
Vol.:(0123456789)1 3

Welding in the World (2024) 68:1747–1756 
https://doi.org/10.1007/s40194-023-01665-6

RESEARCH PAPER

Achievement of defect‑free and high‑properties multilayer copper 
foils flexible connection by friction stir welding

Zihang Li1,2 · Yongfang Deng1,2,3   · Jincheng Zeng2,4 · Liang Hu1,2 · Yutao Zhou1,2 · Zherui Qiu5

Received: 22 September 2023 / Accepted: 13 December 2023 / Published online: 21 December 2023 
© International Institute of Welding 2023

Abstract
The connection of new energy vehicle batteries often involves a copper flexible connection. In this experiment, Friction 
stir welding (FSW) of multilayer copper foils was proposed for the research of copper flexible connection. It studies the 
correlation between microhardness profiles, conductivity test data, welding morphology, and process parameters. When the 
traverse speed ( v ) is unchanged at 80 mm/min, and the rotation speed (ω) increases from 300,600,900,1200, to 1500 rpm, 
the copper color of the weld gradually changes from yellow to purple-green. Elongated grains were processed into fine 
equiaxed and recrystallized grains by FSW. After 900 rpm to 80 mm/min FSW of multilayer copper foils to have a better 
morphology, the hardness of the (nugget zone) NZ increases by about 23 HV, and the conductivity decreases by about 22 
IACS. After FSW, the hardness value is the opposite trend of ω/v changes, and the conductivity value is the similar change 
trend of ω/v changes in the NZ.
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1  Introduction

At present, the flexible connection of copper is a flexi-
ble conductive device for the electronics industry, which 
mainly uses its collapsible and telescopic characteristics to 
turn on the circuit. It is easy to install, has strong flexibil-
ity, and is not limited in the angle of assembly, especially 
its fast heat dissipation and good electrical conductivity, 
which are mostly used for the conduction of lithium battery 

modules of new energy vehicles [1]. The flexible connec-
tion of copper is made by welding multiple layers of copper 
foil. In the field of multilayer copper foils welding, there 
are resistance spot welding (RSW), melt inert gas welding 
(MIG), laser beam welding (LBW), and ultrasonic weld-
ing (USW). However, the above process methods are used 
to weld multilayer copper foils materials, there are mainly 
high temperatures or vibrations that affect the safety per-
formance of the batteries and the high cost of use, which 
has become the major problem in the flexible connection 
of new energy vehicles [2–5].

The invention of FSW provides a new welding technol-
ogy with wide application prospects. Machniewicz et al. [6] 
have mentioned that FSW can be used as one method for 
welding copper metals when braze welding does not yield 
sufficient weld strength and the use of conventional fusion 
welding is hampered. Compared with other welding, FSW 
has less impact on the environment. FSW is a solid-state 
welding process suitable for the mixing of viscoplastic mate-
rials caused by thermomechanical processing. Teimurnezhad 
et al. [7] have mentioned that FSW copper can be used to 
obtain a weld without poor welding, and the NZ material is 
evenly distributed. Wang et al. [8, 9] mentioned that FSW 
can achieve defect-free joints and the welding temperature 
is lower relative to conventional welding, and the welding 
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material has better microstructure and properties. Pancha 
et al. [9] mentioned that the FSW process includes weld-
ing of the material welding and plastic deformation but at a 
temperature below the melting point. FSW tool consisting 
of a suitable shoulder and a stirring pin is inserted into the 
welding zone, causing frictional heat and material flow [10]. 
Due to the plastic deformation of the welded material during 
the welding process and the heat generated by the friction 
between the stirring tool and the welded material, the welded 
material produces metallurgical bonding and mechanical 
bonding to achieve the purpose of connection [9, 11].

According to the available sources, the existing welding 
multilayer copper foils flexible connection welding method 
has the problems of high welding temperature, environmen-
tal pollution, and high cost. FSW is thought to be a better 
welding technique due to its advantages of low processing 
time, low costs, low welding temperature, and high-quality 
welding. The experimental study of the fabrication process 
of multilayer copper foil flexible connection using the FSW 
process and the study of process parameters have not been 
done. Due to the application of the subject, in this research, 
the microstructure and properties of multilayer copper foils 
using the FSM process were studied experimentally. Espe-
cially compared the welding morphology and grain size of 
the copper base metal (BM) and NZ with different rota-
tional speeds using optical microscope (OM) and electron 
back-scattered diffraction (EBSD). Joints were analyzed by 
microhardness Instruments and an eddy current conductiv-
ity meter. In this experiment, it is explained that micro hard-
ness profiles through the weld, and conductivity test data are 

related to the welding morphology and grain size. The most 
suitable welding parameters are 900 rpm to 80 mm/min.

2 � Experiment

2.1 � Materials and methods

As shown in Table 1, the welding material adopts the com-
mercial copper foil material grade TU1 with a density of 8 
g/cm3 and a melting point of 1083℃. It has very low oxygen 
and impurity content, high purity, strong electrical conduc-
tivity, strong thermal conductivity, strong ductility, low air 
permeability, strong processing performance, strong corro-
sion resistance, and strong cold resistance. The special prop-
erties are mainly used for various wires. The specifications 
of 80 mm × 60 mm × 0.1 mm copper foils were used to weld 
30 pieces of total thickness of 3 mm for each experiment. 
Figure 1 shows the application and component pictures of 
copper foil flexible connection batteries.

In this experiment, HT-JM16 × 23/2 small FSW equip-
ment was prepared by Aerospace Engineering Equipment 
(Suzhou) Co. Ltd. The stirring tool uses H13 steel as the 
processing raw material. Before the experiment, the cop-
per foils used in the experiment were treated with acetone 
solution to remove oil stains, and then the acetone solution 
on the surface of the welded workpiece was removed and 
dried with alcohol. The sample was treated to improve the 
welding quality and facilitate an effective analysis of the 
experimental results.

Table 1   Chemical composition 
of copper foils TU1 (wt. %)

Material Cu + Ag P Bi Sb As Fe Ni

Copper foils TU1 99.97 0.002 0.001 0.002 0.002 0.004 0.002

Fig. 1   a Battery module, b copper flexible connection component
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As shown in Fig. 2, the metallographic samples were pre-
pared according to the standard metallographic procedure, 
and the samples were polished with 600 #, 800 #, 1500 #, 
and 2000 # sandpaper in turn. Copper metallographic etch-
ing solution was a mixture of 3 mL HNO3 and 7 mL C2H5O, 
and it was used for etching for 20 ~ 60 s. The microstructure 
of the weld was observed by OM. Different welding param-
eters are used to analyze and detect the most suitable process 
parameters for welding multilayer copper foils. After sand-
ing with sandpaper, the experiment used electrolytic polish-
ing to prepare EBSD samples. The polishing solution was a 
mixture of 30 mL alcohol and 70 mL phosphoric acid, with 
a voltage of 20 V, a current of 1 A, and the polishing time 
was 2 min. The microstructure of the weld was observed by 
EBSD. EBSD data collection was conducted at step sizes 
of 0.2 μm, operated at 20 keV. The results from the EBSD 
were analyzed using Channel 5 software. Different welding 
parameters are used to analyze and detect the most suitable 
process parameters for welding multilayer copper foils.

The microhardness of the weld cross-section at TD and 
ND direction was measured by VH-800 microhardness in 
Fig. 2c. The interval was 0.5 mm, the loading was 2 N, 
and the holding time was 10 se. Under different welding 
parameters, the weld P1 points, and BM were detected by 
an eddy current conductivity meter. Table 2 selects, in the 

experiment, the welding parameters of FSW and the thick-
ness of copper foils were selected. The above detection 
temperatures are carried out at room temperature.

3 � Results and discussion

3.1 � Macroscopic morphology analysis of weld 
under different welding parameters

In the welding process, the v , ω, and the pressure of the stir-
ring tool have a significant influence on the amount of weld-
ing heat input and material flow. The amount of heat input 

Fig. 2   a Threaded tool used 
in the experiment; b welded 
specimens were taken of the 
conductivity test specimen 
prototype P1, EBSD samples 
P2, and hardness specimen long 
body P3; c hardness test speci-
men. Transverse direction (TD), 
normal direction (ND), and 
weld direction (WD)

Table 2   In this experiment, the Main welding parameters of FSW and 
the total thickness of copper foils

Sampleno Tool rotation 
speed (rpm)

Feed rate 
(mm/min)

Plunge 
depth 
(mm)

Total foils 
thickness
(mm)

1
2

300
600

80
80

0.1
0.1

30 × 0.1
30 × 0.1

3 900 80 0.1 30 × 0.1
4
5

1200
1500

80
80

0.1
0.1

30 × 0.1
30 × 0.1
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and material flow affects the formation of welding defects 
such as grooves and flash in the weld. Therefore, the process 
parameters of stirring in the welding process are the key to 
controlling the welding quality. The ω and v are one of the 
most important welding process parameters because these 
are two parameters determine the size of the welding heat 
input. Ghosh et al. [12] mentioned that the ω is proportional 
to the heat input, and the v is inversely proportional to the 
heat input (Q). The larger the ω/v , the higher the Q. The 
order of the amount of heat input during welding is as fol-
lows: Q (300 rpm to 80mm/min) < Q (600 rpm to 80 mm/
min) < Q (900 rpm to 80 mm/min) < Q (1200 rpm to 80 mm/
min) < Q (1500 rpm to 80 mm/min). In this experiment, only 
the ω is changed and other parameters do not change. Xie 

et al. [13] mentioned that with the increase in ω, the heat 
increases, and the stress zone and strain zone of the weld-
ing part also change, which indicates that the FSW welding 
effect has a great relationship with ω and v of stirring tool. 
Therefore, optimizing these two process parameters is an 
indispensable way to obtain better welding materials.

At 300 rpm-80 mm/min, the lack of heat produces severe 
Grooves that cannot be welded, as shown in Fig. 3a. Mehta 
et al. [14, 15] mentioned that the heat generated by the inter-
action between the shoulder of the stirring tool and the mate-
rial can not completely soften the material, resulting in poor 
material fluidity, the material cannot be effectively backfilled, 
and the lower copper foils cannot be welded when the heat 
is insufficient. Figure 4a illustrates the lack of fusion and 

Fig. 3   Welding effect under different welding parameters: a grooves; b bottom not welded; c, d, e welding morphology is good; f grooves and 
severe flash
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incomplete penetration on AS. From Fig. 3c, d, e, 600 rpm, 
900 rpm, 1200 rpm seam surfaces have a small amount of 
flash, and it does not affect NZ performance. The wavy flash 
appears on the outer edge of NZ, and the flash of RS is more 
severe than the flash of AS, as shown in Fig. 3. Hasan et al. 
[16] also mentioned that flash is due to the energy accumu-
lated by the upper layers of copper foil in the FSW process is 
too large, and the metal around the tool shoulder is seriously 
softened, so that this part of the metal does not rotate around 
the tool shoulder, and the tool shoulder pushes the material 
to both sides of the weld in the FSW process. In the FSW 
process, other parameters remain unchanged, the greater the 
rotational speed, the greater the force on the upper copper 
foil and the more heat generated, which will form a large 
number of flash affecting the performance of NZ. When the 
ω of the stirring tool is 1500 rpm and the v is 80 mm/min, 
due to the high heat and high ω, the material is brought to 
the retreating side (RS) to form a severe flash, thus lacking 
the material to fill the advancing side (AS) to form severe 
grooves, and the surface of the NZ is seriously discolored, as 
shown in Fig. 3f. When the value of ω/v is bigger, the friction 
between the stirring tool and the material and the extrusion 
of the material produce too much heat during the welding 
process, which leads to the liquefaction of some materials in 
the NZ, and the liquefied metal is squeezed out of the weld 
surface by the force of the stirring tool, and finally, serious 
defects such as flash and grooves are formed on both sides of 
the weld [13]. As shown in Fig. 3, the v remains unchanged, 
with the increase of the rotational speed, the color of the 

weld surface also changes, gradually changing from yellow 
to purple-green. This is due to the change of copper color 
caused by high temperature. It is verified by this experiment 
that the welding quality is the best when the v is 900 rpm and 
the traveling speed is 80 mm/min.

Figure 4 shows the groove, whereas the groove causes 
the separation of NZ and thermo-mechanically affected 
zone (TMAZ), and shows that the end of the crack pen-
etrates NZ (yellow arrow grooves is the enlarged shown 
in Fig. 4a). Mehta et al. [14] is believed that the material 
softened rotated from the AS to the RS, and then it back-
filled to the AS in FSW process in Fig. 4a red arrow. Under 
the welding parameters of 300 rpm to 80 mm/min, due to 
low FSW temperature, no joint is fulfilled between TMAZ 
and NZ in Fig. 4a. Because the groove greatly affects the 
material properties, the welding parameters of 300 rpm 
to 80 mm/min and 1500 rpm to 80 mm/min are not taken 
in this experiment. There is no obvious volume change 
of multilayer copper foils after welding with appropriate 
parameters, and there is no poor welding in the NZ, indicat-
ing that FSW can achieve high-quality products by weld-
ing multilayer copper foils in Fig. 4b. Table 2 selects in 
this experiment; the welding parameters of FSW and the 
thickness of copper foils were selected. From Fig. 4b, the 
most suitable welding parameters of this experiment are 
900 rpm to 80 mm/min. Figure 4b shows EBSD measure-
ment regions (black oval).

Figure 5a shows the horizontal sectional map of the 
welding material in the radial direction under the welding 

Fig. 4   The transverse cross-
section of the welds
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parameters of 900 rpm to 80 mm/min. The onion ring struc-
ture can be seen in the NZ. The material near the NZ on 
the RS of the welding is driven forward by the stirring tool 
(black arrow), and the material near the NZ on the RS of the 
welding is driven back by the stirring tool (red arrow). The 
blue arrow shows that when the plastic metal of the FSW 
weld flows fully, the material mainly flows from AS to RS, 
and accumulates layer by layer on the RS, finally forming 
the weld in Fig. 5. In the BM, we can see the gap between 
the copper foils layer in Fig. 5. From the BM to the NZ, the 
color of the gap between the copper foils layer gradually 
becomes lighter until there is no, indicating that the welding 
is completed in Fig. 5a, c, and f. During the FSW process, 
which culminates in the final equiaxial recrystallization 
of fine grain, the copper in the NZ undergoes continuous 
dynamic recrystallization due to continuous shearing of the 
material by the stirring tool in Fig. 5d and g.

3.2 � Microstructure of welding zone under different 
rotational speed

From Fig.  6, the material of multilayer copper foils is 
refined by FSW, the area-weighted mean grain size in BM is 
7.62 μm, the area-weighted mean grain size in NZ-900 rpm 
is 1.64 μm, and the material in NZ is obviously refined. 
When the welding parameters are 900 rmp to 80 mm/min, 

the grain size of HAZ is the largest in the whole region, 
which is 8.94 μm. The area-weighted mean grain size in the 
NZ increased from 1.3 μm, 1.64 μm, and 2.05 μm as the ω 
increased from 600 rpm, 900 rpm, and 1200 rpm. This is due 
to the higher heat input (high ω/v ) during FSW processing, 
thus achieving the annealing of the dynamically recrystal-
lized processed structure in NZ. It may be deduced that FSW 
is favorable to refining the grains of the NZ. The material in 
the NZ undergoes plastic deformation at high temperatures 
and strain rates due to the translational and rotational motion 
of the threaded stirring tool. During the process, which cul-
minates in the final equiaxial recrystallization of fine grain, 
the copper in the NZ undergoes continuous dynamic recrys-
tallization (CDRX) due to continuous shearing of the mate-
rial by the stirring tool. Variation in grain refinement in NZ 
could be due to multiple reasons: variation in (1) grain size 
of BM, (2) stick–slip coefficient between the stirring tool 
and copper workpieces, (3) coefficient of friction between 
the stirring tool and copper workpieces, (4) weld parameter.

3.3 � Analysis of hardness test results under different 
welding parameters

Microhardness is a macroscopic manifestation of the degree 
of material strengthening in each zone of the welding site. 
Within a certain range by Hall–Petch relation [17, 18]:

Fig. 5   Under the optimal welding morphology parameters (900 rpm to 80 mm/min), a the WD sectional map of the welding material; b, c, d 
BM, thermo-mechanically affected zone (TMAZ) + TMAZ, NZ at the AS; c, d, e, f, g BM, HAZ + TMAZ, NZ at the RS
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In the relationship Eq. 1, �
H

P

 refers to the increase of 
strength caused by grain boundary effect, �

0
 lattice friction, 

k is a constant, and d representsthegrain size. Within a cer-
tain range, it can be seen intuitively from the formula that 
reducing the grain size can improve the strength without 
changing the material composition. FSW multilayer copper 
foils have such fine grain strengthening effect. The order of 
NZ, HAZ, and BM grain size after welding is as follows: d 
(NZ-600 rpm to 80 mm/min) < d (NZ-900 rpm to 80 mm/
min) < d (NZ-1200 rpm to 80 mm/min) < d (BM) < d (HAZ-
900 rpm to 80 mm/min). From Fig. 7, it can be seen that the 
microhardness of the welding area in the TD is basically a 
W-shaped distribution. In other words, from the microstruc-
ture of the TMAZ to the BM, the microhardness increases 
significantly, from the NZ to the TMAZ, the microhardness 
decreases, and the NZ is higher than the BM. It can be seen 
from Fig. 7 that the microhardness at the centric position 
of the welding NZ is the highest, up to 110 HV ~ 120 HV. 
The microhardness of the part of the HAZ is the worst, 
which is due to the growth grain size in the HAZ under the 
thermal cycle caused by the FSW processing, resulting in a 
decrease in the mechanical properties of the area [18, 19]. In 

(1)�
�

�
= �

0
+ ��

−1

2

summary, the microhardness of the HAZ is the worst, which 
is the lowest hardness of the overall material, and the part 
of the NZ is where the microhardness is highest. The above 
trends corresponded well to the area-weighted mean grain 
size observed in the respective zones of the joint. Thus, the 
higher hardness in the 900 rpm to 80 mm/min NZ than in 

Fig. 6   Shows the EBSD image: a, b, c grains in the microstructure 
of NZ under different welding parameters (rpm-mm/min); d grains in 
the microstructure of HAZ; e grains in the microstructure of BM; f 

the area-weighted mean grain size histograms of NZ, HAZ, and BM 
under different welding parameters are shown

Fig. 7   Hardness distribution in the TD of welding materials under 
different welding parameters
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HAZ and BM was related to smaller grain size which was 
1.64 µm for NZ, 8.94 µm for HAZ, and 7.62 µm for BM. 
While for the multilayer copper foils with FSW treatment, 
the NZ strength is increased, due to fine grain strengthening.

As shown in Fig. 7, the microhardness of RS of the HAZ 
is obviously higher than that of the AS in the welding direc-
tion in processing. Hwang et al. [19–21] concluded that 
because the temperature of the RS welding is lower than 
that of the AS, the AS has more heat to HAZ to crystal grain 
growth, resulting in a lower hardness of the RS after welding 
relative to the AS of the welding. When the ω is 600 rpm 
and the speed is 80 mm/min, the heat generated during the 
stirring welding process is less, and the material softening 
and plastic deformation are poor, resulting in little change 
in hardness, but the microhardness of the transition posi-
tion between the HAZ and the TMAZ is also affected by 
temperature [21, 22]. When the ω is 1200 rpm and the speed 
is 80 mm/min, the heat generated during the FSW welding 
process is too much, resulting in a relatively large decrease 
in the microhardness of the TMAZ and the HAZ [23]. When 
the ω is 900 rpm and the speed is 80 mm/min, the HAZ of 
maximum hardness is 113 HV and the minimum is 73 HV. 
The grains in the NZ were coarsened to 1.72 μm, 2.49 μm, 
and 4.16 μm with increasing the rotation rates from 600, and 
900 to 1200 rpm, and the hardness decreased gradually. The 
hardness value is the opposite trend of grain size changes.

The stirring tool with threaded pin guaranteed NZ mate-
rial flow around the pin, ensuring a defect-free welding FSW 
process. From Fig. 8, the NZ of the material is uniformly 
mixed under the action of a threaded stirring tool, and the 
hardness performance of the material does not change much. 
Wang et al. [8] have mentioned that the welding temperature 
in the NZ during FSW was significantly decreased by the 

stirring tool with a threaded pin. Therefore, a stirring tool 
with a conical threaded pin can be used to increase material 
hardness under a low heat input.

3.4 � Conductivity data analysis under different 
welding parameters

Abdollah et al. [23] mentioned that copper is mainly used 
as a conductor, so conductivity is very important for copper. 
Miyajima et al. [24, 25] mentioned that FSW has the charac-
teristics of plastic deformation after softening the material 
at high temperature, and then forming fine equiaxed grains 
through dynamic recrystallization. The conductivity of cop-
per material is well established to depend on the effect of 
the resistivity of the pure matrix, grain boundary density, 
impurities, and dislocation density on electron mobility. In 
the case of the same material, the dislocation density dur-
ing FSW welding copper is main the factor affecting the 
conductivity [26, 27]. The main restoration mechanism is 
CDRX in the NZ, which is the result of a higher disloca-
tion density caused by the FSW process. With the increase 
of FSW processing ω/v , the dislocation density decreases 
in NZ, which is due to the main recovery mechanism of 
CDRX. The smaller the dislocation density, the greater the 
conductivity of the material, by the law of change in Fig. 9. 
The electrical conductivity of the BM in the average value 
is 100.6 IACS, while the electrical conductivity of the 900 
rpm to 80 mm/min welding area in the average value is 78.2 
IACS, and the electrical conductivity decreases by about 
22.5% after FSW in Fig. 9. Although the conductivity of 
copper decreases a lot after FSW, it is still higher than that 
of pure aluminum (about 62 IACS) in Fig. 9 yellow line.

Fig. 8   Under the welding parameters of 900 to 80 mm/min, the ND 
of the weld center

Fig. 9   The conductivity of the welding zone and BM under different 
welding parameters
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As mentioned above, the conductivity of the stirring tool 
processed materials was found to increase by increasing ω/v . 
In this way, the increase in conductivity with increasing val-
ues of ω/v was affected by dislocation density. Improvement 
in the electrical conductivity of the processed material is 
possible to be achieved by increasing the ω/v ratio, but high 
v is prone to weld defect in Fig. 3f.

4 � Conclusion

Based on the flexible connection requirements and charac-
teristics of new energy vehicle battery modules, the experi-
mental analysis and research in this paper show that FSW 
can perform multilayer copper foils welding. The proper-
ties of multilayer copper foils FSW weld were studied by 
microhardness and conductivity tests as well as micro-
structure and macrostructure analysis. The constant trav-
erse speeds (80 mm/min) and different ω values (600, 900, 
and 1200 rpm) were preliminarily selected for producing 
defect-free welds in terms of their visual. The most suit-
able welding parameters of this experiment are 900 rpm to 
80 mm/min. The relevant conclusions can be summarized 
as follows:

1.	 The most suitable welding parameters for FSW of multi-
layer copper foils are 900 rpm to 80 mm/min. There are 
no severe flashes, grooves, holes, or other weld defects, 
which is due to better welding heat. A comprehensive 
analysis of the material hardness and conductivity value 
of this parameter is better.

2.	 The microhardness profiles determined for the cross-sec-
tion of the weld had a W-type shape, and the hardness of 
NZ is the highest. While for the multilayer copper foils 
with FSW treatment, the hardness is increased, due to fine 
grain strengthening. The grains in the NZ were coarsened 
to 1.72 μm, 2.49 μm, and 4.16 μm with increasing the 
rotation rates from 600, and 900 to 1200 rpm, and the 
hardness decreased gradually. The ω/v value is the similar 
change trend of grain size changes in the NZ and the hard-
ness is the opposite trend of grain size changes.

3.	 The FSW leads to a decrease in conductivity, which is 
mainly caused by a large number of dislocations pro-
duced in the machining process of the NZ. The conduc-
tivity value is a similar trend of ω/v changes.
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