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Abstract: In this paper, the influence mechanism of ultrasound on plastic flow and microstructure
features of the aluminum-copper friction stir lap welding (Al/Cu-FSLW) process is systematically
investigated by adjusting the welding speed and improving the shear rheology in the plastic stirring
zone. Through adjusting the ultrasonic vibration and welding speed, the directional control of
mechanical properties is realized. It is found that increasing the welding speed properly is beneficial
to enhance the mechanical shear between the tool and the workpiece, thus forming more staggered
layered structures at the copper side and improving the tensile strength of the weld. The acoustic
softening enhances the viscoplastic fluid mixing and strengthens the mechanical interlock of the
Al/Cu lap interface. As the welding speeds increase or ultrasonic vibration is applied, the thickness
of Al/Cu intermetallic compound (IMC) decreases, and the tensile strength and elongation of the
Al/Cu joints are enhanced. Compared with adjusting the welding speed, the ultrasonic vibration
can further refine the copper particles which are stirred into the plastic zone, and the thinning effect
of ultrasound on IMC layers is better than that of increasing welding speed. At the welding speed
of 60 mm/min, the IMC layer thickness is reduced by 42% under ultrasonic effect. In three welding
speed conditions, the UV reduced the absolute value of the effective heat of formation (EHF) for
Al,Cu and Al;Cug and suppressed the formation of AICu phase. Meanwhile, only when the welding
speed is increased from 60 mm/min to 100 mm/min can the formation of AlCu be suppressed. Under
the ultrasonic optimization, the stable improvement of welding efficiency is ensured.

Keywords: Al/Cu dissimilar alloys; friction stir lap welding; ultrasonic vibration; welding velocity;
intermetallic compounds; plastic flow

1. Introduction

Aluminum-—copper composite structures have excellent electrical conductivity and
good economy and are widely used in the aerospace field and the manufacture of electrical
equipment [1-3]. However, the huge differences in thermal and mechanical properties
between aluminum alloy and copper make it quite difficult to connect them through fusion
welding. And due to the high surface brightness of copper, it is also challenging to use
fusion welding methods with high energy density, such as laser welding [4,5]. Solid-state
welding processes with low heat input, and with no need to melt materials, such as ultra-
sonic welding, friction welding, and friction stir welding (FSW), have obvious advantages
in welding aluminum and copper. Solid-phase welding uses plastic deformation at local
high temperature and high strain rate to realize effective combination and can generate less
brittle-hard Al/Cu-IMC under low heat input and is more suitable for Al/Cu joining [6-9].
Compared with ultrasonic welding, the FSW process can achieve a larger process window
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and a wider range of plate thickness, so it has a better industrial prospect for the welding
of dissimilar materials of aluminum alloys and copper.

During the FSW process, the workpieces undergo the strong shearing action of the
tool, and the local rapid rise in temperature and material softening are realized by the
mutual friction between the tool and the workpiece. The mechanical interlocking and
metallurgical bonding of dissimilar Al/Cu materials are realized with the shear rheology
under high strain rate [10-12]. For the Al/Cu-FSLW process, researchers mostly consider
the placement of materials, the configuration of welding speed and tool rotating speed,
the shape and structure design of the tool, and the auxiliary energy field or intermediate
layer transition [13-15]. When thin plates of aluminum alloys and copper are joined with
the FSLW process, Zn foil is often used as the intermediate layer to reduce the brittle
IMCs. Li et al. [16] added Zn as an intermediate layer and they found that a soft IMC layer
composited with Cu/Zn was generated, improving the mechanical properties of Al/Cu
joints. In addition to using Zn foil alone as the intermediate layer, researchers also found
that SiC can be used as the intermediate layer, or other composite welding processes can be
superimposed. Maity et al. [17] used SiC particles as the interlayer, and they proved that
the peel strength was improved by 70% without affecting the joint resistance. Based on
the addition of a zinc intermediate layer, Tong et al. [18] combined it with the self-reactive
brazing mechanism, and they also improved the fracture resistance of the Al/Cu joint
by 59%. Paidar et al. [19] combined the technology of friction spot extrusion welding—
brazing with a Zn intermediate layer, and they found the keyhole was eliminated totally.
Furthermore, the weld strength and elongation of the joint were significantly improved.
However, the method of adding an intermediate layer is more suitable for thin plates and
short pins. For the lap joint of medium-thickness plates, it is necessary to ensure sufficient
plastic flow of the bottom copper plate and also the plastic mixing of aluminum with the
copper. So, it is necessary to optimize the process from the perspective of strengthening
plastic deformation.

A large number of studies have confirmed that optimizing the tool design [20-23]
and adding energy field assistance [24-27] can effectively improve the plastic flow during
the FSW process. In the investigation of the effect of tool design on the plastic flow and
microstructure in the weld nugget, Xie et al. [28] found that the increase in thread depth
can promote the dynamic recrystallization and improve plastic deformation. Based on
the promotion of ultrasonic vibration to metal plastic deformation, a variety of ultrasonic
coupling processes have been developed in the research of process modification of the
friction stir welding process. Moreover, a lot of basic research has been carried out on
ultrasonic-assisted friction stir welding of aluminum alloy, aluminum-magnesium alloy;
aluminum steel, and aluminum-copper. Zuo et al. [29] proposed an ultrasound-assisted
friction stir transient liquid phase spot welding process, and they found that the application
of ultrasonic vibration could break IMC particles and thicken the eutectic layer. He et al. [30]
applied ultrasonic vibration to the tool. They found that the distribution uniformity of
IMCs and the tensile strength of the weld were significantly improved when the ultrasound
was coupled with the tool. Karrar et al. [31] found that the increasing of the rotating speed
could promote mechanical interlocking, but also the heat input could increase, which
promoted the generation of IMCs. You et al. [32] found that the application of ultrasonic
vibration can transfer the tensile fracture position to the non-interface, thus improving the
tensile strength of the Al/Cu joints. Su et al. [33] found that the distribution uniformity of
IMCs was improved and the thickness of IMCs in the Al/Cu interface was reduced after
the application of ultrasound. Chowdhury et al. [34] proposed that ultrasound can provide
energy for the welding process and contribute to the reconstruction of metal grains. Thoma
et al. [35] found that ultrasound can compensate the heat source required for welding
and act as external mechanical energy to inhibit IMC growth in ultrasonic-assisted FSW
research of Al/steel. The investigations of joining of dissimilar metals by ultrasonic-assisted
FSW processes show that the acoustic softening effect will reduce the plastic deformation
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resistance, even the plastic difference between dissimilar materials, and it further reduces
the welding load and improves the mechanical properties of the joint.

However, at present, few studies have considered the application of ultrasound to the
Al/Cu heterogeneous FSW process. Moreover, there is a lack of systematic research on the
matching relationship between welding parameters and ultrasonic effect. In order to deeply
study the ultrasonic influence mechanism and adjust the adaptability of ultrasound and
welding parameters, the effects of ultrasound on the formation and growth of Al/Cu-IMC
and the plastic flow of the weld nugget under different welding speeds were compared
and analyzed in this paper. The distribution morphologies of IMCs, the phase composition
of intermetallic compounds, and mechanical properties of joints under different welding
speeds and with or without ultrasonic assistance were compared and analyzed. The
influence mechanism of both welding speed and ultrasonic vibration assistance on Al/Cu
friction stir lap welding was revealed from the point of view of the effective heat of
IMC formation.

2. Experimental Procedure

The ultrasonic application method and the schematic diagram of the ultrasonic-
assisted friction stir lap welding (UFSLW) process are shown in Figure 1. AA6061-T6
aluminum alloy and copper plate were lapped, and the workpieces were both 150 mm
(length) x 75 mm (width) x 3 mm (height). The aluminum plate was placed on the top and
the copper was placed on the bottom. The ultrasonic device was fixed on the spindle and
moved synchronously with the tool. The selection of tool rotating speed and the welding
speeds was based on the principle of no defects in the joint and presenting the most signifi-
cant ultrasonic effects. As shown in Figure 1, the tool rotates counterclockwise at 800 rpm.
The welding speed was 60 mm/min, 80 mm /min, and 100 mm /min, respectively. And the
tilt angle of the tool is 2.5°. A conical pin was adopted. The diameter of the shoulder of the
tool is 12 mm. And the diameters at the tip and root of the pin are 3.2 mm and 4.6 mm. The
length of the pin is 3 mm. And the plunge depth of the pin was 0.2 mm. The ultrasonic
horn was directly applied on the top surface of the aluminum and located 28 mm in front
of the tool. The ultrasonic vibrating frequency was 20 KHz, and the ultrasonic amplitude
was 20 um.

Ultrasonic
horn «

/

-
w
Tool «— /

Figure 1. The schematic diagram of ultrasonic-assisted friction stir lap welding (UFSLW) process.

After the welding experiment, the weld cross-sections under different parameters for
FSLW and UFSLW were taken to prepare the metallographic samples. In order to observe
the boundary of the thermomechanically affected zone (TMAZ), the aluminum side was
corroded by Keller reagent for 15 s. The copper side was corroded by a mixed reagent
(ammonia:hydrogen peroxide:water = 5:2:5) for 20 s. And the boundaries of the TMAZ of
samples under different welding speeds with or without ultrasonic vibration were pho-
tographed via stereomicroscopy. On the lap interfaces of aluminum and copper, the typical
locations were observed by metallographic microscopy and scanning electron microscopy
(SEM) to compare the morphologies and distributions of IMCs. After welding, wire cutting
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sampling was adopted for samples in the middle position of the weld perpendicular to
the welding direction. Three groups of parallel tests were conducted for each group of
welding parameters, and the test results were averaged. The tensile specimen size was
40 mm x 20 mm X 3 mm, and the shear resistance of the lap joint was tested by a CMT5105
tensile testing machine (Suns Co., Ltd., Shenzhen, China) at room temperature. The strain
rate is Imm/min. The microhardness of the aluminum-—copper lap joint was tested by a
Huayin microhardness tester (HV-1000A, Laizhou Huayin Test Instrument Co., Ltd., Yantai,
China), and the load was 50 gf. And the distance between consecutive indents was 0.5 mm.

3. Experimental Results and Analysis
3.1. Ultrasonic Effect on Plastic Flow of Al/Cu Joint

Both ultrasound and the welding speed have a direct impact on the plastic flow at
the Al/Cu lap interface, and the macroscopic pictures of the weld cross-sections under
different welding speeds of FSLW and UFSLW processes were selected for comparative
analysis, as shown in Figure 2. Figures 2a—c and 2d-f are the cross-sectional morphologies
of FSLW and UFSLW processes at welding speeds of 60 mm/min, 80 mm/min, and
100 mm /min, respectively. Under the mechanical shearing and strong disturbance of the
tool, the copper was plastically deformed and the inverted hook-shaped Al/Cu interfacial
lock and morphology were formed on the retreating side (RS). Affected by material viscosity,
strain rate, interfacial stress state, and material thermophysical properties, with the increase
in welding speed, the residence time of the tool in the stirring zone decreases, and the
disturbance effect on plastic flow of material in the shear layer decreases. Therefore, the
intensity of plastic flow decreases, which will lead to a decrease in viscous heat in the
shear layer.

And as the welding speed increased, the height of the hook also increased. The
reason is that the local heat generation and plastic softening were higher under the
60 mm/min welding speed. At 100 mm/min, the frictional shear stress was dominant at
the tool/workpiece contact interface, which made the mechanical shearing action of the
tool more intense and resulted in a sharper shape of hooks. After the ultrasonic action
was superimposed, the hook-shaped morphology went deeper into the aluminum side. In
order to observe the distribution morphology of the aluminum-copper interface in detail
to further compare the ultrasonic action on the plastic flow, three typical positions were
selected in six groups of cross-sections, and the metallographic diagrams are shown in
Figure 3.

(a) FSLW: 800 rpm-60 mm/min {b) FSLW: 800 rpm-80 mm/min (c¢) FSLW: 800 rpm-100 mm/min

o . e

(d) UFSLW: 800 rpm-60 mm/min (e) UFSLW: 800 rpm-80 mm/min (f) UFSLW: 800 rpm-100 mm/min

Figure 2. Morphological comparison of weld cross-sections at different welding speeds. (a) 800 rpm,
60 mm/min, FSLW, (b) 800 rpm, 80 mm/min, FSLW, (c) 800 rpm, 100 mm /min, FSLW, (d) 800 rpm,
60 mm/min, UFSLW, (e) 800 rpm, 80 mm/min, UFSLW, (f) 800 rpm, 100 mm/min, UFSLW. Red
letters marked the typical positions selected in six groups of cross-sections, and the partially enlarged
metallographic diagrams was shown in Figure 3.
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(A) FSLW: 800 rpm-60 mm/min

50 pm

(C) FSLW: 800 rpm-100 mm/min

50 pm

(E) UFSLW: 800 rpm-80 mm/min
=

Figure 3. Metallographic microstructures at the Al/Cu interface of the welding parameter at different
welding speeds. (A) 800-60-FSLW, (B) 800-80-FSLW, (C) 800-100-FSLW, (D) 800-60-UFSLW, (E) 800-80-
UFSLW, (F) 800-100-UFSLW. The serial numbers a~r corresponding to the typical positions selected
in Figure 2.

The plastic flow between aluminum and copper was not harmonious because of
their different plasticity, and a large number of layered structures were formed on the
copper side. With the application of ultrasound, it can be clearly seen in Figure 3 that the
mechanical interlocking structure with staggered aluminum and copper layers increased.
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The copper particles/blocks entering the aluminum side were further refined and dispersed
under the ultrasonic softening effect. This indicated that ultrasound promoted the plastic
deformation of the underlying copper and reduced the deformation resistance. It can also
be noted that increasing the welding speed properly is beneficial to form more staggered
layered structures at the copper side, which indicated the mechanical shear between the
tool and the workpiece was enhanced. Because the hook morphology can more directly
reflect the flow state of the aluminum-copper lap interface, Figure 4 further shows the
microscopic scanning diagram corresponding to the hook positions under welding speeds
of 60 mm/min, 80 mm/min, and 100 mm/min.

(a) FSLW: 800 rpm-60 mm/min (b) FSLW: 800 rpm-80 mm/min (¢) FSLW: 800 rpm-100

‘

(d) UFSLW: 800 rpm-60 mm/min (¢) UFSLW: 800 rpm-80 mm/min (f) UFSLW: 800 rpm-100 mm/min

Figure 4. SEM images showing the morphologies of the hooks at different welding speeds on the
Al/Cu lap interfaces. (a) 800 rpm, 60 mm/min, FSLW, (b) 800 rpm, 80 mm/min, FSLW, (c) 800 rpm,
100 mm/min, FSLW, (d) 800 rpm, 60 mm /min, UFSLW, (e) 800 rpm, 80 mm /min, UFSLW, (f) 800 rpm,
100 mm/min, UFSLW. In the red box are copper particles/blocks in the nugget area.

From the nugget area near the hook, it can be found that copper particles/blocks
entering the aluminum matrix were dispersed in the stirring area. In Figure 4a—c, with the
decrease in welding speed, the size of copper particles/blocks entering the aluminum side
became smaller, showing a more uniform dispersion distribution. In the area marked by the
red box in Figure 4, it can be seen that the size and distribution of copper particles/copper
blocks in the nugget zone are obviously different at different welding speeds. In Figure 4a,
the copper in the stirring zone is distributed in particles. The large copper particles are
about 55.85 um long and 121.62 um wide, while the small ones are about 20.65 pm long
and 20.11 um wide. The distribution is more uniform and dispersed. With the increase in
welding speed, at 80 mm/min, copper is mainly distributed in large particles. The size
of large particles is about 89.78 um long and 94.86 um wide. When the welding speed
is increased to 100 mm/min, the distribution morphology of copper in the nugget zone
is mainly copper blocks, among which the larger copper blocks are 118.61 pm long and
156.47 um wide, and the smaller particles are about 63.66 um long and 46.58 pm wide.

According to the size and morphology of copper particles/blocks distributed in the
nugget zone, the welding speed has a great influence on the migration and plastic flow
of aluminum-copper materials. At the welding speed of 60 mm /min, the welding heat
generation was higher than that of 80 mm/min or 100 mm/min. The plastic deformation of
copper was more intense, and local plastic softening in the shear layer was more sufficient.
Therefore, the pin plays a stronger role in promoting the flow and migration of copper
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matrix. Moreover, under the strong stirring action, the fully softened copper enters the
nugget area on the aluminum side in the form of fine particles, is dispersed with the
rotation and forward movement of the pin, and is evenly distributed in the onion ring.
When the welding speed is high, the copper matrix is not fully softened, and the shear
action of the pin makes the local copper block peel off, so that the granular dispersion
distribution cannot be achieved, and its plastic flow stops. Therefore, at the welding speeds
of 80 mm/min and 100 mm/min, copper particles in the nugget area become larger and
copper blocks appear.

The height and width of hook morphology were measured, as shown in Table 1. The
results show that, for the FSLW process, with the increase in welding speed, the size of
hooks increased gradually. When the welding speed was increased to 100 mm/min, the
height and width of hooks were increased by 35.7% and 58.7%, respectively, compared
with 60 mm/min. The results show that the increase in welding speed will weaken the
local plastic softening degree and reduce the plastic flow of copper. At the welding speed
of 60 mm/min, the copper at the hook tip was fully softened, was dispersed by the pin,
and entered the nugget area. Therefore, the hook size was small. However, at 100 mm/min,
the plastic softening degree of copper was low. After the hook morphology was embedded
in the aluminum side under shear stress, the tool left and the plastic flow of copper was
stopped, so the hook size was larger.

Table 1. Width and height of hooks under different welding parameters.

Welding Process Width (mm) Height (mm)
800-60-FSLW 0.54 0.42
800-80-FSLW 0.73 0.51
800-100-FSLW 0.857 0.57
800-60-UFSLW 0.886 0.726
800-80-UFSLW 0.63 0.6
800-100-UFSLW 0.456 0.23

However, after ultrasonic application, the acoustic softening effect compensated for
the lack of local softening degree when the welding speed was increased. Under the
condition of sufficient softening, more copper entered into the nugget zone, and less copper
remained at the hook position. With the increase in welding speed, the hook size gradually
decreased. Under the coupling effect of low welding speed of 60 mm/min and ultrasonic
softening, the softening effect of the pin on bottom copper was significantly higher than
that of other welding parameters, so the shear effect of the tool on fully softened plastic
copper material made the size of hook morphology reach its peak value.

3.2. Ultrasonic Effect on Microstructure and IMC Growth

The formation of brittle-hard-phase Al-Cu compounds will affect the mechanical
properties of the joint. A uniform distribution with thin Al/Cu-IMCs is beneficial to the
comprehensive properties of the joint. In this section, SEM images of IMC morphology and
distribution at Al/Cu lap interfaces are shown to analyze the order of compound formation
and ultrasonic mechanism.

As shown in Figure 5, the morphologies of the Al/Cu-IMCs on the Al/Cu interfaces
under different welding speeds of FSLW and UFSLW processes are compared. With the
increase in welding speed, the total thickness of IMCs gradually decreased. For the FSLW
process, it was clear that the IMCs formed three layers at the welding speeds of both
60 mm/min and 80 mm/min. When the welding speed was increased to 100 mm/min,
the IMC layers were reduced to two. At 60 mm/min, the boundary of the IMC layer had
a sawtooth shape, the thickness was uneven, and the distribution morphology changed
greatly. Meanwhile, in Figure 5d—f, only two layers of IMCs appeared the three welding
speeds when the ultrasonic assistance was applied. Compared with the same welding
speeds of the FSLW process, ultrasound reduced the total thickness of IMCs. And the
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(a) FSLW: 800 rpm-60 mm/min

boundaries of IMC layers were straighter and the distribution morphologies were more
uniform. Therefore, it can be concluded that ultrasound and the increase in welding
speed could both improve the uniformity and continuity of the IMC layer significantly. But
ultrasonic assistance plays a more significant role in thinning and reducing the Al/Cu-IMCs.
The reason is that the increasing welding speed and application of ultrasonic vibration
could both reduce the heat generation and the temperature in the nugget zone [36], which
could further inhibit the generation of IMCs.

(b) FSLW: 800 rpm-80 mm/min

(c) FSLW: 800 rpm-100 mm/min

L]
2.5um 2.5um 2.5um
(d) UFSLW: 800 rpm-60 mm/min (e) UFSLW: 800 rpm-80 mm/min (f) UFSLW: 800
«
»
2.5um 2.5um 2.5um

Figure 5. SEM image showing the distribution and morphologies of the Al/Cu-IMCs at different
welding speeds. (a) 800 rpm, 60 mm/min, FSLW, (b) 800 rpm, 80 mm/min, FSLW, (c) 800 rpm,
100 mm /min, FSLW, (d) 800 rpm, 60 mm/min, UFSLW, (e) 800 rpm, 80 mm/min, UFSLW, (f) 800 rpm,
100 mm/min, UFSLW.

In order to confirm the compound composition, as shown in Figures 6 and 7, the
SEM images of IMCs under 800 rpm-60 mm/min were selected for EDS spot scanning
(points A-E on each IMC layer) to determine the composition. The Al/Cu interface of
the FSLW process at 800 rpm—60 mm/min generated three layers of IMCs, as shown in
Figure 6a. For each layer of IMC, it can be inferred that the IMC layer adjacent to the Al
side (point A) is the Al,Cu phase, the middle layer (point B) is the AICu phase, and the
layer adjacent to the Cu side (point C) is the Al4Cug phase. The results are in agreement
with that of Tan et al. [37]. Meanwhile, in Figures 6b and 7b, the IMC layers adjacent to the
Al side (point D) and Cu side (point E) were identified as the Al,Cu and Al;Cuy phases
for UFLSW, respectively. From the results of EDS spot scanning, it can be inferred that
the AlCu phase was restrained with the acoustic action. It is also obvious that the copper
interred in the Al side changed from blocks to particles with uniform distribution. The
size of aluminum particles interred in the copper side also reduced. The reason is that the
ultrasonic softening effect promoted the plastic flow ability of Al/Cu materials and, with
the mechanical coupling action of the ultrasonic vibration and the stirring shear action of
the tool, the particles were scattered.
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(a)FSLW

Al/.- ¢

Figure 6. Comparison of the IMCs and element distribution on the Al/Cu interfaces at (a) 800 rpm,
60 mm/min of FSLW process, and (b) 800 rpm, 60 mm/min of UFSLW process. The points A, B, C, D
and E are the positions for the EDS spot scanning.

(b) Point B
4 E Element ;

Al 65.96 : Al 3

Cu 34.04 e Cu 68.84

Element

Element

Al

Cu

Element W Y
Al

Cu

Figure 7. (a—c) EDS spot scanning results at the marked points A~C in Figure 6a for FSLW process
at 800 rpm and 60 mm/min, and (d,e) EDS spot scanning results at the marked points D and E in
Figure 6b for UFSLW process at 800 rpm and 60 mm/min.

As shown in Figure 8, the average layer thicknesses of compounds under different
parameters in Figure 5 were measured and compared. At the welding speed of 60 mm/min,
the effect of reducing IMC layer thickness by ultrasound is the most remarkable, and
the IMC layer thickness was reduced by 42%. When the welding speed was increased
to 100 mm/min, IMCs were 29% thinner than in the 60 mm/min condition. It can be
concluded that applying ultrasonic field can reduce the thickness of IMCs more effectively
compared with adjusting welding parameters.



Metals 2024, 14, 1162

10 of 14

0.6 0.8 0.6 - 0.8
= g 2 Al,Cu Z Al Cu

g = Tl Eac {7
E;/ 0.5 = ~ l:IAIAC'J() &
5 067 § H06 2
= 12 = 5
6 04 E n 041 - 2
5 =
= ) 2 / Q
= = = — . - =
< 03t 04Z D03 | J04 =
s S E 1)
B . i s g
2 b ok R 02F ]
o 02 7’ R g 2 . g
2 RS 02 .2 Q do2 2
g /’0’0‘0’ = g =
4 (R =1 - =
2 0.1 /w.o = S0l =
= oasees 8 < 3
= R s E 5
KesS%s &= =

0.0 —— 0.0 0.0 0.0

60 80 100 60 80 100
() Welding speed (mm/min) (b) Welding speed (mm/min)

Figure 8. Comparison of thickness of Al/Cu—IMCs for (a) FSLW process and (b) UFSLW process
under different welding speeds.

The influence of ultrasound on the heat generation and plastic flow in the Al/Cu
plastic zone will change the formation environment of Al/Cu-IMCs. In order to confirm
the formation order of Al/Cu-IMCs, the effective heat of formation (EHF) was calculated.
The formation of specific Al/Cu-IMCs was based on the concentrations of copper and
aluminum. When the Al/Cu concentrations match one kind of Al/Cu-IMC, the most
negative effective Gibbs free energy could release the most energy to generate this kind of
Al/Cu-IMC on the interface [38]. So, the more negative the effective Gibbs free energy, the
more easily the corresponding IMC would be formed. The effective Gibbs free energy AG,
can be calculated with the following equation:

AGe = CCe—HAGO (1)
0

where Co¢ and Cy are the effective concentration and concentration in the given compound
of the limiting elements, and AGy is the Gibbs free energy required to form the given
phase. The EDS point scanning in Figure 7 was used for analysis, and the temperature was
estimated to be about 700 K. The results are shown in Table 2 and Figure 9.

Table 2. Calculated AG, of Points A, C, D, and E in Figure 6 for the FSLW and UFSLW processes.

Effective Concentrations Limiting Element AGe (kJ/mol)
Phases Compound AGy Point A Point C Point D Point Point Point Point Point
Composition (J/mol) Algs96Cussos  AlzeeaCuzze  AlessCuzra  EAlysCurzzz A C D E
ALCu AlgyCuss —15p262 Al Al Cu Al 139 -78 -135 -58
AlCu AlsoCusp T20A08 Cu Al Cu Al 132 142 -122  —106
AlCuy  AlpCus, 20074 Cu Al Cu Al ~113  —161 -104 —12.0
Al,Cus AliCugo ~20,137.8 Cu Al Cu Al 108 -174 -99 —13.0
Al,Cug Alz;Cugo o Cu Cu Cu Al 92  —171 -85 —164

Comparing points A and D with or without ultrasound, the Al,Cu phase near the Al
side presented the most negativity, corresponding to the first phase generated. Similarly, at
points C and E, Al;Cug phase was the first phase near the copper side. This indicated that
the application of ultrasound cannot change the generation order of Al/Cu—IMCs, which
was consistent with Huang et al. [39] and our previous research on aluminum-copper
FSW [36]. However, comparing Figure 9a,c, the absolute value of EHF was reduced with
ultrasonic effect, as well as in comparison of Figure 9b,d. The results indicated that the
phase generation was delayed, which may be because ultrasound inhibited the generation
of IMCs. Therefore, under the action of ultrasound, the layer thickness of IMCs was reduced
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and the types of Al/Cu—IMC were reduced. With the reduction in the absolute value
of AG. for the AlICu phase, it could not release enough energy to generate AICu phase.
Furthermore, under the change in rheological state of local materials under ultrasonic
vibration, the Al/Cu phase disappeared in the UFSLW process.
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Figure 9. Comparison of the effective Gibbs free energy for the formation of Al/Cu—IMCs phases:
(a) Algs.96Cusq 04 at point A in FSLW process under 800 rpm—-60 mm/min, (b) Alsg 64Cugs 36 at point
C in FSLW process under 800 rpm—-60 mm/min, (c) Algg sCuszy 4 at point D in UFSLW process under
800 rpm~-60 mm/min, and (d) Aly7 23Cuy; 7, at point E in UFSLW process under 800 rpm—60 mm /min.
Points A, C, D, E correspond to Figure 6.

In addition, the tensile strengths of the joints under different welding speeds with and
without UV are compared in Figure 10. It is clear that the tensile strength is improved with
the increasing of welding velocity for both FSLW and UFSLW processes. And the ultrasound
effectively improved the mechanical properties and elongation of the Al/Cu—lap joints
under different welding speeds. The mechanism is related to the acoustic depression effect
on the growth of IMCs. Moreover, it is clear that when the welding speed was increased
from 80 mm/min to 100 mm/min, the effect of improving the tensile strength of the joint
was higher than that of increasing the welding speed from 60 mm/min to 80 mm/min.
This is because, when the welding speed was raised to 100 mm /min, the formation of AlCu
phase was suppressed, and the thinning of the compound layer was the most obvious.
Also, the heat input and temperature are reduced with the increasing of the welding speed,
which also inhibited the formation of IMCs. When the AlCu phase was generated in the
FSLW process, the effect of ultrasonic assistance on tensile strength was very significant.
There is no mesophase AlCu in the joint at 100 mm/min in the FSLW process, and there is
little difference in the tensile strength of the joint in Figure 10c.

As shown in Figure 11, the distributions of microhardness values measured along the
thickness direction of the weld center were compared. For different welding speeds, the
hardness had little change. After ultrasonic application, the hardness of the weld nugget
zone decreased slightly. The reason is that the ultrasound can inhibit the generation and
development of IMCs and reduce the content of IMCs in the nugget zone. Therefore, with
the decrease in brittle-hard phase, the hardness of the joint decreased slightly.
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Figure 10. Comparison of the tensile strength of the joints under different welding speeds with and
without ultrasonic vibration assistance. (a) 800 rpm, 60 mm/min, (b) 800 rpm, 80 mm/min, (c) 800 rpm,

100 mm /min.
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Figure 11. Comparison of the microhardness of the joints under different welding speeds with and
without ultrasonic vibration assistance. (a) 800 rpm, 60 mm/min, (b) 800 rpm, 80 mm/min, (c) 800 rpm,

100 mm /min.

4. Conclusions

In this paper, the ultrasonic vibration was coupled with the Al/Cu friction stir lap

welding process. And the depressive effects of ultrasound on Al/Cu—IMCs were elucidated
with the variation of welding speed through macro-microstructure evolution analysis. The
main conclusions are summarized:

1.

The effect of welding speed on material plastic flow is different from the action
mechanism of ultrasound. With the increase in welding speed, the heat generation
decreases, and the shearing effect of the tool on the bottom copper increases, forming
more Al/Cu staggered and interlocking layered structures. Meanwhile, the ultrasonic
softening promotes the plastic deformation and reduces the deformation resistance
of copper. Thus, the mechanical interlocking structure of aluminum and copper
layers increases, and the size of copper particles/blocks entering the aluminum side
decreases under ultrasonic effects.

The ultrasonic assistance and the increase in welding speed can both improve the
uniformity and continuity of the IMC layer. The IMC layer thickness is reduced by
about 42% under ultrasonic effect at the welding speed of 60 mm/min. When the
welding speed is increased to 100 mm/min, IMCs are 29% thinner than at 60 mm /min.
At three welding speeds, ultrasound can inhibit the formation of AlICu phase. Mean-
while, the welding speed must be increased to 100 mm/min to inhibit the formation
of AlCu phase. Compared with increasing welding speed, applying ultrasonic field
can reduce the IMCs more effectively.

The tensile strength and elongation of aluminum-—copper lap joints can be improved
by applying ultrasound or increasing the welding speed. The reasons are related to
the acoustic depression effect on the growth of IMCs. Also, the heat input and tem-
perature are reduced with the increasing of the welding speed, which also inhibited
the formation of IMCs.
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4. When AlCu phase appears in the joint, the effect of increasing welding speed on
improving the tensile strength of the joint is not as significant as that of ultrasound.
When the speed is increased to 100 mm /min, the formation of AlCu phase is inhibited,
and the tensile strength of the joint is significantly improved without ultrasound.
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