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Carbon fiber reinforced plastic (CFRP) is a prospective lightweight material in automobile industry. However,
joining metal and CFRP is a great challenge. In the present study, an innovative process called coaxial one-side
resistance spot welding (COS-RSW) is proposed to fabricate Al5052 (Al) and CFRP joints. Based upon our
newly developed finite element code JWRIAN, the electric-thermal-mechanical coupled process of COS-RSW is
modeled and validated with experiments. The influences of welding current, welding time and electrode force
on CFRPmolten zone are investigated in detail. The results show that the depth of molten zone has a strong cor-
relation with both welding current and welding time. A relative low welding current or short welding time that
results in the Al/CFRP interface temperature below the melting temperature of the resin matrix is insufficient to
form a sound connection between the two sheets. While excessive current or too long welding timemay lead to
overheating of CFRP and decomposition of the resin matrix, which increases the risk of weak joining. Further-
more, it is found that the depth of molten zone increases even at the cooling stage, which indicates accurate sim-
ulation for both the heating and the cooling stages of the COS-RSW process is indispensable.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
saka 567-0047, Japan.
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1. Introduction

In order to reduce fuel consumption and emissions, lightweight de-
sign has been a major topic in the automotive industry. Compared with
structural optimization, applying lightweight materials to substitute
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematic of the coaxial one-side resistance spot welding process.
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traditional steels can achieve a more effective weight reduction. Alumi-
num alloys are increasingly used in the fabrication of lightweight vehi-
cle bodies because of their good formability, high strength-to-weight
ratio, and intrinsic recyclability. Carbon fiber reinforced plastic (CFRP)
is perceived as a promising alternative for metals to cope with the
ever-growing lightweight demands due to its excellent performance
in strength and fatigue. Integrating aluminum alloy and CFRP in one
structure offers more flexibility in lightweight product design [1,2]. Ac-
cordingly, development of reliable and economical Al and CFRP joining
process is required.

To date, mechanical fastening and adhesive bonding are two com-
monmethods for combiningmetal and CFRP in the automotive industry
[3,4]. However, they have distinct disadvantages in specific applications.
Fasteners usually result in the cutting of fibers and the introduction of
stress concentration, which are detrimental to the structural integrity.
Adhesive bonding requires specific clamping devices and additional
curing process, and the joining strength is sensitive to environmental
factors. In contrast, thermal joining can avoid the above problems. In
thermal joining process, CFRP is heated directly or indirectly to the
melting temperature of the resin matrix. Then, the molten plastic wets
the metal surface to form chemical bonds. The metals are usually sub-
jected to mechanical or chemical surface pre-treatments to increase
the bonding strength. Based on this principle, some different technolo-
gies are developed to weld plastic and metal, including laser welding,
ultrasonic welding, friction welding, as well as electrical resistance
welding.

Katayama and Kawahito [5] combined Type 304 stainless steel and
polyethylene terephthalate (PET) by rapid laser direct joining process.
The laser beam was irradiated on the PET side, passed through the
transparent PET sheet and heated on the steel surface directly. They be-
lieved that the metal and plastic were tightly bonded on the atomic or
molecular level, which contributed to the secure connection. Jiao et al.
[6] investigated the laser joining between CFRP and 304 stainless steel
by both experiment and simulation. The metal plate was heated by
laser beam and the thermal conduction led to a molten zone in CFRP.
The shear strength reached about 17.5 MPa. The layered structure in
CFRPwas considered in thenumericalmodel and the simulated temper-
ature distribution agreed well with the experimental results. Tan et al.
[7] reported the damage characteristics of CFRP during laser joining of
steel and CFRP. They observed ablation and large cavities in the center
of the joint, whichwere surrounded by a number of porosities in the pe-
ripheral region. Liu et al. [8] studied the friction lap welding (FLW) pro-
cess between AA6061 andMC Nylon-6. They reported that an increased
heat input was beneficial to the joining strength due to a decline of bub-
bles volume at the interface. The nominal shear strength varied from 5
to 8 MPa with different welding parameters. Similarly, Amancio-Filho
et al. [9] proposed that the friction spot joining (FSpJ) was able to join
magnesium AZ31 with thermoplastic composites. The microstructure
and hardness distribution of FSpJ joint were clarified. Although the dy-
namic recrystallization in stir zone directly influenced the local
strength, such phenomenon was still under investigation. Goushegir
[10] researched the FSpJ process between AA2024-T3 and carbon-
fiber-reinforced poly (phenylene sulfide) (CF-PPS) sheets. Macro- and
micromechanical interlocking, as well as adhesion force were proposed
as the three primary bonding mechanisms at the interface. In addition,
Balle et al. [11] investigated the ultrasonic spot welding between
Al99.5 and CF-PA66. This technology formed a square weld zone and
the maximum tensile strength reached 25 MPa. Monochromatic and
polychromatic radiation were also employed to join thermoplastic and
metal [12]. The polychromatic radiation of an infrared emitter could re-
duce the residual stress in joint by creating a homogeneous temperature
field. Results indicates that artificial surface textures on the aluminum
sheet can improve the joint strength. The largest shear strength was
about 19.7 MPa. Ageorges and Ye [13] proposed a resistance welding
technique to combine Al7075-T6with CF-PEI. It was found that an addi-
tional heating element was necessary to bring the whole assembly to a
high enough temperature. Insufficient or excessive energy input was
detrimental to the tensile shear strength.

Resistance spot welding (RSW) is a common technology in the auto-
motive industry, which has been employed to join metal sheets since
1920s. RSW possesses several advantages, such as short cycle time,
low cost, and easy for automation [14]. However, traditional RSW pro-
cess can hardly be applied to weld plastic and metal since current can-
not go through the insulated plastic to form a closed circuit. To
address this issue, some novel RSW processes were developed.
Nagatsuka et al. [15] used an series-RSW process to join SUS304 and
CFRP. Two column electrodes were located on the SUS304 side and
the Joule heat was thereby generated in the steel sheet. Then, due to
the heat transfer between both sheets, the resin matrix of the CFRPma-
terial was melted and the chemical bonding between the two sheets
was realized. Recently, Szallies et al. [16] introduced their study about
single-side resistance spot joining of polymer andmetal. A pair of coax-
ially arranged electrodeswas applied to generate a circle weld zone, the
depth of which increased as a result of the increasing welding current.

According to the previous researches, welding parameters have a
significant effect on the strength of plastic andmetal joints. To optimize
thewelding parameters, a large number of experiments are usually per-
formed, which are costly in terms of time and rawmaterials. Numerical
simulation approach has been confirmed as an effectivemethod for pro-
cess optimization of traditional RSW process. Ma and Murakawa [17]
modeled the RSW process for three pieces of high strength steel sheets
based on a JWRIAN code. Theminimumwelding current cycles for nug-
get formation andweld lobewere predicted numerically. Shen et al. [18]
established a two-dimensional axis-symmetric model of RSW process
using an ANSYS code. The influence of stacking sequence of steel sheets
on nugget size and penetration depth was discussed. Wan et al. [19]
considered an improved contact interaction in RSW model of Al/zinc-
coated steel joint. They proposed that the weld strength was deter-
mined by the Al nugget size and intermetallic compound thickness.
However, to the best of the authors' knowledge there is few research
on the numerical simulation of plastic-metal joining technology, espe-
cially the novel single-side RSW process.

In the current study, a coaxial one-side resistance spot welding
(COS-RSW) technology was developed to join Al5052 and CFRP sheets.
An in-house finite element (FE) code JWRIAN was updated to simulate
themulti-physics coupled COS-RSW process as a first try. In the follow-
ing sections, the COS-RSW experiments and tests to obtain the CFRP
material properties were presented firstly, followed by the descriptions
of numerical modeling details. Then the simulated molten zone profiles
under different welding conditions were validated with experiments.
Based on this numerical model, the temperature evolution and distribu-
tion characteristics, as well as the formation mechanism of the molten
zone during COS-RSW process were revealed. The method and results



Table 1
Welding parameters of experiments and simulations.

Case Welding current (A) Welding time (s) Electrodes force (N)

A1 2000 0.45 2450
A2 3000 0.45 2450
A3 3500 0.45 2450
A4 4000 0.45 2450
B1 3500 0.1 2450
B2 3500 0.2 2450
B3 3500 0.3 2450
B4 3500 0.4 2450
B5 3500 0.5 2450
C1 3500 0.45 1470
C2 3500 0.45 1960
C3 3500 0.45 2940
C4 3500 0.45 3430
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in this study provide a reference to understand the COS-RSW process
and a valuable tool to conduct process optimization.

2. Coaxial one-side resistance spot welding (COS-RSW) process

Fig. 1 depicts the schematic of COS-RSW process, which is unique in
two coaxial electrodes locating on the metal side. During the welding
process, the current is applied to the cylinder electrode to form a closed
circuit between the electrodes and themetal sheet. Joule heat is thereby
generated in themetal sheet and contact zone. The resin matrix of CFRP
close to the CFRP/metal interface is liquified by thermal conduction to
form a molten zone with half-lens shape. Then the molten resin wets
the metal surface and chemical bonds between the two sheets are
formed. In order to get a more homogeneous temperature distribution
at the interface, the two electrodes were designed with different mate-
rials, i.e., CuCr for the column electrode and SUS304 for the cylinder
electrode. The electrodes are fixed on copper shanks, which are
contacted with cooling water at the other end. The sheets are also
placed on a copper support.

3. Experimental details

3.1. Welding process

The metal sheet used in this research is Al5052 with a dimension of
75mm × 15mm × 2mm. The surface of the aluminum sheet is cleaned
and pretreated with silane coupling agent before welding. The CFRP is
composed of 80% PA6 and 20% carbon fibers (CFs), and cut into
75mm × 15mm × 3mm sheets. The short-cut CFs are distributed in the
resin matrix uniformly with random spatial orientations. Therefore,
the CFRP is considered as an isotropic material in this work.
Fig. 2. COS-RSW specimens of
During the COS-RSW process, the two sheets are clamped with a
15 mm overlap. A total electrode force (F) is divided into two different
parts and applied to the CuCr and SUS304 electrodes, respectively:

FCuCr ¼ 1
3
F

FSUS304 ¼ 2
3
F

ð1Þ

As listed in Table 1, two sets of experiments (Case A and Case B) are
carried out to analyze the influence of welding current and time on the
molten zone. The effect of electrodes force is discussed numerically by
Case C. The holding time is fixed at 10 s in all the experiments. The spec-
imens of Case A and B are shown in Fig. 2(a) and (b), respectively. After
welding, the samples are cut along the centerline of the weld, polished
following standard procedures and observed with a 3-D digital micro-
scope (Keyence VR-3200).
3.2. CFRP properties test

Accurate temperature-dependent material properties are essential
to reliable results in numerical simulation, while the properties of
CFRP are sensitive to the specific components. Fig. 3 shows the mea-
sured temperature dependent thermal conductivity and specific heat
of CFRP (80%PA6 + 20%CFs). The measurements are performed by JFE
Techno-Research Corporation. The density of CFRP is 1.225 g/cm3.

Meanwhile, three sets of tensile tests are carried out at different
temperatures (20 °C, 100 °C and 200 °C) to clarify themechanical prop-
erties of CFRP. The tensile specimens were fabricated according to the
JIS K 7139:2009 standard (size A2), as shown in Fig. 4(a). Video exten-
someter was employed to accurately measure the stress-strain curves.
In all the three tests, fracture appeared near to the grip sections, as
shown in Fig. 4(b). The results of tensile test are given in Fig. 5. As a typ-
ical compositematerial, the CFRP does not show obvious yield phenom-
enon in the stress-strain curves. According to the BS EN ISO 527-1:1996
standard, the elastic range of plastics can be defined as the strain range
from 0.05% to 0.25%. Therefore, the fitted slope within this range is
deemed as the Young's modulus, and the stress value at 0.25% strain is
assumed to be the yield strength, as summarized in Table 2.

Melting temperature and decomposition temperature are two criti-
cal parameters for evaluating the behaviour of plastics. The differential
thermal analysis (DTA) and thermogravimetry (TG) are employed to
obtain their accurate values, as shown in Fig. 6. Themelting temperature
is determined as the first endothermic peak in DTA curve, which is
about 220 °C. The onset decomposition temperature is determined by
a 5% mass fraction loss in TG curve [20], which is about 340 °C.
(a) Case A and (b) Case B.



Fig. 3. Temperature-dependent thermal properties of CFRP.
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4. Numerical analysis

4.1. Electric-thermal-mechanical coupled FE model

COS-RSW is a multiphysics coupled process. In current work, the
electric-thermal-mechanical coupled model is described based upon
the in-house FE simulation code JWRIAN [17].

In cylindrical polar coordinates, a static electrical field can be
expressed by Laplace's equation:

μ
1
r
∂
∂r

r
∂ϕ
∂r

� �
þ μ

∂
∂z

∂ϕ
∂z

� �
¼ 0 ð2Þ

where μ is the electrical potential conductivity of material, which equals
to the reciprocal of electrical resistivity R [Ω ⋅ mm].

The electrical potential {ϕ} at structural node is solved according to
the following equation:

E½ � ϕf g ¼ I
� � ð3Þ

where [E] is the global electricmatrix;fIg is the equivalent nodal current
vector.

Then the current density i [A/mm2] in r and z directions as well as
Joule heat generation rate per unit volume �qV [J/(mm3 ⋅ s)] can be calcu-
lated:

ir ¼ −μ
∂ϕ
∂r

; iz ¼ −μ
∂ϕ
∂z

ð4Þ
Fig. 4. (a) Tensile test specimens and (b) the fractured specimens after tensile test
�qV ¼ 1
μ

i2r þ i2z
� �

ð5Þ

The governing equation for transient heat transfer analysis is given
as follows:

cρ
∂T
∂t

¼ λ
1
r
∂
∂r

r
∂T
∂r

� �
þ λ

∂
∂z

∂T
∂z

� �
þ �qV ð6Þ

where c, ρ and λ are specific heat capacity [J/(g ⋅ ° C)], density [g/mm3]
and thermal conductivity [J/(mm ⋅ ° C ⋅ s)] of materials, respectively,

The transient temperature {T} and its rate {∂T/∂t} are given as:

S½ � ∂T
∂t

� 	
þ C½ � Tf g ¼ Qf g ð7Þ

where [S] is specific heat capacity matrix; [C] is thermal conductivity
matrix; {Q} is equivalent nodal heat.

When the transient temperature rate ∂T/∂t is expressed according to
the Crank-Nicolson method, as shown in Eq. (8), the temperature {T}
after an incremental step dt can be calculated by Eq. (9).

∂T
∂t

� 	
¼ Tf gtþdt− Tf gt

2dt
ð8Þ

1
2

C½ � þ S½ �
Δt

� �
Tf gtþdt ¼

1
2

Qf gtþdt þ Qf gt

 �þ S½ �

Δt
−
1
2

C½ �
� �

Tf gt ð9Þ
with the white dots showing the measuring locations by video extensometer.



Fig. 5. (a) Stress-strain curves of CFRP and (b) zoom image of elastic region.

Table 2
Temperature-dependent mechanical properties of CFRP.

Temperature [°C] Young's modulus [GPa] Yield strength [Mpa]

20
11.296 28.486

100
5.349 13.789

200
4.201 11.28
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The temperature filed solution is followed by mechanical analysis.
The mechanical field is described using elastic-plastic FEM equation:

K½ � Δuf g ¼ ΔFf g þ Rf g ð10Þ

where [K] is the stiffness matrix; {Δu}, {ΔF} and {R} represent the vector
of nodal displacement, vector of nodal force as well as vector of nodal
residual force, respectively.

The internal nodal displacement can lead to a strain variation {Δε},
which is composed of three parts:

Δεf g ¼ A½ � Δuf g ð11Þ

Δεf g ¼ Δεef g þ Δεpf g þ ΔεT
� � ð12Þ
Fig. 6. DTA and TG
Δεpf g ¼ λ
∂ f
∂σ

� 	
ð13Þ

ΔεT
� � ¼ αf gΔT ð14Þ

where {Δεe} is the increment of elastic strain, {Δεp} is the increment of
plastic strain, {ΔεT} is the increment strain induced by thermal expan-
sion. f is the plastic potential and λ is a positive value of scalar. α
means the instantaneous coefficient of linear expansion.

Then the stress {σ} is computed according to the thermal-elastic-
plastic theory:

σf gtþdt ¼ σf gt þ Δσf g ð15Þ

Δσf g ¼ De� 
Δεf g− ΔεT

� �
− ΔεP
� �
 � ð16Þ

where [De] is the elastic matrix, {Δσ} is the stress increment.

4.2. Dynamic contact state

COS-RSW process is accompanied by heating and softening of the
sheet materials. The contact area at the electrode/Al interface keeps
changing under the action of constant electrode force. Since the contact
data of CFRP.



Fig. 7. Schematic of contact element and its state change criteria.
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region has significant influence on Joule heat generation and thermal
transfer, it is necessary to judge the instantaneous contact state in
simulation.

In this study, contact elements are employed tomodel the change of
contact state between different parts. As shown in Fig. 7, in the non-
Table 3
Temperature-dependent material properties of Al5052.

T [°C] λ c ρ E

24
0.15 0.9 2.68 70.3

149
0.162 1.0 2.68 62.5

260
0.2 1.125 2.68 49.5

371
0.22 1.2 2.68 35.75

580
0.254 1.25 2.68 20

Table 4
Temperature-dependent material properties of CuCr.

T [°C] λ c ρ E

20
0.326 0.385 8.89 130

200
0.345 0.406 8.89 105

400
0.348 0.422 8.89 100

600
0.347 0.438 8.89 80

800
0.349 0.460 8.89 70

Table 5
Temperature-dependent material properties of SUS304.

T [°C] λ c ρ E

20
0.0144 0.46 7.9 197.8

200
0.0176 0.51 7.9 184.1

400
0.0201 0.54 7.9 167.6

600
0.0237 0.58 7.9 152.5

1000
0.0309 0.65 7.9 95.7
contact state, the Young's modulus, yield strength, electrical conductiv-
ity and thermal conductivity of the contact element are set to zero,
i.e., the elements are treated as insulators of heat flux and current, and
Joule heat is not generated. Once the strain (ε) of a contact element is
lower than a threshold, the state changes to in-contact. Ideally, when
YS α v R

90 2.21E-05 0.33 4.99E-05

90 2.38E-05 0.33 6.52E-05

52 2.48E-05 0.33 7.88E-05

21 2.57E-05 0.33 9.24E-05

3 2.64E-05 0.33 1.18E-04

YS α v R

130 1.76E-05 0.3 2.2E-05

195 1.66E-05 0.3 3.8E-05

85 1.83E-05 0.3 4.9E-05

10 2.0E-05 0.3 6.5E-05

5 2.16E-05 0.3 8.2E-05

YS α v R

274 1.69E-05 0.29 7.13E-04

199 1.79E0-5 0.29 8.02E-04

157 1.90E-05 0.29 9.02E-04

140 2.00E-05 0.29 1.0E-03

24 2.19E-05 0.29 1.2E-03



Fig. 8. Calculated contact electrical resistivity at the electrode/Al5052 interfaces.
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two parts are in-contact, their distance becomes zero, corresponding to
−100% strain of the contact elements. However, the−100% strain of el-
ement can cause convergence problem in numerical calculation. There-
fore, in the present work, the threshold was defined as −99% to avoid
convergence issue. In the in-contact state, specific values of Young's
modulus, yield strength, electrical conductivity and thermal conductiv-
ity are given. In the FEmodel of COS-RSW process, a single-layer of con-
tact elements is modeled, respectively, at the interfaces between
electrodes/sheet, sheet/sheet and sheet/support. Therefore, the dy-
namic contact state between different parts can be realized numerically.
4.3. Metals properties

In addition to CFRP, the properties of Al5052, CuCr aswell as SUS304
are also necessary for simulation. Since they are popular metals and
have been extensively investigated, it is easy to cite the detailed data
on academic papers [21–24].

The temperature-dependent material properties of metals are sum-
marized in Tables 3–5. The thermal properties include thermal
CuCr electrode

Al5052/t2.0

CFRP/t3.0

Shanks

Support

Contact
elements

Fig. 9. Two-dimensional
conductivity λ [J/(mm ⋅ ° C ⋅ s)], specific heat c [J/(g ⋅ ° C)], density
ρ [g/cm3]. Mechanical properties include Young's modulus E [GPa],
yield strength, YS [MPa], thermal expansion coefficient α [1/ ° C] and
Poisson's ratio v. The electrical property is electrical resistivity R
[Ω ⋅ mm].
4.4. Contact electrical resistance

Contact electrical resistance is one of the most important compo-
nents in COS-RSW, which has a significant contribution to Joule heat
generation. However, this parameter is sensitive to many factors such
as temperature, pressure, hardness, contamination and etc., which are
difficult to quantify in experiments. Several numerical models have
been proposed to describe the contact electrical resistance. Holm's for-
mula is awell-knownmethod,which expresses the contact electrical re-
sistivity as a function of temperature and static contact area [25].
Moreover, Zhang et al. [26] calculated the electrical resistivity at inter-
face according to theWanheim and Bay's friction theory, which consid-
ered both pressure and surface conditions. In the current study, the
SUS304 
electrode

axisymmetric mesh.



FCuCr
FSUS304
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: X direction constraint

: Y direction constraint

: Potential boundary condition

: Thermal boundary condition

X

Y

Fig. 10. Boundary conditions.
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contact electrical resistivity between electrodes and Al5052 sheet is de-
scribed by the following equation [27]:

ρ ¼ 300 � σ s Tð Þ
P

� �k ρ1 Tð Þ þ ρ2 Tð Þ
2

� �
ð17Þ

where ρ is the contact electrical resistivity [Ω ⋅ mm], σs is the
temperature-dependent yield strength of the softer metal in contact
[MPa], P is pressure [MPa]. The k exponent varying from 1.0 to 1.5 is
an additional factor to consider the existence of pre-treated layer on
Al surface. ρ1 and ρ2 are electrical resistivity of the metals in contact
[Ω ⋅mm].The calculated contact electrical resistivities are given in Fig. 8.
FE me
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Fig. 11. Numerical analysis flow
4.5. FE mesh and boundary conditions

To achieve a trade-off between simulation accuracy and calculation
cost, a two-dimensional axisymmetric mesh is employed in the present
study, as shown in Fig. 9. According to the previous reports [28], the
depth of molten region in metal-CFRP RSW joint is less than 500μm.
Hence, fine enough elements with the minimum size of 25μm × 25μm
are created near the interface to reflect molten zone features. The num-
ber of elements is 35,317, and that of nodes is 35,657. The total quantity
of elements is reduced by transition technology.

Thermal, electrical as well as displacement boundary conditions of
COS-RSW are given in Fig. 10. The initial temperature is assumed to be
20 °C. The temperature of thermal boundary is kept at 20 °C to simulate
the water cooling condition in experiment. The potential at electrical
sh
t station)

Electric analysis

alysis

t station

 force

Welding current
Potential boundary

undary

Current density
Joule heat

ontact

Electrical contact

chart of COS-RSW process.



Fig. 12. Comparison of weld cross-sections and maximum temperature profiles in Case A. (a) A1: 2000A, (b) A2: 3000A, (c) A3: 3500A and (d) A4: 4000A.

0.275

0.43

0.58

0.3

0.47

0.61

3000 3500 4000
0.0

0.2

0.4

0.6

0.8

1.0

M
ol

te
n 

zo
ne

 d
ep

th
 (m

m
)

Welding current (A)

 FEM
Exp.

Fig. 13. Comparison of molten zone depth in Case A.

Fig. 14. Temperature distribution on the Al5052/CFRP interface in Case A.
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Fig. 15. Comparison of weld cross-sections and maximum temperature profiles in Case B. (a) B1: 0.1 s, (b) B2: 0.2 s, (c) B3: 0.3 s, (d) B4: 0.4 s and (e) B5: 0.5 s.
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Fig. 16. Comparison of molten zone depth in Case B.

Fig. 17. Current density distribution at top surface of Al sheet in initial time.
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Fig. 18. Temperature distribution on the Al5052/CFRP interface in Case C.
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boundary is assumed to be zero. Forces, current and displacement con-
straints are loaded on structural nodes.

4.6. Simulation procedure

The simulation flowchart of COS-RSW is demonstrated in Fig. 11. FE
mesh depicts the initial contact conditions. Firstly, a new contact state is
predicted after applying the electrode force. Then, the current density
and Joule heat are calculated by electric analysis. After that, the temper-
ature filed and thermal expansion are computed by thermal analysis.
Lastly, the deformation and a new contact state are updated bymechan-
ical analysis. This sequence is repeated in every time step until the end
of calculation. The simulation of COS-RSW process covers both the
welding stage and the subsequent cooling stage.

5. Result and discussion

5.1. Case A: influence of welding current

Case A aims to investigate the effect ofwelding current on the depth of
molten zone. As shown in Fig. 2, the molten CFRP is squeezed out during
Fig. 19. The evolution of maximummolten zone depth with welding time in Case A.
welding. Hence, the Al5052 sheet is pressed into the CFRP sheet. There-
fore, it is reasonable to assume that the insertion depth of Al5052 in the
CFRP sheet equals to the molten zone depth in the CFRP sheet.

Fig. 12 compares the weld cross-sections with the simulated maxi-
mum temperature profiles in Case A. In the simulation results, two iso-
thermal curves, corresponding to themelting temperature (220 °C) and
theonset decomposition temperature (340 °C) of CFRP, respectively, are
depicted for each case. It should bementioned that Case A1 corresponds
to a loose weld, i.e., the two sheets are still separated after welding. As
shown in Fig. 12(a), there is no clear indentation in the CFRP sheet
and the molten area in simulated result is also difficult to distinguish,
which indicates the 2000A welding current is too small to form a
sound connection. For Cases A2~A4, the profiles of melting tempera-
tures correlate very well with the insertion depth in experiments. Dur-
ing the COS-RSW process, the molten CFRP is squeezed away from the
overlapping area by the solid aluminum, strong interactions occur be-
tween the two materials. Therefore, a slight deformation of Al5052
sheet is observed in the cross-sections. In the simulation result of Case
A4, there is a small region in the center of the weld shown gray color,
which indicates theCFRP is overheated to the onset decomposition tem-
perature of the resin matrix, refer to Fig. 12(d). This is related to the ex-
cessive welding current of Case A4.

Fig. 13 compared the molten zone depth in experiment and simula-
tion of Case A. Obviously, themolten zonedepthhas positive correlation
with the welding current, or the heat input. The largest value reaches
about 0.6 mm. The deviation between simulation and experiment is
less than 10%, which suggests that the developed numerical approach
can effectively reproduce the electric-thermal-mechanical coupled pro-
cess in COS-RSW.

The temperature distributions at the Al5052/CFRP interface of differ-
ent welding currents are shown in Fig. 14. Although the contact electri-
cal resistivity at the CuCr/Al5052 interface is lower than that at the
SUS304/Al5052 interface, a larger contact area at the CuCr/Al5052 inter-
face is instrumental to the heat transfer. Consequently, the highest tem-
perature locates at the center zone of the weld. Case A1 shows a much
lower interface temperature which corresponds to the lowest welding
current. It is also the reason that the two sheets failed to be connected
completely in Case A1. The peak temperature in Case A4 is higher than
the onset decomposition temperature of the resin matrix. Overheated
CFRP is risky because microbubble or ablation may appear at the
interface.

5.2. Case B: influence of welding time

Unlike Case A, Case B was employed to clarify the influence of
welding time on the molten zone depth. The weld cross-section and
simulated maximum temperature distributions of Case B are compared
in Fig. 15.

Referring to Fig. 2(b), Al5052 and CFRP sheets were not joined in
Case B1. As expected, the highest temperature in corresponding simula-
tion of Case B1 is also lower than the melting temperature of CFRP,
which indicates 0.1 s is too short to form a connection.With the increase
of welding time from 0.2 s to 0.5 s, molten zone appears and expands
gradually in the CFRP sheet. The Al sheet starts to be pressed into the
CFRP sheet at 0.2 s welding time and shows increased indentation
depth with welding time.

The simulation result and measurement of molten zone depth in
Case B are shown in Fig. 16. The simulated molten zone depth agrees
well with experiments except for the case of 0.3 s. This discrepancy
may relate to an experimental error. In general, the simulated and the
measured molten zone depth have the same tendency.

5.3. Case C: influence of electrodes force

In addition to welding current and time, electrodes force is also an
important factor in RSW process. Fig. 17 depicts the effect of electrodes
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Fig. 20. Comparison of heat transfer behaviors in the cooling stage of (a) traditional RSW and (b) COS-RSW processes.
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force on current density distributions on the top surface of Al sheet. Ob-
viously, current density has a negative correlationwith electrodes force.
Lower force introduces smaller contact area and more significant cur-
rent concentration, which is beneficial to the Joule heat generation.
Since the column electrode has a sphere surface, the contact area at col-
umn electrode/Al sheet interface is more sensitive to the electrodes
force compared to the cylinder electrode/Al sheet interface. Hence,
with the change of electrodes force, the variation of current density is
more evident in center zone.

Temperature distributions at the Al5052/CFRP interface of different
electrodes force are shown in Fig. 18. In Case C1, the temperature dis-
tributes unevenly along the interface with the peak point exceeding
the onset decomposition temperature of CFRP, which suggests too low
electrodes force is detrimental to the welding quality. When employing
a higher electrodes force, the increase of contact area decreases the un-
evenness of current density and establishes a better thermal transfer
condition, which homogenize the temperature distribution. Generally,
Fig. 21. The simulated temperature historie
interface temperature shows a negative correlation with electrodes
force. When the electrodes force is high enough, e.g. larger than
2940 N, the influence becomes less obvious. Therefore, it is necessary
to select a sufficient electrodes force to control the Al/CFRP interface
temperature within the safe range.

5.4. Evaluation of molten zone and joining strength

Fig. 19 shows the evolutions ofmaximummolten zone depth in Case
A. Obviously, at relative high welding current, e.g. Case A4 (I=4000A),
the molten zone appears earlier, grows faster and ends up to a greater
depth. It is interesting to notice that when it comes to the cooling
stage, the welding current stops, however, the molten zone continues
growing at a lower rate before reaching the final size. This phenomenon
is more significant at a larger welding current.

Fig. 20 compares the heat transfer behaviors in the cooling stage of
traditional RSW and COS-RSW processes. In the traditional RSW
s at typical locations in COS-RSW joint.



Fig. 22. (a) Division of molten zone, (b) influence of welding current on molten zone area.

13S. Ren et al. / Materials and Design 188 (2020) 108442
process, the highest temperature appears at the center of the molten
zone at the end of the welding stage, refer to Fig. 20(a). Then, in the
cooling stage, the heat is transferred from the molten zone center to
the surrounded metals and dissipated through the electrodes and to
the environment. The nugget stops growing right after the current
ceases. Therefore, in most of the numerical research of traditional
RSW process, only the heating stage is considered to predict the nugget
growth.

However, in the COS-RSW process, Joule heat only generates within
themetal sheet and the CFRP sheet is heated by the thermal conduction
from the high-temperature metal. Therefore, the highest temperature
appears in the metal sheet and a large temperature gradient exists be-
tween the two sheets at the end of the welding stage. In the cooling
stage, heat flow continues to go from the metal sheet to the CFRP
sheet, resulting in the continued growth of the molten zone, as shown
in Fig. 20(b).

The simulated temperature histories of three typical locations in
Case A3 (I = 3500A) are given in Fig. 21. Point A locates on the metal
sheet, point B is at the Al/CFRP interface, and point C is near the lower
boundary of molten zone. For point A and point B, the temperature in-
crease rapidly due to the large amount of Joule heat generation in the
Al sheet. While the temperatures turn to decline as soon as the welding
current stops. For point C, the temperature increases much slower dur-
ing the welding stage. At the end of welding time, the temperature at
point C is still lower than the melting temperature of the resin matrix.
However, the temperature continues to increase and exceeds the melt-
ing temperature during the initial stage of cooling. It indicates that the
Fig. 23. Relationship between welding current, maxim
molten zone in COS-RSW joint grows even in the cooling stage. There-
fore, in the numerical simulation of COS-RSW process, considering the
cooling stage is indispensable for the accurate prediction of the molten
zone size.

In themolten zone of an COS-RSW joint, the center region possesses
a higher temperature.When the temperature is higher than the decom-
position temperature (DT) of the resin matrix, decomposition occurs. A
melting-decomposition temperature range (MDTR) can be defined by
the melting temperature and decomposition temperature, which are
220 °C and 340 °C, respectively. Therefore, the molten zone (MZ) is
subdivided into a decomposition zone (DZ), where the temperature ex-
ceeds DT and a molten-decomposition evaluation zone (MDEZ), where
the temperature is within MDTR. As depicted in Fig. 22(a), at the Al/
CFRP interface the areas of difference zones have the following relation-
ship:

AMZ ¼ AMDEZ þ ADZ ð18Þ

Fig. 22(b) compares the MZ areas under different welding currents
in Case A. The MZ area expands significantly with the current changing
from 2000A to 3000A but increases slightly with the current from
3000A to 4000A. However, a too large welding current, e.g., 4000A,
leads to the appearance of DZ and thereby reduction of MDEZ area.

In order to understand the influence of interface temperature and
molten zone area on joint strength, quasi-static tensile-shear tests of the
COS-RSW joints were performed. Fig. 23 presents the relationship be-
tween welding current, simulated maximum interface temperature and
um interface temperature and joining strength.
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tensile-shear strength. Obviously, with the increase of welding current,
the maximum interface temperature increases monotonically. However,
the joining strength increases firstly and then decreases, showing a simi-
lar variation tendencywith that of theMDEZ area in Fig. 22(b). Decompo-
sition of the resin matrix results in local strength loss of the CFRP sheet,
which plays a negative role to the joint strength. Therefore, the area of
MDEZ, which is affected by the welding time, welding current and elec-
trodes force, can be treated as an index to evaluate the joining strength.
In addition to the molten zone area, the interface temperature may also
affect the chemical bonding features between the CFRP and the Al sheets.
In future research, it is worthy to clarify the underlying bonding mecha-
nism of COS-RSW joints and the effects of welding time, current and elec-
trodes force on the joint strength.

6. Conclusions

The coaxial one-side resistance spot welding technology is developed
to join Al5052 and CFRP dissimilar material sheets. A numerical approach
is developed using an in-house finite element code JWRIAN to simulate
the electric-thermal-mechanical coupled process of COS-RSW. The influ-
ences of welding current, welding time and electrodes force on thermal
cycles, CFRP molten zone and decomposition zone are analyzed by nu-
merical simulation and experiments. The growth mechanism of molten
zone is also discussed. The following conclusions can be drawn:

(1) The simulated depth of molten zone under different welding pa-
rameters show good agreement with parallel experiments,
which suggests the effectiveness of developed numerical ap-
proach.

(2) The depth of molten zone in the CFRP sheet is positively corre-
lated with both welding current and welding time. A relative
low welding current or short welding time that results in the
Al/CFRP interface temperature below the melting temperature
of the resin matrix is insufficient to form a sound connection be-
tween the two sheets. While excessive current or too long
welding time can lead to overheating of CFRP and decomposition
of the resin matrix.

(3) Electrodes force affects the distribution of current density at elec-
trodes/Al interfaces and determines the uniformity of tempera-
ture at the Al/CFRP interface. A low electrodes force induces
high concentration of current density near the two electrodes
and an uneven temperature profile at the Al/CFRP interface,
which is detrimental to the joining strength. Larger electrode
force tends to increase the contact area, which results in a more
homogeneous temperature distribution at the Al/CFRP interface.

(4) Different from traditional RSW process of metals, the depth of
molten zone becomes larger even in the cooling stage of COS-
RSW process. The heat transfer from high-temperature Al5052
sheet to CFRP is the driving force of continued growth of molten
zone. It indicates that simulating the cooling stage is indispens-
able for accurate prediction of the molten zone size in COS-
RSW process.

(5) Molten zone area at the Al/CFRP interface increaseswithwelding
current, however, a too large welding current leads to the ap-
pearance of decomposition zone and reduction of molten-
decomposition evaluation zone. The tensile-shear strength of
the COS-RSW joints shows a similar tendency with that of the
molten-decomposition evaluation zone area. It is worthy to clar-
ify the contribution of different zones on joining strength in fur-
ther work.
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