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Dissimilar material joining of polyamide 6 and polyethylene plates to a plain carbon steel (SPCC) plate 
was performed using friction lap joining. The polyamide 6 and SPCC plates could be directly joined by 
friction lap joining, whereas the polyethylene and SPCC plates could not. Corona discharge treatment of 
the polyethylene surface enabled the joint formation with SPCC. The tensile shear fracture load of the 
SPCC/polyamide 6 and SPCC/corona-discharge-treated polyethylene joints increased with the joining speed 
up to 600 mm min−1, beyond which it decreased. These joints were fractured at the base material of the 
plastic plate at optimal joining speeds in the tensile shear test. Continuously joined interfaces of these 
materials were observed via cross-sectional microstructure analysis. Transmission electron microscopy and 
selected area diffraction patterns indicated that these materials were joined through the surface oxide 
layer of SPCC composed of Fe3O4. The relation between the tensile shear fracture loads and the results 
of XPS analysis indicated that polar groups such as amide, hydroxyl, and carboxyl groups on the plastic 
surfaces were highly effective for joint formation of the SPCC/plastic joints.

KEY WORDS: friction lap joining; plain carbon steel; polyamide 6; polyethylene; corona discharge treat-
ment; polar group; dissimilar material joining.

1. Introduction

Dissimilar material joining techniques have been devel-
oped to join lightweight materials to conventional construc-
tion materials in order to reduce the weight of vehicles. For 
instance, a multi-material structure of steel and an Al alloy 
joined by friction stir welding (FSW) has been in practical 
use in the automobile industry.1) Plastics and their com-
posites, such as carbon-fiber-reinforced plastics (CFRPs), 
have attracted considerable attention in the automobile and 
aircraft industries as novel construction materials for attain-
ing significant weight reduction. In particular, thermoplas-
tic materials, such as polyamide (PA), polyethylene (PE), 
polypropylene (PP), and polyphenylene sulfide (PPS), and 
carbon-fiber-reinforced thermoplastics (CFRTPs), which are 
composites of a thermoplastic matrix and carbon fibers, not 
only exhibit high specific strength and toughness but also 
are highly processable because they can be formed via press 
forming and injection molding.2–4) The use of such materials 
has sharply increased in the above-mentioned fields. Metal-
lic materials such as carbon steel have been widely used in 
engineering structures and components because of their high 
strength and relatively low cost. To further exploit these 
advantages, techniques for joining dissimilar materials such 
as plastics and carbon steel have been demanded in order to 
employ plastics in a wide range of applications and improve 
their manufacturing production performance.

Adhesive bonding and mechanical fastening have been 
adopted as conventional methods for dissimilar material 
joining involving such materials.5,6) However, these methods 
suffer from several drawbacks. Adhesive bonding not only 
involves a long processing time for achieving an effective 
bonding force but also causes environmental pollution 
because of the emission of volatile organic compounds 
(VOCs). Mechanical fastening results in increased weight, 
stress concentration, and low airtightness; moreover, it is not 
suitable for mass production. Such problems could poten-
tially be solved by direct joining via thermal fusion bonding. 
In recent years, researchers have investigated techniques 
for fusion bonding of dissimilar materials using various 
heat sources, such as laser joining,7–9) ultrasonic welding,10) 
induction heating,11) friction spot joining,12,13) friction stir 
welding,14,15) and friction lap joining (FLJ).16–24)

FLJ, which is a novel direct joining method, is derived 
from a FSW process. The tool used in FSW consists of a 
stirring probe, to facilitate material flow, and a shoulder 
part; however, the tool used in FLJ does not require such 
a probe.1) FLJ uses only the heat energy generated by the 
friction between the shoulder of the rotating tool and a metal 
surface; thus, the damage to the rotating tool during FLJ 
is less than that during FSW. In FLJ, the rotating tool is 
seldom deformed and consumed, even if high-melting-point 
metals such as steels are joined. A reusable rotating tool is 
pressed onto the surface of the metal and it moves along the 
overlap region. The plastic near the interface is heated by 
the heat energy transferred from the friction-heated metal, 
and a narrow molten region is formed on the plastic mate-
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rial. Joining of the metal and the plastic is complete once 
the molten plastic solidifies under the tool pressure. Thus, 
the rotating tool not only heats the materials to be joined 
but also pressurizes the joint interface.22,23) Based on these 
features, FLJ has the potential to achieve strong interface 
bonding without high-cost apparatus, strict design limita-
tions of the joint geometry, or excessive deterioration of the 
base materials. Furthermore, FLJ is an energy-saving and 
environmental-friendly process, and it is easily controllable 
because it involves only a few joining parameters, such as 
tool dimension, rotation speed, plunge depth, and joining 
speed. Therefore, this technique can expand the applica-
tions of plastic materials, including CFRTPs, combined 
with metals.

Previous studies17–21) on FLJ have investigated dissimilar 
material joining of thermoplastics (e.g., polar plastics such 
as PA6 and ethylene acrylic acid copolymer (EAA) and 
non-polar plastics such as PE) to lightweight metals such as 
Al and Mg alloys. The possibility of directly joining polar 
plastics to such metals has been shown. However, only a 
few studies have reported dissimilar material joining tech-
niques for steel/plastic, and the joining mechanism of these 
materials by FLJ has not been clarified.16)

It is well known that FSW for steel is difficult, as the 
thermal strength of steel is considerably greater than that of 
lightweight metals. In addition to the thermal strength, the 
rigidity, thermal expansion coefficient, thermal conductiv-
ity, and friction coefficient of steel also differ from those 
of lightweight metals. Therefore, joint formation of steel/
plastic by FLJ is expected to be difficult, and suitable FLJ 
conditions for steel/plastic would differ significantly from 
those for lightweight metals.

The objectives of this research are to confirm the possi-
bility of directly joining plastic and steel, to investigate the 
effects of the joining speed during FLJ and of the surface 
modification on PE (non-polar plastic), and to clarify the 
direct joining mechanism of these materials. Therefore, FLJ 
of PA6, as-received PE, and corona-discharge-treated PE to 
plain carbon steel (SPCC) is performed using a position-
controlled FSW machine, and the joint characteristics are 
investigated. Corona discharge treatment contributes to the 
formation of polar groups, such as hydroxyl (C–OH) and 
carboxyl (O=C–OH) groups, on plastic surfaces by O radi-
cal and O3, which are generated by discharge in atmospheric 
air.20)

2. Materials and Methods

Experiments were performed using polyamide 6 (PA6: 
[NH(CH2)5CO]n) and polyethylene (PE: [CH2CH2]n) plates 
(150 mm ×  75 mm ×  3 mm) as thermoplastic materi-
als, and a plain carbon steel (SPCC) plate (150 mm × 
75 mm ×  2 mm). Corona discharge treatment was applied 
to the surface of the PE plate for 1 and 5 min in order to 
modify the surface condition. The surface chemical condi-
tion of as-received PA6 and as-received PE subjected to 
corona discharge treatment for 5 min was analyzed via 
X-ray photoelectron spectroscopy (XPS, Quantera SXM, 
Physical Electronics, Inc., Chanhassen, MN, USA). Figure 
1 shows a schematic illustration of FLJ of the plastic and 
metal plates. The SPCC plate was placed on the PA6 and 

PE plates. The PE plate was placed such that its corona-
discharge-treated surface faced the SPCC plate. FLJ was 
used to join the SPCC plate to the plastic plates using a 
rotating tool made of WC–Co alloy. The tool had a shoulder 
of diameter 15 mm (without stirring probe) and was tilted 
at an angle of 3° forward from the vertical. The tool plunge 
depth was 0.9 mm and the tool rotation speed was 1 000 
rpm, as determined by preliminary experiments. Different 
joining speeds in the range of 200–1 000 mm min–1 were 
employed. The temperature during FLJ was monitored using 
a K-type thermocouple inserted at the SPCC plate/plastic 
plate interface at the center of the joining line.

The FLJ joints were cross-sectioned and mounted in 
epoxy resin before they were ground with #220 SiC paper 
and polished with diamond paste. Then, the macrostructure 
and microstructure of the joined interface were observed via 
optical microscopy (OM) and transmission electron micros-
copy (TEM, 2100F, JEOL, Ltd., Tokyo, Japan). Gel perme-
ation chromatography (GPC) analysis of the PA6 plate was 
carried out to evaluate the changes in the molecular weight 
of the plastic by sampling the PA6 contacted with the inter-
face of the FLJ joint at various joining speeds. A differential 
refractometer detector (Shodex RI104, Showa Denko K. 
K., Tokyo, Japan) was employed for the GPC analysis; the 
column (Shodex HFIP-606M, Showa Denko K. K., Tokyo, 
Japan) was maintained at a temperature of 313 K, and hexa-
fluoroisopropyl alcohol with 5 mol m–3 of trifluoroacetic 
acid sodium salt at a flow rate of 200 mm3 min–1 was used as 
the solvent. The molecular weight was determined relative 
to that of the polymethyl methacrylate standard. To evaluate 
the joint strength, the FLJ joints were cut into 15-mm-wide 
strips perpendicular to the joining direction. Tensile shear 
tests were carried out using a precision universal tester at a 
crosshead speed of 0.5 mm min–1. Three strips were tested 
for each joining condition. The fracture surfaces of the ten-
sile shear specimens were observed via OM.

3. Results

3.1. Effect of Polar Groups on Thermoplastic Surface 
on FLJ Joint Characteristics

Figure 2 shows the appearance of the FLJ joint of SPCC/
PA6 at a joining speed of 600 mm min −1. The tool-passed 
zone on the SPCC plate exhibits a smooth surface. Large 
weld flash was not observed in the tool-passed zone on the 
SPCC plate. As-received PA6 was directly joined to SPCC 

Fig. 1. Schematic illustration of friction lap joining of plastic and 
metal (all dimensions in mm).
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without any surface treatment. In contrast, as-received PE 
could not be joined to SPCC. Corona discharge treatment of 
PE facilitated the joint formation of PE and SPCC.

Figure 3 shows the TEM bright field image (BFI) of the 
joined interface of SPCC/PA6 at a joining speed of 600 mm 
min −1. The interfacial layer was observed, and Fe3O4 was 
detected by selected area diffraction (SAD) analysis of this 
layer. SPCC and PA6 were joined through the oxide layer of 
SPCC. A reaction layer, which is often formed during dis-
similar material joining of metal/metal and ceramic/metal, 
was not observed at the interface of SPCC and PA6.

Figure 4(a) shows the tensile shear fracture load of 
the FLJ joints of SPCC/PA6, as-received PE, and corona-
discharge-treated PE processed at a joining speed of 600 
mm min −1. Figures 4(b) and 4(c) show the appearances of 

the joints fractured at the plastic base plate and the joint 
interface, respectively. The SPCC/PA6 joints exhibited 
an average fracture load of 1.72 kN, and all the fractures 
occurred at the PA6 base plate. The corona discharge treat-
ment facilitated the joining of PE to SPCC. The joint tensile 
shear fracture load increased with the corona discharge 
treatment time up to 5 min, and it attained a maximum value 
of around 0.95 kN owing to the PE base plate fracture.

Table 1 lists the chemical compositions measured by 
the wide spectra of XPS analysis of the surfaces of PA6, 
as-received PE, and corona-discharged-treated PE before 
the joining experiments. These results do not include the 
composition of H, because the XPS analysis could not detect 
the H spectrum. C was detected as the major element in 
every plastic. N and O were also detected from PA6 owing 
to the amide group (CONH). From the as-received PE, 
no other element was detected. O was highly detected on 
the corona-discharge-treated PE surface. Figure 5 shows 
the C1s narrow spectra of XPS analysis of the surfaces 
of PA6, as-received PE, and corona-discharge-treated PE. 
C–C and C–H bonding were mainly detected from every 
plastic. Amide (O=C–NH) bonding was also detected from 
the PA6 surface. In addition, hydroxyl (C–OH) and car-
boxyl (O=C–OH) bonding were detected from the corona-
discharge-treated PE but not from the as-received PE. This 
indicated that the hydroxyl (-OH) and carboxyl (-COOH) 
groups were generated by the corona discharge treatment. 
The plastic surface was oxidized by the O radical and O3, 
which were generated by corona discharge in the air.

Fig. 2. Appearance of the FLJ joint of SPCC/PA6 at a joining 
speed of 600 mm min −1.

Fig. 3. TEM bright field image (BFI) of the joined interface of 
SPCC/PA6 at a joining speed of 600 mm min −1 and 
selected area diffraction pattern at the interface layer.

Fig. 4. (a) Tensile shear fracture load of FLJ joints of SPCC/PA6, as-received PE, and corona-discharge-treated PE pro-
cessed at a joining speed of 600 mm min −1, and appearances of the joints fractured at (b) the plastic base plate 
and (c) the joint interface.

Table 1. Chemical compositions measured by the wide spectra of 
XPS analysis of the surfaces of PA6, as-received PE, and 
corona-discharged-treated PE before the joining experi-
ments.

Specimen C O N

PA6 73.3 16.4 10.3

PE (As-received) 96.3  1.4  2.3

PE (Corona-discharge treated for 5 min.) 65.0 33.8  1.2
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3.2. Effect of Joining Speed on FLJ Joint Characteris-
tics

Figure 6 shows the temperature history during FLJ of 
SPCC/PA6 at joining speeds of 200, 600, and 1 000 mm 
min −1. As the rotating tool approached the measured posi-
tion, the temperature rapidly increased. At every joining 
speed, the maximum temperature during FLJ was higher 
than the melting temperature (approximately 498 K) and 
the thermal decomposition temperature (approximately 
623 K) of PA6. As the joining speed decreased, the maxi-
mum temperature increased, and the melting and thermal 
decomposition durations (the period of time over which the 
temperature of PA6 exceeded these temperatures) became 
longer owing to the heat input increase.

Figure 7 shows the cross-sectional macrostructure of 
the FLJ joint of SPCC/PA6 at joining speeds of 200, 600, 
and 1 000 mm min −1. Continuously joined interfaces of 
SPCC/PA6 were obtained at every joining speed. Concave-
downward deformation of the SPCC plate was observed in 
the tool-passed zone, and this deformation increased with 
decreasing joining speed. Thus, the thickness of the PA6 
plate also decreased, and the width and depth of the melted 
area in the PA6 plate increased. Voids were observed in the 
melted area of the PA6 plate at a joining speed of 200 mm 
min −1. Volatile products such as H2O and CO2 are gener-
ated by the thermal decomposition of PA6 at temperatures 
over 573 K,7,25) and these voids would be formed as a result.

Figure 8 shows the relation between the joining speed 
and the weight-average molecular weight of PA6 near the 
interface of the FLJ joint and in the as-received PA6, as 
measured by GPC analysis.

The weight-average molecular weight of PA6 decreased 
under heating during FLJ; it also decreased with the join-
ing speed. At lower joining speeds, PA6 was subjected to 
higher temperatures for a longer duration, which promoted 
the thermal decomposition of PA6.

Figure 9 shows the relation between the joining speed 
and the tensile shear fracture load of FLJ joints of SPCC/
PA6 and PE subjected to corona discharge treatment for 5 
min. In Fig. 9, the white circles (○) indicate plastic base 
plate fracture, and the crosses (× ) indicate interfacial 
fracture. The tensile shear fracture load of the FLJ joints 
of SPCC/PA6 and corona-discharge-treated PE increased 

with the joining speed up to 600 mm min–1, beyond which 
it decreased. The tensile shear fracture load of SPCC/PA6 
and corona-discharge-treated PE joints fabricated at 600 
mm min–1 were 1.72 and 0.95 kN, on average. Figure 10 
shows the appearance of fractured joints of (a) SPCC/PA6 
and (b) corona-discharge-treated PE after the tensile shear 
test. The presence of bulk PA6 and PE was determined on 

Fig. 5. C1s narrow spectra of XPS analysis of the surfaces of PA6, 
as-received PE, and corona-discharge-treated PE.

Fig. 6. Temperature history during FLJ of SPCC/PA6 at joining 
speeds of 200, 600, and 1 000 mm min −1.

Fig. 7. Cross-sectional macrostructure of FLJ joint of SPCC/PA6 
at joining speeds of 200, 600, and 1 000 mm min −1.

Fig. 8. Relation between the joining speed and the weight-average 
molecular weight of PA6 of the FLJ joint.
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the SPCC side of the fractured joint surface prepared at a 
joining speed of 600 mm min −1, which indicates that the 
PA6 and PE matrix fractured. At joining speeds higher than 
600 mm min −1, the PA6 and PE joints fractured at the joint 
interface. Thin residual PA6 and PE were observed on the 
SPCC side even with the interface fracture. At lower joining 
speeds, voids were observed in the residual PA6 and PE on 
the SPCC side. At these joining speeds, the main fractured 
positions of the PA6 joints were at the PA6 base plate, 
whereas those of PE were at the interface of the joint. The 
melted area of PA6 and PE corresponding to the joined area, 
which was measured by the fractured surface, increased 
with decreasing joining speed.

4. Discussion

With regard to the effect of polar groups on joining prop-
erties, PA6 and corona-discharge-treated PE could be joined 
to SPCC, whereas as-received PE could not. Direct joining 
of metal/plastic was accomplished by the bonding between 
the plastic surface and the surface oxide layer of the metal. 
Various joining mechanisms such as chemical bonding 
(covalent bonding, hydrogen bonding), Van der Waals 
force, and the anchor effect have been reported to provide 
the bonding force for these materials.9,26,27) The hydrogen 
bonding between the metal oxide (or hydroxide) layer on a 
metal surface and (1) a polar group, such as the hydroxyl 
(-OH) or carboxyl (-COOH) group, in corona-discharge-
treated PE, and (2) the amide group (CONH) in PA6, has 
often been attributed with providing an effective joining 
force for direct joining of these materials.9,21–24,26) The polar 
group in plastic materials consists of some atoms that have 
different electronegativities. For example, the electronega-
tivities of O and H in the hydroxyl (-OH) group are 3.5 and 
2.1, respectively.28) O and H in this polar group are polar-
ized as O (−δ) and H (+δ) owing to the difference in elec-
tronegativities. Moreover, metal oxides are also polarized. 
In this study, Fe3O4 was detected as the metal oxide at the 
interface of SPCC/PA6, as shown by TEM analysis (Fig. 
3). The electronegativity of Fe is 1.8, and that of O is 3.5; 
thus, Fe3O4 was polarized as Fe (+δ) and O (−δ).21–23,26) 
Therefore, these materials were joined by Coulomb’s force 
(hydrogen bonding) between Fe3O4 and the polar group in 
the plastic. The amide (-CONH-) group of PA6 and the 
carboxyl (-COOH) group of corona-discharge-treated PE, 
which were detected by XPS analysis (Fig. 2), were also 
polarized owing to the difference in electronegativities. 
These polar groups facilitate the direct joining of SPCC to 
PA6 and corona-discharge-treated PE. As-received PE is 
non-polar; hence, it cannot be joined to SPCC.

As in previous studies, dissimilar joint formation of Mg 
and Al alloys with plastic by FLJ was investigated.20,21) 
MgO for Mg alloy/plastic, and MgO and Al2O3 for Al alloy/
plastic were observed as oxide layers of these metals at these 
interfaces. It was indicated that these materials were also 
joined because of the Coulomb’s force (hydrogen bonding) 
between the oxide layers of the metals and the polar group 
of plastics as well as plain carbon steel/plastic, as shown in 
Fig. 3. As the electronegativities of Mg and Al are 1.2 and 
1.5,28) respectively, the Coulomb’s force between Mg oxide 
and Al oxide to plastics, which arose by the polarization 
of metal oxides and plastics, would be higher than that of 
Fe3O4 of steel to plastic. Therefore, it is considered that the 
joining strength of Mg alloys and Al alloys to plastics would 
also be higher than that of steel to plastic. However, the 
joints of Mg alloy/, Al alloy/, and SPCC/plastic were frac-
tured at the plastic base materials under the suitable joining 
conditions as well as under considerably different joining 
conditions between SPCC and lightweight metals. Thus, it 
was difficult to compare these joining strengths.

With regard to the effect of joining speed, the tensile 
shear fracture load decreased as the joining speed increased 
from 600 to 1 000 mm min–1, and fracture mainly occurred 
at the interface of SPCC/plastic at higher joining speeds 
because of the insufficient heat input. The temperature was 

Fig. 9. Relation between the joining speed and the tensile shear 
fracture loads of FLJ joints of SPCC/PA6 and corona-dis-
charge-treated PE.

Fig. 10. Appearance of fractured joints of (a) SPCC/PA6 and (b) 
corona-discharge-treated PE after tensile shear test.
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too low and the melting duration was too short; thus, the 
wetting of molten plastic on SPCC was insufficient. The 
joined area increased with decreasing joining speed, as 
shown in Fig. 10. In contrast, the tensile shear fracture load 
of the SPCC/PA6 and PE joints decreased with the joining 
speed below 600 mm min −1. This can be attributed to the 
void formation and thermal decomposition of the plastics, 
as shown in Fig. 8.

5. Conclusions

Direct joining of polyamide 6 and polyethylene plates 
to a plain carbon steel (SPCC) plate was performed using 
friction lap joining (FLJ). The polar groups on the plastic 
surface and the joining speed were investigated in terms of 
their effect on the FLJ joint characteristics. The following 
conclusions were drawn.

(1) Polyamide 6 and SPCC plates could directly be 
joined by FLJ, whereas polyethylene and SPCC plates could 
not. Corona discharge treatment of the polyethylene surface 
facilitated joint formation with SPCC. The FLJ joints of 
SPCC/PA6 and SPCC/corona-discharge-treated PE were 
fractured at the base materials of the plastic plates under the 
optimal joining condition in the tensile shear test.

(2) A continuously joined interface of SPCC/plastic was 
obtained. Voids were formed at the interface in the plastic 
at low joining speeds. These materials were joined through 
the oxide layer of SPCC, composed of Fe3O4.

(3) The tensile shear fracture load increased with 
the joining speed up to 600 mm min −1, beyond which it 
decreased. The joined area increased as the joining speed 
decreased; however, the joint strength decreased owing to 
thermal decomposition of the plastic at lower joining speeds.
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