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1. Introduction

Combining multiple materials is effective for reducing the weight
of vehicles, such as cars, which reduces CO2 emissions and

helps to mitigate global warming.[1]

“Multimaterialization,” technologies for
joining dissimilar materials are very impor-
tant.[2] In particular, a technology for joining
steel and fiber-reinforced plastics is not only
effective for reducing the weight of cars, but
also suitable for producing widely accept-
able inexpensive cars. This is because steel,
although heavy, has been used mainly for
car frames due to its excellent mechanical
properties and low price, and fiber-
reinforced plastics, including carbon-fiber-
reinforced plastics, are lightweight and
have superior mechanical properties.

Recently, the joining of metals and
thermoplastic resins by applying a thermo-
plastic resin onto a roughened metal
surface has attracted great attention. The
bonding strength of this joint derives
mainly from the so-called “anchor effect.”
Generally, the resin is applied by injection
molding or hot pressing, which forces
the plastic into irregularities on the metal
surface. A roughened metal surface is
essential to achieve a strong anchor effect,

and hence strong bonding. Laser treatment,[3–9] chemical
etching,[10,11] and abrasive blasting,[12–14] are effective methods for
roughening a metal surface. However, in the case of these meth-
ods, the morphology of the roughened surface, and the resulting
bonding strength, differ for each metal and alloy. Thus, a new
method has been sought to create the same roughened surface
morphology regardless of the type of metal or alloy. Plating is
thought to offer the same surface morphology regardless of the
substrate, because the surface morphology of the plating depends
on the plating conditions, not on the substrate. Our research group
has reported that a strong bond can be obtained between steel and
a thermoplastic resin through a roughened plating technique
using carbon nanotubes (CNTs).[15] In practice, to achieve this
technology, the bonding durability must be characterized.

In this work, steel and a thermoplastic resin were joined by
using an electrodeposited roughened nickel film as the inter-
layer, and the shear strengths of the bonding samples were mea-
sured during both a high-temperature and high-humidity test
and a thermal shock test. Furthermore, the microstructures of
the joints during the tests, in particular, the thermal shock test,
were examined in detail.
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The durability of the dissimilar material joint between a steel coated with a
roughened nickel plating-film and a thermoplastic resin is assessed. The
roughened nickel film is fabricated by electrodeposition using carbon nano-
tubes (CNTs) as the roughening agent and a polyphenylenesulfide (PPS) resin
as the thermoplastic resin. The plated steel and PPS resin are joined by
injection molding without adhesive. The bonding strength is determined by a
tensile lap shear strength test during the durability tests that includes a high-
temperature and high-humidity test (85� 2 �C, 85� 2% relative humidity;
0–2000 h) and a thermal shock test (�50 �C–150 �C; 0–1000 cycles). During the
high-temperature and high-humidity test, the bonding samples maintain their
initial bonding strength (>40 MPa) even after 2000 h. By contrast, during the
thermal shock test, although the bonding strength gradually decreases with
increasing number of cycles, it remains above 20 MPa even after 1000 cycles.
The mechanism of the deterioration of the bonding strength during the thermal
shock test is analyzed in detail. The present joining method, which uses a
roughened plating film as an interlayer, offers a way to achieve not only high
initial bonding strength but also bonding durability for dissimilar material
joining between steels and resins.
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2. Experimental Section

A plating bath consisting of 250 g NiSO4·6H2O, 45 g L�1

NiCl2·6H2O, 20 g L�1 C6H5Na3O7 (citric acid), 2 g L�1 CNTs,
and 0.1 g L�1 polyacrylic acid was used for preparing Ni/CNT
composite films. The commercially available multiwalled CNTs
(VGCF, Showa Denko Co. Ltd.) used were 100–150 nm in diame-
ter and 10 μm in length. Polyacrylic acid (PAA, mean molecular
weight: 5000) was utilized as the CNT dispersant.[16–18] The sub-
strate was a cold-rolled steel sheet (SPCC, JIS G 3141), measuring
1.8� 4.5� 0.15 cm3 in size, that was coated with an insulating
tape to expose a cathode area of 1.8 cm2 (1.8� 1.0 cm2). A pure
nickel plate was used as the anode. A commercially available elec-
trolytic cell (Microcell model I, Yamamoto-Ms Co., Ltd.) was used
for the electrodeposition. Electrodeposition was carried out under
galvanostatic conditions (10mA cm�2) at room temperature
(�25 �C) with aeration. The electrical charge was 29.3 C cm�2.
The Ni/CNT composite film obtained was chemically etched with
20 wt% HNO3 at 50 �C for 30 s and then ultrasonicated for 60 s in
pure water using an ultrasonic cleaner (VS-100 As-One) to remove
the CNTs that adhered to the etched surface. The CNTs generated
a micrometer-order undulation on the Ni/CNT composite film by
being captured into the deposited Ni during the composite plating.
In addition, the CNTs left submicrometer-order traces after being
removed from the surface of the Ni/CNT composite film during
the etching and ultrasonication processes. Figure 1a shows the
surface scanning electron microscopy (SEM) image of a rough-
ened nickel film on a SPCC substrate after the etching process.[15]

In addition to the microscopic undulation due to the incorporation
of the CNTs in the deposited nickel,[19] the traces of CNTs (sub-
micrometer order) and anisotropic etching marks of the deposited
nickel (tens of nanometers), caused by etching and ultrasonica-
tion, are visible on the surface. The combination of these three
scales of roughness (i.e., micrometer, submicrometer, and tens

of nanometers) is presumably what generates a strong anchor
effect (triple anchor effect).[15]

Polyphenylenesulfide (PPS, SGX-120 [containing 20 mass%
glass fibers] TOSOH Co., Ltd.) was used as the thermoplastic
resin. Bonding samples were formed using an injection molding
machine (PNX60, Nissei Plastic Industrial Co., Ltd.). The initial
temperature of the PPS resin was 310 �C, and the mold was
maintained at 140 �C. The injection pressure was 136MPa.
A photograph and the dimensions of the bonding sample are
shown in Figure 1b. The sample size conforms to ISO
19095.[20] The bonding area between the plated SPCC substrate
and the PPS resin plate was 0.5 cm2 (1.0� 0.5 cm2).

The high-temperature and high-humidity test was carried out
using a constant temperature and humidity tester (IH4000;
Yamato Science Co. Ltd.). The temperature was 85� 2 �C, and
the relative humidity was 85� 2%. The testing times were 24,
48, 168, 336, 672, 1000, 1500, and 2000 h. These conditions con-
firm to ISO 19095.[20] The number of samples was 3 (n¼ 3).

The thermal shock test was conducted using a thermal shock
tester (TSE-11; Espec Corp.). The low and high temperatures
were �50 and 150 �C, respectively. The number of testing cycles
was 10, 50, 100, 200, 500, and 1000. These conditions almost con-
firm to ISO 19095;[20] however, the temperature range was more
severe than the most severe condition regulated in ISO 19095
(�40 to 150 �C). Thus, the temperature condition used in this
study was extremely harsh. The number of samples was 5 (n¼ 5).
The thermal shock test pattern is shown in Figure 1c. Bonding
strength during durability testing was evaluated by a tensile lap
shear strength test, as described in ISO 19095[20] using a univer-
sal testing machine (AGS-J 10 kN; Shimazu Seisakusho Co. Ltd.).
The load range and sensor accuracy of the testing machine were
10 kN and �0.1%, respectively. The test was conducted at a con-
stant crosshead speed (10mmmin�1). A photograph of a speci-
men retainer for the test is shown in Figure 1d.

Figure 1. a) Surface SEM image of roughened nickel film after chemical etching. b) Photograph and dimensions of bonding sample. c) Thermal shock test
pattern. d) Photograph of the jig for the tensile lap shear strength test.
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The fracture surfaces after the tensile lap shear strength test
were imaged by field-emission scanning electron microscopy
(FE-SEM, 7000F JEOL Ltd.), and the cross-sectional FE-SEM
image and energy-dispersive X-ray spectroscopy (EDS) mapping
image of the bonding samples were analyzed by focused ion
beam FE-SEM (JIB-4610F JEOL Ltd.). Nondestructive analysis
of the nonshear-tested bonding samples during the thermal
shock test was conducted using a scanning acoustic tomograph
(SAT, FineSAT V Hitachi Power Solutions Co. Ltd.).

3. Results and Discussion

3.1. Durability against High-Temperature and
High-Humidity Test

3.1.1. Shear Strength

During the high-temperature and high-humidity test, while red
iron rust was detected on the unplated area of the SPCC sub-
strate, no red iron rust was observed on the unjoined nickel-
plated area of the SPCC substrate. Figure 2 shows the variation
in the shear strength during the high-temperature and high-
humidity test. The shear strength was almost unchanged during
the test, remaining above 40MPa even after 2000 h.

Furthermore, the variation was insignificant. Thus, the dura-
bility of the bond between the SPCC and PPS resin with the
roughened electrodeposited nickel interlayer against high tem-
perature and high humidity was excellent.

3.1.2. Fracture Surface

Figure 3 shows the fracture surfaces of the bonding samples
before and after the high-temperature and high-humidity test
(2000 h). Figure 3a,b shows the fracture surfaces in the bonding
area of both the PPS resin side and the SPCC side (roughened
nickel film on SPCC) before and after the test, respectively. On
both surfaces of the PPS resin side and the SPCC side before and
after the test, cohesive failure of the PPS resin was clearly seen by

visual inspection. To determine whether any fracture modes
other than cohesive failure occurred at the microscopic level,
the PPS resin was examined by SEM. Figure 3c,d shows the
SEM fractographs of points A and B in Figure 3a, whereas
Figure 3e,f shows the SEM fractographs of points C and D in
Figure 3b, respectively. The PPS resin exhibited uniform fracture
morphologies on all surfaces of points A, B, C, and D, respec-
tively. Thus, the fracture mode was cohesive failure of the
PPS resin at the microscopic scale before and after the high-
temperature and high-humidity test.

These results also showed that both the material strength of
the roughened nickel film and the bonding strength between the
roughened nickel film and the SPCC substrate must be higher
than the material strength of the PPS resin during the high-
temperature and high-humidity test.

3.1.3. Microstructure of Boundary between Roughened
Nickel and Resin

Figure 4 shows cross-sectional SEM images of the boundary
between the SPCC substrate and the PPS resin before and after
the high-temperature and high-humidity test (2000 h). A compar-
ison shown in Figure 4a,b reveals that no significant shape
change is seen due to the test (Figure 4b). Thus, although red
iron rust was observed on the bare area of the SPCC substrate,
no corrosion was seen on the SPCC substrate on either the
unjoined nickel-plated area of the SPCC substrate or at the
boundary between the SPCC substrate and the PPS resin even
after the 2000 h high-temperature and high-humidity test.
These results are presumably due to the corrosion resistance
of the roughened nickel film. During the high-temperature
and high-humidity test, as nickel has a higher standard electrode
potential than iron (Ni2þþ 2e�!Ni: Eº¼�0.23 V vs standard
hydrogen electrode, Fe2þþ 2e�! Fe: Eº¼�0.44 V vs standard
hydrogen electrode) and it forms a passive film in air, the
roughened nickel film must protect the SPCC substrate against
corrosion. Furthermore, there is concern that during the
high-temperature and high-humidity test, moisture gradually
penetrates the boundary between the SPCC substrate (the
roughened-nickel-plated SPCC) and the PPS resin,[21] thus caus-
ing corrosion of the SPCC substrate. However, as the roughened
nickel film has a large surface area, which means that the dis-
tance along the interface of the roughened nickel layer and
the PPS resin is considerably long, moisture cannot easily enter
from the surface and penetrate the boundary between the rough-
ened nickel layer and the PPS resin. For these reasons, no cor-
rosion occurred at the boundary between the SPCC substrate and
the PPS resin or in the unjoined nickel-plated area of the SPCC
during the high-temperature and high-humidity test, resulting in
excellent bonding durability (Figure 2).

3.2. Durability against Thermal Shock Test

3.2.1. Shear Strength

Figure 5 shows the variation in shear strength during the heat
shock test. The shear strength did decrease gradually; however,
the variation at each cycle number was small: the shear strength
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Figure 2. Variation in shear strength during the high-temperature and
high-humidity test.
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was over 20MPa even after 1000 cycles. Considering the severe
temperature condition (�50 to 150 �C), the bond between the
SPCC substrate and the PPS resin with a roughened electrode-
posited nickel interlayer has high durability against the heat
shock test.

3.2.2. Fracture Surface

The fracture surfaces of the bonding samples used in the heat
shock test are shown in Figure 6. Visual inspection reveals two
morphologies after the test (Figure 6b–d) that clearly differ from
the fracture surfaces before the test, which exhibit a uniformmor-
phology over the entire surface (Figure 6a). In addition to bright
central regions, which exhibit nearly the same morphology as that
before the test (Figure 6a), dark regions are seen at the edges.
These dark regions spread toward the center of the bonding area
with increasing cycle number (Figure 6b–d). Figure 6e–h shows
surface SEM images of the fracture surfaces shown in Figure 6d.

Figure 3. Fracture surfaces of the bonding samples before and after the high-temperature and high-humidity test (2000 h). a) Photograph of fracture
surface before the test, b) photograph of fracture surface after the test, c) surface SEM image of point A in (a), d) surface SEM image of point B in (a),
e) surface SEM image of point C in (b), and f ) surface SEM image of point D in (b).

Figure 4. Cross-sectional SEM images of the boundary between SPCC substrate and PPS substrate a) before and b) after the high-temperature and
high-humidity test (2000 h).
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Figure 5. Variation in shear strength during heat shock test.
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Figure 6e,f shows SEM images of points A (central region of
PPS side) and B (edge of PPS side) in Figure 6d, respectively.
Figure 6g,h shows SEM images of points C (central region of
SPCC side) and D (edge of SPCC side) in Figure 6d, respectively.
Morphologies similar to that before the test (Figure 3c) are seen at
points A (Figure 6e) and C (Figure 6g). In contrast, many voids are
observed on the fracture surfaces at points B (Figure 6f ) and D
(Figure 6h); similar SEM images were obtained for the fracture
surfaces after thermal shock tests of 200 and 500 cycles, respec-
tively. It remains unclear why the voids formed. Thus, the fracture
mode in the central regions must be cohesive failure of the PPS
resin. A different fracture mode was observed at the edges.

3.2.3. Microstructure of Boundary between Roughened
Nickel and Resin

To identify the fracture mechanism in the edge regions, a non-
destructive analysis was conducted at the boundaries of the non-
shear-tested bonding samples during the thermal shock test.
Figure 7 shows SAT images of the bonding areas of the

nonshear-tested bonding samples taken during the thermal shock
test. The fracture surfaces (PPS sides in Figure 6a–d), as observed
during the thermal shock test, are also shown for comparison.
Before the thermal shock test, the SAT image is uniformly gray
(Figure 7a), which means that no significant gaps exist at the
boundary of the SPCC substrate and the PPS resin. SAT images
obtained after the thermal shock test show bright regions at
the edges, in addition to the central gray region and the bright
region spreading toward the center of the bonding area with
increasing cycle number (Figure 7b–d). These bright regions indi-
cate that gaps exist around the boundaries of the bonding area.
Photographs of the fracture surfaces obtained during the thermal
shock test (Figure 7e–h) closely resemble their SAT images.

These results indicate that the fractures in the edge regions
must be related to the gaps formed during the thermal shock test.
To highlight the locations of the gaps, a cross-sectional analysis
was conducted in the bright and dark areas in the SAT images
(Figure 7b–d).

Figure 8 shows cross-sectional SEM images and the results of
EDS mapping of the nonshear-tested bonding samples used in
the thermal shock test. The SAT images (Figure 8a–c) indicate

Figure 6. Fracture surfaces of the bonding samples before and after the heat shock testing. a) Photograph of the fracture surface before the test.
b–d) Photographs of fracture surfaces after 200, 500, and 1000 cycles, respectively. e–h) SEM images at points A, B, C, and D in (d), respectively.

Figure 7. SAT images of nonshear-tested bonding samples and photographs of shear-tested bonding samples (PPS side). a) SAT image before the test;
b–d) SAT images after 200, 500, and 1000 cycles, respectively; e) Photograph of the fracture surface before the test; f–h) Photographs of fracture surfaces
after 200, 500, and 1000 cycles, respectively.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2020, 22, 2000739 2000739 (5 of 8) © 2020 The Authors. Published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


Figure 8. Cross-sectional SEM images and the results of EDSmapping of the boundaries of the nonshear-tested bonding samples after the thermal shock
test. a–c) SAT images of bonding samples after thermal shock tests of 200, 500, and 1000 cycles, respectively. Points A–F in the SAT images are cross-
sectional analysis points. d–i) Cross-sectional SEM images of points A–F, respectively. j) Cross-sectional SEM image of bonding sample after thermal
shock test of 500 cycles. k–m) Elemental distributions of C, Fe, and Ni, respectively.
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the cross-sectional analysis points. Points A, C, and E are the gray
areas in the SAT images; the corresponding cross-sectional SEM
images are shown in Figure 8d–f, respectively. These SEM
images reveal that no significant morphological changes have
occurred during the thermal shock test. Thus, the dark regions
(the central region) in the SAT images are the bonding areas
where the initial boundary structures between the SPCC substrate
and the PPS resin were maintained even after the thermal
shock test. By contrast, at the indicated points in the bright regions
(B in Figure 8a, D in Figure 8b, and F in Figure 8c), there are
evident continuous gaps around the boundaries (Figure 8g–i).
The height of the gaps increased with increasing cycle number.
In these SEM images, bright film-like areas, which appear like
the roughened nickel films, are seen in the upper parts of the gaps
(Figure 8g,h). Figure 8j shows the results of EDSmapping analysis
at the boundary between the SPCC substrate and the PPS resin
after the thermal shock test of 500 cycles (Figure 8h). The distri-
bution of iron indicates that the bright film-like areas consist of
iron (Figure 8l). These areas presumably formed from splatter
of the iron cluster when the sample including SPCC was etched
by the argon beam during FIB processing. The carbon distribution
suggests the presence of gaps in the PPS resin (Figure 8k). Nickel
is detected in the gap area as well as in the roughened nickel film
area (Figure 8m). The nickel in the gap area presumably derives
from the roughened nickel film just below the PPS resin.

Thus, a continuous gap was formed in the PPS resin near the
roughened nickel film before the shear test during the thermal
shock test, and the gap progressed gradually from the edge of the
bonding area with increasing cycle number. It is known that
stress develops near the edge of the interface of bonded dissim-
ilar materials due to the difference in coefficient of thermal
expansion (CTE) between the materials.[22,23] In this study, steel
(SPCC) and PPS resin were joined by a roughened nickel film
used as an interlayer. The coefficients of thermal expansion of
steel (1.1� 10�5 K�1) and PPS resin (�5� 10�5 K�1) differ
greatly. Although the exact CTE of the roughened nickel film
was unknown, the CTE of nickel is 1.3� 10�5 K�1, which is
close to that of steel (SPCC). Therefore, during the thermal
shock test, which had a particularly severe temperature condi-
tion (�50 to 150 �C), a high stress presumably developed at
the edge of the interface between the roughened nickel film
and the PPS resin, resulting in the formation of cracks in the
PPS resin near the nickel film starting from the edge of the
bonding area. The SEM images of the dark region of the fracture
surface (Figure 6f,h) reveal the surface morphologies of the gaps
formed during the thermal shock test. These SEM images also
indicate that the bonding strength between the roughened
nickel film and the PPS resin, the material strength of the rough-
ened nickel film, and the bonding strength between the rough-
ened nickel film and the SPCC substrate exceeded the material
strength of the PPS resin throughout the thermal shock test.

The shear strength of the bonding samples deteriorated dur-
ing the thermal shock test as the bonding area decreased due
to the formation of gaps in the PPS resin near the roughened
nickel interlayer. The formation of gaps is attributable to the
difference in CTE between the nickel film (and/or SPCC sub-
strate) and the PPS resin. Thus, improvement of the material
strength of the PPS resin and relaxation of the difference in
CTE between the roughened plating film and the PPS resin

are thought to be effective in improving bonding durability
during thermal shock testing.

4. Conclusion

Superior bonding durability between the steel and resin was
achieved using a roughened electrodeposited nickel film as an
interlayer. The shear strength maintained its high initial value
of over 40MPa during the high-temperature and high-humidity
test (85� 2 �C, 85� 2% RH) even after 2000 h, and no structural
change was observed at the boundary after the test. During
the thermal shock test (�50 to 150 �C), although the shear
strength decreased gradually, it remained over 20MPa even after
1000 cycles. The deterioration in bonding strength was mainly
caused by the degradation in the resin near the roughened nickel
interlayer. No degradation in the nickel interlayer or exfoliation
of the interlayer from the steel was observed.
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