrystallized grains are indicated in
green (0 < GOS < 1°) and blue (1 < GOS <2°). The DRX
fraction of the A-NT0.69D15 and A-NT0.85D15 joints

RX frac.
45.09%
As-received C11000

was similar, at 43.88% and 40.58%, respectively. How-
ever, the hardness value of the two joints was signifi-
cantly lower than that of the base material (117 HV), as
shown in Fig. 9a. This can be attributed to elevated tem-
peratures induced by the electric current, which dissolved
the strengthening precipitates in the AI-Mg-Si alloy,
leading to a degradation in hardness after EAPJ [26].
As shown in Fig. 9a, the hardness of the A-NT0.69D15
joint was greater than that of the A-NT0.85D15 joint at
all measured steps, despite similar DRX fractions. This
is because the A-NT0.69D15 joint was subjected to a
lower temperature, resulting in lower grain growth in the
former joint (Fig. 7).

:ID (Joining direction)
TD

ND
i o1
DRX frac. | [N 1-2
40.58% (T >2

DRX frac.

26.67% |[E

S0.62%

Fig.8 GOS maps of a as-received AA6061, b A-NT0.69D15, ¢ A-NT0.85D15, d as-received C11000, e C-NT0.23D10, f C-NT0.32D10, and g

C-NT0.5D10

Fig.9 Hardness response of as- —=—Base AAGO61

—— A-NT0.69D15 —4— A-NT0.85D15

—s=—Base C11000 —&—C-NT0.23D10 —4—C-NT0.5D10
——C-NT0.23D15 ——C-NT0.5D15

received materials and joining 130 130
interface: a Al/Al joint and b
Cu/Cu joint 120 120- ;_é.—_/::>
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2 1004 2 1004
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3.3 C11000/C11000 Joint

In terms of efficiency, C-D10 joints were used to carry out
the comparative microstructural analysis with respect to the
Al/Al joints, as C-D10 joints can be produced at a much
lower total energy than C-D15 joints. Figures 7d-g show
the IPF maps of as-received C11000 and C-D10 joints. The
successful creation of C-D10 joints was confirmed through
IPF maps, as depicted in Figs. 7e—g, which clearly show that
the joint line of these joints is unidentified. This confirms
that EAPJ can be adapted to create a complete solid joint of
copper C11000 alloys with less plastic deformation and at a
lower temperature, which also corresponds to lower normal-
ized temperature, compared with the AA6061 alloy.

An IPF map of the as-received copper, shown in Fig. 7d,
reveals the microstructure of equiaxed grains, including
some twins, with an average grain size of 34.19+18.23 pm.
The IPF map of the C-NT0.23D10 joint clearly shows a large
number of refined grains near the joint interface, while the
matrix of both sides includes a combination of large amounts
of compressed fibrous grains and refined grains, as shown
in Fig. 7e. The average grain size of the joint was reduced
significantly to 13.19 + 15.20 pm. Specifically, the grain
boundaries of the deformed grains in the matrix appeared
to be bulging where the nuclei prefer to be formed [33].
Figure 7f shows that the C-NT0.32D10 joint is composed
of refined grains (larger than the C-NT0.23D10 joint) and
a higher volume fraction of DRX-ed grains compared
with the C-NT0.23D10 joint, resulting in a reduction of
fibrous grains. The average grain size was reduced slightly
to 10.33+11.05 pm. In addition, the joint interface of the
C-NTO0.32D10 joint was accompanied primarily by the
formation and growth of refined DRXed grains. Figure 7g
shows that the C-0.5NTD10 joint is composed of uniform
equiaxed and coarse grains, leading to an increase in aver-
age grain size (15.95+10.02 pm). Specifically, some grains
apparently grew across the interface (marked by a yellow
square box), which is evidence of the migration of IGB [35].

1 Nuclei and new grains at
. bulging grain boundarics

It is clear that the extent of DRX was enhanced as current
density increased during EAPJ.

To confirm the elimination mechanism of the joint line,
the IPF maps of the C-NT0.23D10 and C-NT0.5D10 joints
were enlarged to observe the evolution at the joint interface.
Figure 10 shows the enlarged IPF maps of yellow square
boxes A and B in Figs. 7e and g, respectively. The IPF map
of the C-NT0.23D10 joint in Fig. 10a shows clear evidence
of new refined grains at the bulging grain boundaries (black
dash-dot area). The joint line is also composed of many
refined grains and some coarse grains, which extend to two
sides of the interface. Figure 10b clearly demonstrates no
joint line of the C-NT0.5D10 due to the existence of coarse
grains across the joining interface. This suggests that the
electric current density strongly assisted the grain growth.
The EBSD observation confirms the initiation of recrystalli-
zation and grain growth at the interface under the assistance
of electric current, which contributed to the migration of
IGBs and led to the elimination of the joint line and creation
of a complete joint.

Analogous to the GOS value of the aluminum sec-
tion, the grains can be defined as recrystallized as the
GOS value is lower than 2° (green: 0 < GOS < 1°, and
blue: 1 <GOS <2°), as depicted in Fig. 8. The recrystal-
lization fraction of the as-received material was 1.3%, as
shown in Fig. 8d. After EAPJ at NT0.23D10, the fraction of
DRXed grains of the joint increased significantly (13.63%).
As the current density increased, the size and fraction of
DRX grains (26.67% and 59.62%) increased dramatically
throughout the C-NT0.32D10 and C-0.5NTD10 joints, as
shown in Figs. 8f—g, respectively. Specifically, the DRXed
grains surrounded deformed grains in the C-NT0.23D10
and C-NTO0.32D10 joints, while the C-NT0.5D10 showed
a near complete loss of deformed grains. The hardness at
the joining area of the C-D10 and C-D15 joints was meas-
ured and plotted in Fig. 9b. For the C-D10 case, the hard-
ness value of the C-NT0.23D10 joint was greater than
that of the as-received material even though the fraction

\ ‘

i Coarsc grains across joint line p—_ &'

D

"

Fig. 10 The enlarged IPF maps of the yellow boxes A and B in Fig. 7: a C-NT0.23D10 and b C-NT0.5D10
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Fig. 11 KAM maps of:

a as-received AA6061, b
A-NTO0.69D15, ¢ as-received
C11000, and d C-NT0.23D10

As-received AA6061

A-NT0.69D15

: Avg.: 0.585

| C-NT023D10 |

‘I D (Joining direction)
TD

ND

| Avg.:1.906 | Il 0-5

of recrystallization was higher due to strain hardening of
the NT0.23D10 joint. In contrast, the hardness value of
the C-NTO0.5D10 joint intensely decreased due to dynamic
recrystallization and the disappearance of deformed grains
at higher joining temperatures. The hardness of the C-D15
joints at the joining interface was also measured. The hard-
ness of the C-D15 joints was higher than that of C-D10
joints when the normalized temperature was the same. This
can be explained by greater plastic deformation of the C-D15
joints compared with the C-D10 joints, causing higher strain
hardening [38].

The difference in the amount of applied displacement and
the joining temperature for successful EAPJ of AlI/Al and
Cu/Cu can be explained by the hypothesis based on the dif-
ference in stacking fault energy (SFE): aluminum is a high-
SFE material, while copper is a medium-SFE material. The
dislocation density of the high-SFE material (aluminum)
produced during plastic deformation is significantly lower
than that of the low- to medium-SFE material (copper) [39].
The dislocation is a source of the diffusion path as well as
the grain boundary migration [40]. Also, a higher dislocation
density can enhance the charge-imbalance effect of electric
current [16]. Since the geometrically necessary dislocation
can be represented by the local misorientation (KAM value),
KAM maps can be used to indicate the existence of disloca-
tion density [41, 42]. KAM maps of as-received materials
and the joining area of A-NT0.69D15 and C-NT0.23D10
joints are displayed in Fig. 11. The KAM value of aluminum
increased slightly from 0.523 to 0.585 (11.85%), while that

of copper increased from 0.919 to 1.906 (107.40%) after
EAPJ, even though the amount of compressive displacement
in C-NT0.23D10 was 50% lower than that of A-NT0.69D15.
The KAM maps confirm that the induced dislocation den-
sity during EAPJ of copper was much higher than that of
aluminum. Therefore, the Al/Al workpiece should undergo
greater deformation compared with Cu/Cu to produce a
similar amount of dislocation, which facilitates joining.
This explains why the EAPJ of Cu/Cu can be successfully
conducted with a lower compressive displacement and/or a
lower joining temperature compared to that of AI/Al.

4 Conclusion

Two non-ferrous alloys, aluminum 6061-T6, and copper
C11000, were successfully joined in a short time using
EAPJ without melting and solidification. A comparison of
EAPIJ performances of the selected materials was conducted
through microstructural analysis. The results show that both
joining temperature and amount of plastic deformation for
successful EAPJ of copper C11000 were much lower than
those of aluminum 6061-T6. The temperature for successful
EAPJ of C1000 was even lower than the range for diffusion-
based solid-state joining (0.3-0.7T,,). These results might be
explained by the hypothesis based on the difference in SFE.
The results of the present study confirm that the process
parameters for successful EAPJ can differ strongly depend-
ing on the metal alloy. EBSD observation clearly confirms
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that the complete joint was created as the increased normal-
ized temperature (as a result of increased current density)
enhanced the recrystallization and grain growth process,
followed by the migration of IGBs. The mechanical proper-
ties of the joint are measured by the hardness value, which
is strongly affected by the process parameters. This study
confirms that EAPJ is promising and applicable to joining
of non-ferrous metals.
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