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MICROSTRUCTURE AND MECHANICAL PROPERTIES OF Cu-Cu JOINTS FABRICATED BY RFSSW:
EFFECT OF PLUNGE DEPTH

Due to the unique physicochemical properties of copper (Cu), conventional fusion welding faces certain challenges when
welding this material. In this study, Cu-Cu joints were fabricated using refill friction stir spot welding (RFSSW) at five different
plunge depths. The macroscopic morphologies of the welded joints (WJs) under various welding conditions were examined, and
the microstructural differences in representative zones of the WJ were analyzed. The microhardness and tensile-shear failure load
(T-SFL) of the WJs were evaluated to assess the mechanical performance, and the failure mechanisms were explored. The results
indicated that with increasing plunge depth, the microstructure tended to coarsen, accompanied by a gradual decrease in microhard-
ness. The T-SFL initially increased and then decreased with increasing plunge depth, with the optimal depth found to be 1.4 times
the plate thickness. For Cu-Cu joints, the softening effect in the heat-affected zone (HAZ) outside the stirring zone is identified
as a key factor limiting the load-bearing capacity of the Ws.

Keywords: Cu; RFSSW; Plunge depth; Microstructure; Mechanical properties

1. Introduction

Copper (Cu) is widely used in applications requiring high
electrical and thermal conductivity due to its excellent conduc-
tive and heat dissipation properties. Such applications include
high-power electrical terminals, busbars in new energy vehicle
batteries, leads in power inverters, transformer windings, heat
exchangers, and radiators [1-4]. In engineering applications,
considering factors such as manufacturing, transportation, and
installation requirements, Cu is often fabricated into structural
components and joined using lap joints. Common methods for
joining structural components include mechanical connections
and welding. Mechanical connections primarily involve bolted
joints and riveting. Bolted joints offer the advantage of casy as-
sembly and disassembly; however, the presence of microscopic
gaps between the connecting components increases contact re-
sistance and makes the joint susceptible to loosening [5,6]. While
riveting can achieve high connection strength, it also introduces
microscopic gaps and is not suitable for use in confined spaces.
Given that the melting point of Cu exceeds 1000°C, conventional
fusion welding generates a significant amount of harmful gases
and spatter [7,8], along with a large heat-affected zone (HAZ) [9],

which severely affects weld quality. In the case of brazing, the
conductivity of the brazed layer is much lower compared to that
of Cu, compromising the electrical performance of the welded
joint (WJ) while also making the joint prone to cracking. Addi-
tionally, soldering Cu leads to the development of intermetallic
compounds in the welded zone, which negatively impacts the
electrical and thermal conductivity of the joint. Thus, traditional
fusion welding and mechanical joining methods present certain
limitations when applied to Cu connections.

Fortunately, the invention of friction stir welding (FSW) has
provided a groundbreaking technological solution for achieving
high-quality welding of Cu, a material characterized by excellent
thermal conductivity and large coefficient of thermal expan-
sion [10-12]. FSW, first introduced by The Welding Institute
of UK in 1991, is an advanced solid-state welding process.
Its fundamental principle involves generating heat through fric-
tion between the tool and the workpiece, bringing the material
to a plasticized state. The plasticized material is then stirred
and mixed under the mechanical action of the tool, ultimately
forming a solid-state joint [13,14]. This welding method offers
several advantages, including low welding temperature, minimal
deformation, and environmental sustainability. To address the
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application demands of localized spot joining, friction stir spot
welding (FSSW) was proposed based on the FSW principle [15].
Various types of FSSW have been introduced, including tradi-
tional friction stir spot welding (TFSSW) [16,17], swept friction
stir spot welding (SFSSW) [18,19], probeless friction stir spot
welding (PFSSW) [20,21], and refill friction stir spot welding
(RFSSW) [22,23]. Among these, RFSSW has been recognized
as one of the most promising alternatives to traditional fusion
welding [24]. RFSSW was first proposed by the GKSS Research
Center in Germany in 2005 [25]. This welding technique not only
eliminates keyhole defects inherent in TFSSW and SFSSW [26],
but also addresses the thinning issue in the welding zone associ-
ated with PFSSW. By ensuring superior joint integrity, RFSSW
has garnered significant research interest in recent years.

In RFSSW, the welding process parameters are critical
factors influencing weld quality [27], and have been a focal
point of research. Among welding parameters, the tool plunge
depth directly affects the size of the welded zone and the mate-
rial mixing efficiency, thereby impacting the microstructural
features and mechanical properties of the WJ [28,29]. Works of
literature have demonstrated that plunge depth plays the most
crucial role in determining the strength of WJ [30,31]. Notably,
the influence of plunge depth on weld quality differs according
to the material type and thickness of the workpiece. For example,
in the case of 2 mm-thick 6061 aluminum alloy, the tensile-shear
failure load (T-SFL) of the W1 first rises and then falls as plunge
depth grows, with the optimal plunge depth being equal to the
plate thickness [32]. Similarly, for 2 mm-thick 2198 aluminum
alloy [33] and 1.9 mm-thick 7B04-T74 aluminum alloy [34], the
T-SFL also exhibits an initial increase followed by a decrease
as plunge depth increases, with the optimal plunge depths be-
ing 1.3 times and 1.6 times the plate thickness, respectively.
However, for 3.2 mm-thick 2060 aluminum alloy, within the
experimental range, the T-SFL rises with growing plunge
depth, with the optimal plunge depth being 1.25 times the plate
thickness [35]. Additionally, Zou et al. investigated the weld-
ing performance of 2 mm-thick AA2219-O and 8 mm-thick
AA2219-C10S aluminum alloys and found that the T-SFL of
the WJ continuously decreased with increasing plunge depth,
with the ideal plunge depth occurring at 1.1 times the top plate
thickness [36]. Yuan et al. explored the influence of plunge depth
on the microstructure and mechanical properties of 2 mm-thick
Al-Li alloys. Their findings indicated that the T-SFL of the WJ
reached its maximum when the plunge depth was 1.25 times the
plate thickness [37]. The study conducted by Silva et al. showed
that the failure modes of WJs exhibit significant variations under
different plunge depths [38]. By examining the microscopic
fracture morphologies, such as the shape of dimples, one can
gain valuable insights into the underlying failure mechanisms
of the joints [39]. Furthermore, from the perspective of the
materials to be welded, studies on RFSSW have predominantly
concentrated on the welding of aluminum alloys [40-42], mag-
nesium alloys [43-45], and aluminum-copper dissimilar alloys
[46-48]. In contrast, relatively limited attention has been given
to the welding of Cu, a material with a high melting point and
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large thermal expansion coefficient. In particular, the impact of
plunge depth — an essential parameter — on the microstructure
features and mechanical behavior of Cu-Cu joints has not yet
been fully revealed. Therefore, further investigation into RFSSW
of Cu is necessary.

This work conducted an experimental investigation on
RFSSW of Cu, with a particular focus on the impact of plunge
depth on joint properties. To achieve this goal, | mm-thick Cu
plates were used as the welding material, and welding experi-
ments were performed with five different plunge depths. The
microstructural evolution of the WJ was analyzed, and the mi-
crohardness and T-SFL of the Cu-Cu joints at different plunge
depths were evaluated. Additionally, the fracture modes and
failure mechanisms were systematically explored.

2. Experimental procedures
2.1. Materials and fabrication

RFSSW achieves material plasticization, stirring, and refill-
ing under thermo-mechanical coupling through the coordinated
motion of the clamping ring, sleeve, and probe. The working
principle is illustrated in Fig. 1(a). Initially, the clamping ring
applies axial pressure downward to secure the workpieces, pre-
venting warping or movement during welding. Simultaneously,
the probe and sleeve rotate synchronously at a predetermined
speed while contacting the top plate of the workpiece. The fric-
tional heat generated at the contact interface preheats the welding
zone. Subsequently, the sleeve plunges downward at a designated
speed to a specified depth, while the probe moves upward. The
combined effect of the rotational motion and plunging of the
sleeve generates frictional heat, softening the material in the
welding position. Under the thrust of the sleeve, the softened
material migrates toward the upper region, filling the gap left
by the probe’s ascent. Once the sleeve arrives at the designated
position, both the sleeve and probe remain stationary at their
lowest and highest positions, respectively, while continuing to
rotate. This dwell period ensures sufficient stirring and mixing
of the material, a process referred to as the dwell stage I. Follow-
ing this, the sleeve and probe reverse their motion—the sleeve
withdraws vertically as the probe descends, driving the softened
material in the void back into the region vacated by the sleeve.
When both the sleeve and probe resume their initial positions,
the refilling of the cavity is completed, a process known as the
refill stage. Subsequently, the sleeve and probe remain at the
starting position for another dwell period to ensure uniform
material distribution at the surface of the WJ, referred to as the
dwell stage II. Finally, the clamping ring, sleeve, and probe
move upward simultaneously, marking the completion of the
welding process. Generally, the plunge stage and refill stage are
indispensable to the welding process, whereas the preheat stage
and dwell stages are optional.

The welding experiments were performed using a CNC
welding machine manufactured by Beijing FSW Technology
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Fig. 1. Welding principles and equipment: (a) Working principle of RESSW; (b) Welding equipment; (c-d) Sleeve and probe; (e) Dimensions of

workpiece; (f) Schematic diagram of welding temperature measurement

Co., Ltd., as shown in Fig. 1(b). A specialized welding tool was
designed based on the structural characteristics of the welding
machine, with the probe and sleeve diameters measuring 6 mm
and 9 mm, respectively, as illustrated in Figs. 1(c-d). The tool
was made of SKH-9 high-speed steel. The workpieces used in
this study were T2 Cu plates, with dimensions of 100x30%1 mm,
supplied by Dongguan Shengxiang Metal Materials Co., Ltd.
TABLE 1 presents the chemical composition of the T2 Cu
plates. The welding process was conducted in accordance with
the National Standard of the People’s Republic of China, GB/T
41979.5-2022 [49]. During welding, the top and bottom plates
were positioned in an overlapping configuration with a lap size
of 30x30 mm, as shown in Fig. 1(e). To systematically analyze
the influence of plunge depth on the microstructure and mechani-
cal properties of WJs, and to explore the widest possible lower
and upper limits of the parameter range, five plunge depths of
0.6 mm, 0.8 mm, 1.0 mm, 1.4 mm, and 1.6 mm were selected
for welding experiments, corresponding to conditions where

the plunge depth was less than, equal to, and greater than the
plate thickness. The other process parameters were kept con-
stant, including the clamping force (7 kN), tool rotational speed
(1200 rpm), plunge speed (30 mm/min), preheating time (3 s),
dwell time I (2 s), and dwell time II (3 s). The welding tempera-
ture was measured using a thermocouple placed at the boundary
on the surface of the top plate, 30 mm from the right edge of
the top plate, as shown in Fig. 1(f). A temperature data logger
was used to record the measured temperatures, with a sampling
frequency of one measurement per second.

2.2. Tests and characterization

For cross-sectional macrostructure and microstructure obser-
vations, the welded workpieces with different plunge depths were
sectioned through the weld center using a wire cutting machine.
The cutting position and size of the welded workpieces are shown

TABLE 1
Chemical composition of T2 Cu plate
Element CutAg Bi Sb As Fe Pb S Residuals
Weight (wt.%) 99.90 0.001 0.002 0.002 0.005 0.005 0.005 0.08
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in Fig. 2(a). The observation surfaces were polished using silicon
carbide sandpaper until no visible scratches remained. Subse-
quently, the surfaces were electropolished to remove residual
scratches. The electropolishing solution consisted of nitric acid
and methanol (HNO;: CH;OH = 20 ml: 80 ml), with the process
carried out at 30 V, 1 A, and for 12 s. After electropolishing, the
polished surfaces were chemically etched using a metallographic
etchant and then examined under an optical microscope for
microstructure observation. The etchant composition consisted
of ferric chloride, hydrochloric acid, and water (FeCl;: HCL:
H,0 =5 g: 15 ml: 100 ml). For Electron Backscatter Diffraction
(EBSD) analysis, the sample preparation followed the same
procedure as metallographic testing. EBSD measurements
were carried out using a Hitachi scanning electron microscope
(SEM) fitted with an Oxford Instruments probing system.

For the microhardness tests on both the cross-section and
surface, the workpieces were first sectioned using a wire cut-
ting machine, as shown in Fig. 2(a). The test surfaces were then
ground and polished using silicon carbide sandpaper and a pol-
ishing machine. Microhardness measurements of the WJs were
conducted using a microhardness tester with an applied force of

Microhardness test surface

(a)

Macrostrueture observation surface 4

Cross scction

(b)

Wuld]'hl.' spot

MWOMWQ“OOWWWWOW@M}W@W

300 g and a holding time of 10 s. The positions and distributions
of the microhardness test points on the cross-section and surface
are shown in Figs. 2(b-d). The T-SFL of the lap joints was tested
using a universal tensile testing machine at a tensile speed of
1.5 mm/min. Two tensile tests were conducted for each plunge
depth, and the arithmetic mean of the results was taken as the
final tensile test value.

3. Results
3.1. Macroscopic characteristics

Fig. 3 shows the surface morphology of the WJs at differ-
ent plunge depths. As observed in Figs. 3(a-b), the WJs exhibit
relatively smooth surfaces across all plunge depths. Distinct heat
input traces are visible on the joint surfaces, and the width of
heat input increases from 29 mm to 44 mm as the plunge depth
increases. Furthermore, distinct demarcations are visible between
the probe stirring zone (PSZ) and the sleeve stirring zone (SSZ),
and between the SSZ and the unprocessed region.
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Fig. 2. Schematic diagram of workpiece cutting and distribution of microhardness test points: (a) Cutting positions of metallographic observation
specimen and microhardness test specimen; (b) Cross-sectional microhardness curve test; (¢) Cross-sectional microhardness cloud map test; (d)

Surface microhardness cloud map test
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Fig. 3. Appearance of WJs: (a) Images of welding workpieces; (b) Enlarged views of welding spots under different plunge depth

Fig. 4 presents the cross-sectional features of the Ws at dif-
ferent plunge depths. It can be observed that the cross-sectional
morphology exhibits an approximately symmetrical structure.
Based on the microstructural variations across different zones,
the WJ can be classified into three distinct zones: the stirring
zone (SZ), the thermo-mechanically affected zone (TMAZ), and
the heat-affected zone (HAZ). The SZ consists of both the PSZ
and the SSZ. As the plunge depth increases, the stirring range of
the tool expands, the stirring duration prolongs, and the extents
of both the SZ and the TMAZ continue to enlarge. To clearly

reveal the interface characteristics between the top and bottom
plates, the cross-sections in Fig. 4 were not subjected to metal-
lographic etching. Therefore, no obvious differences can be
observed among the SZ, TMAZ, and HAZ at different plunge
depths in Fig. 4.

A W-shaped bonding ligament is seen between the top and
bottom plates. As the plunge depth increases, the material flowa-
bility and mixing effect in the welded zone improve, leading to an
expansion of the bonding ligament toward both ends of the WJ.
The bonding ligament refers to a ligament-like structure formed

Fig. 4. Cross-sectional features of WJs at different plunge depths: (a) 0.6 mm; (b) 0.8 mm; (¢) 1 mm; (d) 1.4 mm; (e) 1.6 mm
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between the top and bottom plates under the stirring action of
the tool during welding. Its formation is closely related to mate-
rial plastic flow and welding parameters, and its morphological
characteristics influence the bonding quality between the top
and bottom plates. Unlike the well-defined and relatively wide
bonding ligaments commonly observed in aluminum and mag-
nesium alloys [50-52], only a fine ligament line was observed in
Cu-Cu joints. This phenomenon may be ascribed to the excellent
plasticity, toughness, and thermal conductivity of Cu, which en-
able better adaptation to material flow and deformation during
welding. The efficient heat dissipation in Cu further promotes
enhanced bonding between the top and bottom plates, resulting
in a finer and more uniform bonding ligament.

Fig. 5 shows the Hook morphology in the cross-section at
different plunge depths. The formation of Hook is closely as-
sociated with welding parameters and is generally considered to
introduce discontinuities or weak zones at the interface between
the top and bottom plates, which are highly susceptible to crack
initiation or stress concentration [22,29,53]. It is observed that
when the plunge depth is below the thickness of the top plate
(1 mm), only slight downward bending occurred at the interface
outside the SZ. This is primarily because, at small plunge depths,
the tool does not fully penetrate the top plate, and the welding
temperature remains relatively low, limiting material flow within
the WJ. Consequently, no pronounced Hook feature, typically
caused by intense material flow, is formed. When the plunge
depth is I mm, the bending extent of the Hook increases, and its

R
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Non-welded zone i Y
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height reaches 0.22 mm. At a plunge depth of 1.4 mm, the Hook
initially bends downward and then upward. When the plunge
depth further rises to 1.6 mm, the Hook first bends upward by
0.52 mm and then curves downward. Overall, for plunge depths
of 1 mm and below, the Hook primarily exhibits a downward
bending morphology, whereas at plunge depths of 1.4 mm and
1.6 mm, the Hook exhibits an upward bending morphology.
The Hook height tends to rise with the increase of the plunge
depth. This variation is attributed to the intensified stirring of the
material in the SZ at large plunge depths, which significantly
enhances material flowability. As a result, the material in the
SZ undergoes extensive plasticization, with a greater volume of
material being pushed toward the periphery of the SZ. During
this process, the material flow direction shifts from downward
to outward, gradually overflowing beyond the SZ. Additionally,
during the refilling process, the retraction of the sleeve further
drives the already softened material outside the SZ to flow up-
ward, exacerbating the upward bending of the Hook.

3.2. Welding temperature

Fig. 6 shows the temperature variation curves at point T
(see Fig. 1(f)) under different plunge depths. It can be observed
that the welding temperature gradually increases after the start of
welding, reaches a peak just before the end of welding, and then
gradually decreases to room temperature. With the increase in
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Fig. 5. Cross-sectional Hook morphology at different plunge depths: (a) 0.6 mm; (b) 0.8 mm; (¢) 1 mm; (d) 1.4 mm; (e) 1.6 mm
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plunge depth, the peak temperature of welding continues to rise.
When the plunge depth reaches 1.6 mm, the peak temperature
is 2.25 times that at 0.6 mm. This rise in welding temperature
is mainly attributed to the increased contact area between the
tool and the material, as well as the prolonged welding time at
greater plunge depths. Therefore, it can be concluded that the
greater the plunge depth, the higher the peak temperature during
welding and the greater the heat input.

300

Temperature (°C)

u T T T T T T 1
] 20 40 a0 &0 100 120

Time (s)

Fig. 6. Temperature variation curves under different plunge depths

3.3. Microstructural features

Fig. 7 presents the microstructure of the PSZ (Position (1)
in Fig. 4) at different plunge depths. It can be observed that as
the plunge depth rises, the microstructure within the SZ shows
a tendency for coarsening, mainly due to the prolonged welding
time associated with greater plunge depths. When the plunge
depth rises from 0.6 mm to 1.6 mm, the total welding time
extends by a factor of 1.38. The extended welding time grows
the heat input during the welding process, leading to a rise in

1521

welding temperature. The relationship between temperature and
grain growth rate can be expressed as [54]:

D _ . L o.n 0
i 'D

where, dD/dt is the growth rate of the average grain diameter,
K, is a constant, Q,, is the activation energy of grain boundary
migration, R is the average grain radius, and 7'is the temperature.
Evidently, higher temperatures result in a faster grain growth
rate. Therefore, the increase in welding time raises the welding
temperature, which in turn accelerates grain coarsening.

Fig. 8 shows the EBSD results for different positions at
a plunge depth of 1.4 mm. It can be seen that the grain size
in the parent material is relatively small, with grain diameters
predominantly ranging from 2 to 8 um and an average grain
diameter of only 3.28 pm. Compared to the parent material,
the grain size within the welded zone rises significantly. No-
tably, the average grain size in the PSZ is the largest, reaching
19.65 pm — approximately six times that of the parent material.
The grain size distribution in the SZ is influenced by both the
welding temperature and the tool mechanical stirring effect.
It is evident that in the welding of Cu, welding temperature
plays a dominant role in grain coarsening. It is worth noting
that, compared to the SSZ and the HAZ, grains at the boundary
of the SZ undergo significant refinement. The grain refinement
in this zone is strongly influenced by the thermo-mechanical
interaction the material undergoes. Firstly, although the peak
temperature during the welding process is primarily concentrated
in the PSZ [55,56], the high thermal conductivity of Cu results
in significant heat transfer to the boundary zone. Consequently,
the material at the boundary is still subjected to considerable
thermal input, and the sustained high-temperature environment
facilitates the occurrence of dynamic recrystallization. Secondly,
the material at the boundary experiences the highest stress and
strain due to the stirring action of the sleeve [31,57], leading to
severe strain accumulation in this zone, which promotes grain
fragmentation near the boundary. Therefore, the boundary of

Fig. 7. Microstructure of the PSZ at different plunge depths: (a) 0.6 mm; (b) 0.8 mm; (c) 1 mm; (d) 1.4 mm; (e) 1.6 mm
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Fig. 8. IPF map, pole map and grain size distribution diagram of different positions: (a-c) Parent material; (d-f) Position (1) in the PSZ; (g-i)

Position (2) in the SSZ; (j-1) Position (3) at the boundary

the SZ is characterized by the superposition of intense thermal
and strain gradients. In this zone, not only is the temperature
elevated, but the material is also subjected to complex stress
and strain state, which promotes the refinement of grains. From
the pole map, a strong rolling orientation is present in the parent
material, with a maximum pole density of 5.90. The maximum
pole density in the welded zone is lower than that of the parent
material, and with increasing distance from the weld center, the
maximum pole density progressively diminishes, indicating
a weakening of the orientation.

Fig. 9 presents the Kernel Average Misorientation (KAM)
maps and the DefRex maps for different zones at a plunge depth
of 1.4 mm. The KAM maps reflect the distribution of local strain
and dislocations in the material. As shown in Figs. 9(a-d), the
KAM in the SZ are more pronounced compared to the parent
material, with the SSZ exhibiting the most prominent KAM.
This phenomenon is attributed to the intense thermo-mechanical

coupling effect in this zone, leading to greater plastic deforma-
tion and higher dislocation density. Figs. 9(i) and (m) reveal
that sub-grains are predominant in the parent material, with
only a small proportion of deformed grains. In the PSZ, sub-
grains remain predominant; however, due to the tool stirring
effect, the proportion of deformed grains increases, as shown in
Figs. 9(j) and (n). Notably, the SSZ shows the largest share of
deformed grains, reaching 58% (see Figs. 9(k) and (0)), which
is a result of the intense plastic deformation in this zone. As
shown in Figs. 9 (1) and (p), the proportion of recrystallized
grains increases significantly near the boundary of the SZ, with
recrystallized grains primarily distributed at the boundary. This
observation suggests that the material in this zone undergoes
extensive recrystallization under the combined effects of me-
chanical stirring imposed by the sleeve and high temperature.
This recrystallization process is a key factor in the development
of fine grains in this region.
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3.4. Microhardness profile

Fig. 10 presents the microhardness distribution at different
plunge depths. As shown in Figs. 10(a-e), the microhardness
profiles exhibit a similar trend across different plunge depths.
The microhardness of the parent material is approximately 90
HV. As the measurement points move from the parent material
toward the welded zone, the microhardness gradually decreases,
reaching a minimum near the outer region of the SZ. This outer
region corresponds to the HAZ, which is primarily influenced by
the high temperatures during welding, leading to coarsening of
the microstructure. According to the Hall-Petch equation [58,591:

k

e

Jd

where, o is the yield strength (MPa), g is a value related to the
crystal type, k is a constant, and d is the grain diameter. It fol-
lows that larger grain sizes result in lower yield strength. The
relationship between microhardness and yield strength can be
expressed as [60]:

2

o, =0+

)

where, H represents Vickers hardness (HV) and C is a material-

dependent constant (HV/MPa). The correlation between micro-
hardness and grain size is given by:

{ k
H=C|oy+ 4)

5
Jd

Therefore, the larger grain sizes correspond to lower micro-
hardness, which explains the rapid decrease in microhardness
within the HAZ.

As the measurement points move from the HAZ toward
the SSZ, the microhardness increases. Microstructural analysis
indicates that the grains in the SSZ are relatively fine, and this
grain refinement is the primary factor contributing to the higher
microhardness in this zone. However, as the measurement points
progress from the SSZ toward the PSZ, the microhardness ex-
hibits a declining trend, reaching its minimum at the center of
the PSZ. This phenomenon results from the limited mechanical
stirring effect exerted by the sleeve and the probe at the center
of the PSZ. Instead, the high temperatures during welding
predominantly influence the microstructural evolution in this
zone, promoting grain growth and consequently leading to lower
microhardness values.

It should be noted that when the plunge depth is 0.6 mm,
the microhardness values at both ends of the curve are close to
those of the parent material. This indicates that under this welding
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Fig. 10. Microhardness at different plunge depths: (a) 0.6 mm; (b) 0.8 mm; (¢) 1 mm; (d) 1.4 mm; (e) 1.6 mm; (f) Surface microhardness cloud
map under a plunge depth of 1.4 mm; (g) Cross-sectional microhardness map under a plunge depth of 1.4 mm

condition, the heat input is limited, resulting in a relatively small
HAZ outside the SZ. As the plunge depth increases, the heat
input during welding rises, leading to an expansion of the HAZ.
Consequently, the microhardness values at both ends of the curve
tend to decrease, and the minimum microhardness within the
SZ also progressively declines. When the plunge depth reaches
1.4 mm, the influence range of the HAZ is significantly enlarged,
with the microhardness at both ends of the curve declining to
55 HV and the microhardness at the center of the PSZ decreasing
to 50 HV. At a plunge depth of 1.6 mm, the microhardness at
both ends further declines to 51 HV, while the microhardness at
the center of the PSZ reaches 45 HV, which is only 50% of the
parent material. This suggests that an excessively large plunge
depth severely weakens the microhardness of the WJ.

As shown in Figs. 10(f-g), the largest microhardness in the
welded zone is observed at the upper region of the SSZ, reaching
a maximum of 76 HV, which corresponds to 84% of the parent
material. Along the height direction of the SSZ, the microhard-
ness gradually decreases from top to bottom. This phenomenon
arises from the refilling of material at the top of the SSZ in the
final stage of welding, where it remains under sustained me-
chanical stirring by the sleeve and probe until welding concludes,
contributing to finer microstructures in this zone. It is important
to note that a lower-microhardness zone (LMZ) forms in the HAZ
outside the SSZ owing to the influence of larger heat input. The

microhardness in this LMZ is lower than that in both the SSZ
and the PSZ, which could negatively affect the strength of the
welded workpiece.

3.5. Tensile-shear failure load

Fig. 11 illustrates the tensile-shear performance of the WJs
at different plunge depths. It is evident that as the plunge depth
increases, the T-SFL first rises and then decreases. The maximum
T-SFL is achieved at a plunge depth of 1.4 mm, reaching 5267 N.
At smaller plunge depths (0.6 mm and 0.8 mm), the mechanical
stirring effect of the tool is relatively weak, and the heat input is
low, resulting in limited bonding between materials within the
WIJ. When the tool penetrates the top plate, it directly facilitates
sufficient stirring and mixing of materials between the top and
bottom plates, thereby improving the bonding quality of the W1J.
However, when the plunge depth further rises to 1.6 mm, the
T-SFL decreases to 4788 N. This decline may be attributed to
the excessively high welding temperature at this plunge depth,
which leads to severe grain coarsening in the microstructure
near the WJ. These findings suggest that when the top and bot-
tom plates have the same thickness, a plunge depth of 1.4 times
the single-plate thickness enables the Cu welded workpiece to
achieve a higher load-bearing capacity.



www.czasopisma.pan.pl P

N www journals.pan.pl

POLSKA AKADEMIA NAUK

5400
= (a)
(3
= 52004
=
=
=
=
2 5000
<=
1 )
.E 0
- 48
o
F
g
(S 4600 -
4400 . . - - r r
X3 08 Lo 1.2 1.4 L6

Plunge depth (mm)

1525
GO
(b) — =06 mm
SO0 4 " = ===(L§ mm
o === L.Omm
/ o — |4 mm
4000 e L wvon LG M
Z 4 !! kY
- 3000 - !'1
= .‘
P | i
1
200 < 2\
A
thY
10000 -
i
" T T T T ! T T T T

] 1 2 3 4 5 6 7 8 92 10 11
Displacement (mm)

Fig. 11. Tensile-shear performance at different plunge depths: (a) T-SFLs; (b) Displacement-load curves

3.6. Failure mechanism

In RFSSW, common failure modes of welded workpieces
include shear-type failure, plug-type failure, and shear-plug
mixed failure [61-63]. The failure mode primarily depends on
the material bonding quality and the stress distribution in dif-
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ferent regions of the WJ. Fig. 12 presents the failure modes of
W1s at different plunge depths. As shown in Fig. 12(a), the top
plate completely detaches from the WJ, with the joint remain-
ing in the bottom plate, which is characteristic of plug-type
failure [64,65]. In contrast, another fracture mode, depicted in
Fig. 12(b), occurs when the top plate fractures at the outside of
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Fig. 12. Failure modes of welding workpieces under different plunge depths: (a) Failure mode under 0.8 mm plunge depth; (b) Failure mode
under 1.4 mm plunge depth; (c) Fracture images of welding workpieces under different plunge depths; (d-h) Cross-sectional morphologies of
the fractured workpieces under different plunge depths; (i) Enlarged views of the fracture location under plunge depths of 1.4 mm and 1.6 mm
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the SZ, with its tensioned end completely separating from the
workpiece while the SZ and the free end of the top plate remain
bonded to the bottom plate. In this study, this mode of fracture is
defined as top-plate-type failure, which has also been observed in
aluminum alloy WJ [41]. As illustrated in Fig. 12(c), plug-type
failure is the predominant failure mode in workpieces welded
with plunge depths ranging from 0.6 mm to 1.0 mm, whereas
top-plate-type failure occurs at plunge depths of 1.4 mm and
1.6 mm. Figs. 12(d-f) show that in plug-type failure, the failure
location is consistently at the outer edge of the SSZ. At plunge
depths of 0.6 mm and 0.8 mm, separation arises between the
underside of the SSZ in the top plate and the top surface of
the bottom plate. This is due to the insufficient penetration of the
tool into the bottom plate, resulting in inadequate material mixing
between the top and bottom plates solely by mechanical stirring
at the sleeve bottom. Consequently, the bonding effectiveness
between the top and bottom plates is compromised. In contrast,
in top-plate-type failure, the failure location is always at the
outside of the WJ, with no fractures occurring within the SSZ
or PSZ, as shown in Figs. 12(g-i). At a plunge depth of 1.4 mm,
the fracture position is 1.01 mm from the boundary of the SSZ.
As the plunge depth increases, this distance also increases, reach-
ing 1.76 mm at a plunge depth of 1.6 mm.

To understand the stress distribution in welded workpieces
under tensile loading, finite element analysis was conducted
using Ansys Workbench. For simplification, the following as-
sumptions were made: (i) the material of the welded workpiece
was considered homogeneous, and variations in material proper-

www.czasopisma.pan.pl P N www.journals.pan.pl

ties within the WJ were not taken into account; (ii) the contact
area between the top and bottom plates was modeled as a 9 mm
circular region to simulate the WJ’s bonding effect; (iii) the influ-
ence of residual stress within the WJ was neglected [66]. The end
face of the top plate was fixed, while a displacement boundary
condition of 1 mm was applied to the bottom plate. The simula-
tion results are shown in Fig. 13. It can be observed that during
tensile loading, stress and strain are primarily concentrated at
two locations: the junction between the bottom region of the
top plate and the SZ (Zone A) and the junction between the top
region of the bottom plate and the SZ (Zone B). Moreover, the
stress type in both regions is tensile stress [67], indicating that
these two regions are most susceptible to internal crack forma-
tion under tensile loading [68,69].

To identify the initiation sites of different failure modes,
the SEM was used to capture the morphology of the original
crack surfaces, as shown in Fig. 14. Figs. 14(a-c) indicate that
at a plunge depth of 0.6 mm, the original crack occurs at the bot-
tom of the tool’s maximum plunge depth and propagates along
the boundary of the SSZ. Small dimples can be observed in the
original crack surface, but their quantity is limited. At a plunge
depth of 0.8 mm, the original crack also originates at the maxi-
mum plunge depth of the sleeve and extends along the boundary
of the SSZ, where dimples and significant plastic deformation
are observed, as shown in Figs. 14(d-f). At a plunge depth of
1.0 mm, the original crack occurs near the bottom region of the
top plate and propagates along the boundary of the SSZ, with
visible dimples and tearing ridges in the original crack surface,
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Fig. 13. Finite element simulation results: (a) Von-Mises stress cloud map at the cross section; (b) Strain cloud map at the cross section
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1.6 mm plunge depth

as shown in Figs. 14(g-1). These findings indicate that for plug-
type failures, the original crack consistently stems from near
the bottom region of the tool’s maximum plunge depth. This
phenomenon can be attributed to several factors. Firstly, when
the plunge depth does not exceed the thickness of the top plate,
the limited heat input and material plastic flow capacity result
in poor bonding at the bottom of the maximum plunge depth,
thereby facilitating the formation of original cracks. Secondly,
as shown in Fig. 13, the highest stress and strain under tensile
loading occur at the bottom of the tensioned top plate, where
the stress type is tensile stress. This promotes significant plastic
deformation at the bottom of the top plate, serving as the driving
force for the initiation of fractures in this region.

As shown in Figs. 14(j-k), in top-plate-type failure, the
original crack occurs at the bottom region of the top plate,

primarily due to the significant stress experienced by this re-
gion during tensile loading. The original crack surfaces exhibit
distinct dimple features, with a greater number and larger size
of dimples compared to plug-type failures. This indicates that
workpieces undergoing top-plate-type failure experience greater
tensile loading and plastic deformation prior to failure, which is
consistent with the variation in the T-SFL of the welded work-
pieces. The dimples observed on the fracture surface exhibit
a circular morphology. According to the classification in [39],
these dimples are identified as separation dimples, indicating
that the failure mode of the WJ is ductile fracture. As depicted
in Fig. 12, in top-plate-type failures, the fracture occurs within
arange of 1.01 mm to 1.76 mm away from the SZ boundary. This
phenomenon results from a variety of factors. Firstly, at plunge
depths of 1.4 mm to 1.6 mm, the tool penetrates into the bottom
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plate, and the increased heat input enhances material flowability,
leading to improved mixing between the top and bottom plates in
the WJ. Additionally, a fine-grained zone forms at the boundary
of the SZ, which strengthens the bonding between materials in the
SZ and its boundary, thereby enhancing the load-bearing capac-
ity inside WJ. Secondly, the fracture location coincides with the
LMZ within the HAZ. The excessive heat input intensifies the
softening effect in this zone, reducing its load-bearing capacity.
Thirdly, previous studies have indicated that the outer region
of the SZ was positioned in the zone where residual tensile and
compressive stresses converge [70]. This abrupt stress variation
increases the susceptibility of this zone to failure. The combined
influence of these factors leads to the initiation of the original
crack outside the SZ.

4. Discussion

Similar to the behavior observed in RFSSW of 6061 and
7075 aluminum alloys, the plunge depth also has a significant
effect on the performance of Cu-Cu joints [28-31]. As shown
in Fig. 11, the T-SFL of the WJs reaches its maximum when the
plunge depth is 1.4 mm, while both insufficient and excessive
plunge depths lead to reduced joint strength. The enhanced joint
strength at a plunge depth of 1.4 mm is primarily attributed to
the improved bonding quality within the SZ and the relatively
mitigated softening effect in the HAZ. At this depth, the weld-
ing tool penetrates sufficiently into the bottom plate, promoting
adequate plastic deformation and material mixing within the
SZ, thereby strengthening the metallurgical bonding. In addi-
tion, the fine-grained structure formed at the SZ boundary also
helps to suppress the initiation and propagation of cracks in this
zone. Although the HAZ tends to soften under heat input and
can easily become a strength weakness of the WJ, the welding
temperature at 1.4 mm plunge depth is lower than that at 1.6
mm. As a result, the associated heat input is reduced, leading
to a weaker softening effect and contributing to an increase
in load-bearing capacity. For Cu welds, the strength of the
W1 is largely constrained by the softening effect in the HAZ.
How to regulate heat input to minimize the negative effects
of the HAZ while ensuring that the material in the SZ is ad-
equately stirred, mixed, and bonded is a critical topic for further
research.

5. Conclusions

This study focuses on the effect of plunge depth on the mi-
crostructure and mechanical properties of Cu-Cu joints fabricated
by RFSSW. The key findings are outlined below:

(1) As the plunge depth increases, the welding time is pro-
longed, leading to greater heat input and more pronounced
microstructural coarsening. Excessive plunge depth leads
to severe softening of the material in the HAZ outside
the SZ.

(2) The T-SFL of the W1 first rises and subsequently declines
as the plunge depth increases, with the optimal plunge depth
found to be 1.4 times the plate thickness. When the plunge
depth is less than the thickness of the top plate, the weak
areas of the WJs are located at the boundary of the SSZ.
However, when the plunge depth exceeds the top plate
thickness, failure occurs in the HAZ outside the SZ.

(3) Itis feasible to fabricate Cu-Cu joints by RFSSW, and sound
welding quality can be achieved under appropriate process
parameters. Material softening induced by excessive heat
input is a critical factor that limits the load-bearing capacity
of the joints and represents a key issue to be addressed in
future studies on Cu-Cu welding.
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