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ABSTRACT

ARTICLE HISTORY

Dissimilar materials joining of SUS304 and carbon-fibre-reinforced plastics consisting of short
fibres and thermoplastics was performed. The materials were joined by series resistance spot
welding. The electrodes were pressed on the metal plate of the lap joint of metal/carbon-fibrereinforced plastics. The SUS304 plate was heated by resistance heating, causing the thermoplastic near the interface to melt slightly because of heat conduction. SUS304 could be joined directly
to carbon-fibre-reinforced polyamide and modified polypropylene, but not to polyphenylene
sulphide. The joining area increased with an increase in the welding current and welding time, so
did the tensile shear fracture load. Furthermore, the silane coupling agent treatment of SUS304
was highly effective in increasing the joining strength.
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Introduction
The use of multi-materials in transportation vehicles such as automobiles and railroad cars is essential for weight reduction. Carbon-fibre-reinforced plastics (CFRPs) are expected to serve as novel structural materials for transportations owing to their
lightweight nature and because they show specific
strengths higher than those of metals. In particular, carbon-fibre-reinforced thermoplastics (CFRTPs),
which are made by adding carbon fibres (CFs) to
thermoplastic matrix resins, such as polyamide (PA),
polyethylene, polypropylene (PP), and polyphenylene
sulphide (PPS), are highly processable and can be
formed by mould-injection and hot-pressing [1]. To be
able to use these CFRPs in transportation structures,
various high-production-rate techniques for bonding
dissimilar materials have been developed. Adhesive
bonding and mechanical fastening are used conventionally for joining CFRPs [2]. However, these methods have several drawbacks. Adhesive bonding not
only requires long processing times for ensuring effective bonding but also causes environmental pollution.
Mechanical fastening results in increased weight and
stress concentration. Direct joining by thermal fusion
bonding can prevent these problems. Hence, several
fusion bonding methods that use different heat sources
have been investigated, such as laser joining [2,3],
ultrasonic welding [4], induction heating [5], friction
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spot joining [6,7], friction stir welding [8], and friction lap joining [9–13]. However, resistance spot welding (RSW) has rarely been used for joining these
materials [14].
RSW can join materials rapidly and at a high rate and
hence is used in the manufacture of automobiles. During metal-to-metal RSW, the upper and lower plates are
both of a conductive material. The electrodes are often
placed on the upper and lower plates, and a welding current is passed from one electrode to the other through
a welding point [15]. However, resins, which form the
matrix of CFRTPs, are nonconductive. Although CFs
are conductive, the CFRTPs, made by the injection
moulding, are nonconductive because added CFs are
cut short and the CF content is low. Therefore, it is
difficult to join metal and CFRTP plates by placing electrodes on them. Therefore, the series-RSW method,
wherein the electrodes are arranged only on the conductive metal side, was used for lap joining the metal to
the CFRTPs.
In this method, it is possible to make the current
pass only through the metal side and locally heat the
metal near the electrodes through resistance heating.
The passing of the current melts the matrix of the
CFRTP near the joint interface by thermal conduction, resulting in its bonding. The series-RSW method
for metal-to-CFRTP joining is advantageous in making a strong adhesion, because the electrodes exert a
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pressure on the interface during the heating process.
In addition, the method results in short joining times,
causes limited deterioration of the CFRTP, has a high
production rate and low equipment and running costs,
can be performed using existing welding power supplies, and is easy to robotise and automate. Because this
type of metal/CFRTP joining is based on the interaction
between the metal surface and the molten CFRTP, the
effects of the type of matrix resin as well as those of any
surface treatment of the metal and the welding conditions on the joining strength are likely to be significant
[3,11–13].
In this study, the authors attempted to join dissimilar materials, namely, a metal and different CFRTPs, by
simple series-RSW and investigated the effects of the
bonding conditions such as the welding current and
time, surface treatment of the metal before joining, and
matrix resin of the CFRTP on the joining properties.

Experimental methods and materials
The metallic materials used were austenitic stainless steel SUS304 plates (150 mm × 75 mm × 2 mm;
Fe–18.1 mass-% Cr–8.1 mass-% Ni) with a No.2B finish
(skin pass rolled after acid cleaning), which were joined
with three types of injection-moulded CFRTP plates
(150 mm × 75 mm × 3 mm). The CFRTP plates were
composed of CFs cut short and different matrix resins
(PA6, acid-modified PP, and PPS). These plates are
labelled as CFRP(PA6), CFRP(PA), and CFRP(PPS).
Furthermore, in addition to the as-received SUS304
plates, surface-treated SUS304 plates with a silane
coupling agent were also used. The surface treatment was performed by dipping SUS304 plates into a
0.5 vol.-% aqueous solution of aminoethylaminopropyltrimethoxysilane
(C3 H6 NHC2 H4 NH2 Si(OCH3 )3 ),
and then drying them.
Figure 1 shows a schematic of the experimental layout of the series-RSW process for joining the metal and
CFRP plates. Table 1 shows the conditions used for the
series-RSW joining of the SUS304/CFRPs plates. Dome
radius-type (radius of 40 mm) Cu–Cr electrodes with a
tip diameter of 8 mm were pressed on the metal side
with the pressing force of 1.5 kN per electrode for electrical heating using a DC inverter-type RSW machine.
Welding was performed using the DC welding currents
and welding times, as shown in Table 1. Cooling with
air blow was performed for 30 s after heating. To measure the temperature, thermocouples were inserted at
the interface between the SUS304 and CFRP plates; the
temperature histories were recorded at three points at
the interface below the positive and negative electrodes
as well as between them.
The series-RSW joints were cross-sectioned for
macrostructural analysis using an optical microscopy
(OM) system. The interfacial structure of the joints
was analysed using TEM; the samples were prepared

Figure 1. Schematic of experimental layout of series-RSW
process for dissimilar materials joining of metal/plastic and
metal/CFRPs (all dimensions in mm).
Table 1. Series-RSW conditions for forming SUS304/CFRPs
joints.
CFRP

Welding
current/kA

Welding
time/ms

As-received SUS304

CFRP (PA6)
CFRP (PP)
CFRP (PPS)

4–8
5
5

250–600
250
250, 310

Silane coupling-treated
SUS304

CFRP (PA6)

4–7

250

Metal

using focused ion beam milling. To evaluate the joining strength, tensile shear tests were performed at a
crosshead speed of 8.3 mm s–1 . For each joining condition, a single specimen with the entire joint (including
the entire joining area shown in Figure 1) was subjected
to this test. The fracture surfaces of the test specimens
were observed using OM and SEM.

Results and discussion
Effects of welding conditions on joining strength
The direct joining of SUS304/CFRP(PA6) could be
achieved under all joining conditions. Figure 2 shows
the temperature history of the series-RSW process for
joining the SUS304/CFRP(PA6) plates at a welding current of 5 kA and a welding time of 250 ms. As the
electrical conduction process was commenced, the joint
interface below the electrodes heated rapidly and then
cooled. The maximum temperature at the interface
exceeded the melting and thermal decomposition temperatures of PA6, the matrix resin of CFRP(PA6). There
were no significant differences in the maximum temperature and cooling rate under the positive and negative electrodes. In the intermediate region between the
electrodes, the maximum temperature did not reach the
melting temperature of PA6. The cooling rate under
the electrode was faster than that of the intermediate
region, because the electrode was water cooled. With an
increase in the welding current and welding time, the
maximum temperature of each measured point at the
interface increased. The increase in the welding current
and welding time also increased the time interval during which melting and thermal decomposition could
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Figure 4. Bright-ﬁeld TEM image of interface of series-RSW
SUS304/CFRP(PA6) joint formed for a welding current of 5 kA
and a welding time of 250 ms.
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Figure 2. Temperature history of series-RSW process for forming SUS304/CFRP(PA6) joint at a welding current of 5 kA and a
welding time of 250 ms.

Figure 3. Cross-sectional microstructures of series-RSW
SUS304/CFRP(PA6) joints formed for a welding current of 5 kA
and welding times of 250 and 500 ms.

occur (i.e. the span of time over which the temperature of the matrix of CFRP(PA6) exceeded these critical
temperatures).
Figure 3 shows the cross-sectional microstructures
of the series-RSW SUS304/CFRP(PA6) joints formed
for a welding current of 5 kA and welding times of
250 and 500 ms. These cross-sectional microstructures
were taken along the direction of the shorter side of
plates. The SUS304/CFRP(PA6) interface exhibited a
continuous joint, and no defects such as voids were
observed under electrodes. The upper SUS304 plate
was deformed into a convex shape towards the lower
CFRP(PA6) plate. The welding current and welding
time were increased, so did the degree of deformation of the upper plate. This was probably because the
CFRP(PA6) plate was softened and melted by the heating of the upper SUS304 plate and was extruded to
the surrounding area by the SUS304 plate, which was
pressed by the electrode.
Figure 4 shows a bright-field TEM image of the interface of the series-RSW SUS304/CFRP(PA6) joint. The
SUS304/CFRP(PA6) joint was formed by the joining of
the PA6 matrix of the CFRP and SUS304. An amorphous layer, which would be of Cr oxide and/or the
hydroxide of SUS304, was observed between PA6 and
SUS304.
Figure 5 shows the effects of the (a) welding current and (b) welding time on the tensile shear fracture

Figure 5. Eﬀects of (a) welding current and (b) welding time
on tensile shear fracture load of series-RSW SUS304/CFRP(PA6)
joints.

load of the series-RSW SUS304/CFRP(PA6) joints. The
tensile shear fracture load increased with an increase
in the welding current and welding time. Furthermore,
with an increase in the welding time, the tensile shear
fracture load of the joint increased linearly, while in
the case of the welding current, it increased quadratically. This is because the degree of resistance heating is
proportional to the welding time and to the square of
the welding current [15]. Macroscopically, the fracturing of the joints occurred at the joint interface under
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Figure 6. Matching pairs fracture surfaces with the eﬀective
joining area (region (i)) and the discoloured area (region (ii))
of series-RSW SUS304/CFRP (PA6) joints formed at welding currents of 4, 5, and 7 kA, at a welding time of 250 ms.

every condition. Figure 6 shows the matching pairs
fracture surfaces with the effective joining area (region
(i)) and the discoloured area (region (ii)) of series-RSW
SUS304/CFRP (PA6) joints formed at welding currents
of 4, 5, and 7 kA, at a welding time of 250 ms. In all the
joints, a melted area was observed on the CFRP(PA6)
side, and residual CFRP(PA6) was observed on the
SUS304 side. There were no significant differences in
the sizes of the melted areas on the sides of the positive and negative electrodes. Although, macroscopically, these joints exhibited interfacial fracturing, it was
evident that the fracturing of the CFRP(PA6) plate also
occurred under every condition. The melted areas of
CFRP(PA6) could be classified into regions (i) and (ii),
with the fracture modes of these regions being distinctly
different.
In region (i), the fracture surface of both the SUS304
side and the CFRP(PA6) side was rough, and the
exposed CFs could be observed; hence, this region
exhibited ductile fracturing of CFRP(PA6). Region (i)
can be considered the effective joining region. In contrast, the surface of residual CFRP(PA6) on SUS304 in
region (ii), which had turned yellowish brown, was flat
and fractured at a part of the void part. This region
exhibited brittle fracturing. Region (ii) can be considered the region where the thermal degradation of
CFRP(PA 6) occurred; this region did not contribute
significantly to the joint. These melted areas increased
in size with an increase in the welding current and
welding time. It is likely that, with the increases in the
welding current and welding time, the effective joining area increases, resulting in an increase in the tensile
shear fracture load of the corresponding joint.
Effect of treatment with silane coupling agent on
joint formation
Figure 7 shows the tensile shear fracture load of asreceived SUS304 and silane coupling agent-treated
SUS304/CFRP(PA6) joints formed at welding currents
of 4–7 kA and a welding time of 250 ms. For all the
welding currents, the joints formed using the SUS304
plates treated with the silane coupling agent showed significantly higher fracture loads than did those formed
using the as-received SUS304 plates. The tensile shear

Figure 7. Tensile shear fracture load of as-received SUS304 and
silane coupling agent-treated SUS304/CFRP(PA6) joints formed
at welding currents of 4–7 kA and a welding time of 250 ms.

fracture load increased with the welding current even
in the case of the treated SUS304 plates. Furthermore,
these joints fractured macroscopically at the joint interface with the residual CFRP(PA6) on SUS304 side. The
reason the fracture load of the SUS304/CFRP(PA6)
joints increased after the treatment with the silane coupling agent would be that a chemical bond was formed
at the joint interface. It has been proposed that the
mechanisms of fusion bonding of metal/CFRTP joints
are an anchor effect, the Van der Waals forces and the
formation of hydrogen bonds between the oxide layer
on metal surface and the polar functional groups in
the resin of the CFRP [3,11–13]. SUS304 plates with
flat surfaces were used in this study to limit the anchor
effect. Thus, in the case of these metal plates with flat
surfaces, the primary joining mechanism is likely to
be hydrogen bonding. After the treatment with the
silane coupling agent, a silane coupling layer is formed
on the metal plate surface through covalent bonding
with the metal oxide layer. Because the amino group
(NH2 ), which is a polar functional group, was present
in the silane coupling layer, it is likely that hydrogen
bonds formed between this group and the amide group
(CONH) in the PA6 matrix of CFRP(PA6). Furthermore, it is possible that the carboxyl group (COOH)
at the ends of the PA6 molecular chains as well as
at the ends formed by the cleavage of the molecular
chain owing to thermal decomposition formed covalent bonds such as amide bonds with the amino group
in the silane coupling layer [13]. This is the reason for
the increased strength of the joints formed between
SUS304 and CFRP(PA6) after the treatment with the
silane coupling agent.
Effect of matrix resin on joint formation
Figure 8 shows the tensile shear fracture loads of the
series-RSW joints formed between the SUS304 and
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Figure 8. Tensile shear fracture loads of series-RSW
SUS304/various CFRP joints formed for a welding current
of 5 kA and a welding time of 250 ms.
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group in the resin [10–12]. On the other hand, PP
does not contain a polar functional group. However,
in the acid-modified PP sample used in this study, a
polar functional group is present, owing to the acid
treatment. Therefore, this polar group formed hydrogen bonds with the metal oxide/hydroxide, resulting
in joint formation. Finally, PPS is a non-polar resin
and does not contain any polarised atoms. Thus, in
this case, only the Van der Waals forces and the
anchor effect occurred at the SUS304/CFRP(PPS) interface. As a result, a SUS304/CFRP(PPS) joint could
not be formed.
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Conclusions
the various CFRP plates for a welding current of 5 kA
and a welding time of 250 ms. The tensile shear fracture load was approximately 3.2 kN for the CFRP(PA6)
joint and approximately 2.7 kN for the CFRP(PP) joint;
a joint could not be formed using the CFRP(PPS)
plate. The joints fractured at the SUS304/CFRP interface, and their fracture surfaces could also be classified into an effective bonding region (region (i)) and
a region formed by the thermal decomposition of the
CFRP (region (ii)) (see Figure 6). The melted areas of
these joints, shown on the fractured surfaces, could be
arranged in the following decreasing order in terms of
size: CFRP(PP), CFRP(PA6), and CFRP(PPS). As the
melting points of the matrix resins of the CFRPs are
436 K (for PP), 498 K (for PA6), and 551 K (for PPS),
it can be concluded that when a material having a high
melting point is used as the matrix, the melted area of
the CFRP is smaller for the same heat input. The tensile shear fracture load of the CFRP(PA6) joints was
higher than that of the CFRP(PP) joints. Although these
joints macroscopically fractured at the interface, the
base CFRP materials were also fractured. The differences in the fracture loads of the two types of joints
can be attributed to the differences in the strengths
of CFRP(PA6) and CFRP(PP). The tensile strength of
CFRP(PA6) was about 110 MPa, and that of CFRP(PP)
was about 70 MPa. Although the matrix resin melted
for all the CFRPs, CFRP(PPS) could not be joined with
SUS304. This was probably owing to the absence of
polar functional groups in the resin. These polar groups
contain atoms with different electronegativities. In the
case of PA6, the O, N, and H atoms in the amide
(CONH) group are polarised as O (−δ), N (−δ), and
H (+δ) owing to the differences in their electronegativities. Moreover, metal oxides are also polarised similarly.
In this study, an amorphous Cr oxide and/or hydroxide
layer was detected at the SUS304/CFRP(PA6) interface; thus, in the oxide/hydroxide layer, these elements
were polarised as Cr (+δ) and O (−δ). Hence, these
materials (SUS304 and CFRP(PA6)) were joined by
Coulombic forces (hydrogen bonding) between the
oxide/hydroxide layer on the metal and the polar

The joining of SUS304 and CFRTPs was attempted
through series RSW, and the effects of the joining conditions such as the welding current and time, treatment
with a silane coupling agent before joint formation,
and type of matrix resin of the CFRTP on the joining
properties were investigated.
(i) Direct joining between SUS304 and carbon-fibrereinforced polyamide 6 could be accomplished for
welding currents of 4–8 kA and a welding time of
250–600 ms.
(ii) The SUS304/carbon-fibre-reinforced polyamide 6
interface under the electrodes heated immediately
during the resistance heating process, with its temperature exceeding the melting point of polyamide
6, and then cooled rapidly. A layer of an amorphous
oxide or hydroxide of SUS304 was observed at
the interface. The SUS304/carbon-fibre-reinforced
polyamide 6 joint was formed because of bonding
between this layer and the matrix resin of carbonfibre-reinforced polyamide 6.
(iii) The joining area increased with the welding current and welding time, so did the tensile shear
fracture load.
(iv) The surface treatment of SUS304 with a silane
coupling agent increased the joining strength of
the SUS304/carbon-fibre-reinforced polyamide 6
joint.
(v) The joining of SUS304/carbon-fibre-reinforced
polyamide 6 and SUS304/carbon-fibre-reinforced
modified PP was achieved but that of SUS304/
carbon-fibre-reinforced PPS was not.
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