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Abstract

Aluminum alloy A1050 to polyetheretherketone (PEEK) direct joining with hot-pressing process via pre-treatment using non-
thermal atmospheric pressure plasma jet has been performed. The effect of plasma irradiation on the tensile shear strength
of A1050-PEEK direct bonded specimens joined by a combination of hot-pressing process and pre-plasma treatment using
non-thermal atmospheric pressure plasma jet was investigated. A1050-PEEK bonded samples with plasma-treated PEEK only
showed high tensile shear stress of 13.4 MPa. This increase in tensile shear strength is attributed to the addition of oxygen
functional groups on the surface of the PEEK by reactive oxygen species produced by the plasma jet.

Keywords A1050 - PEEK - Direct joining - Dissimilar materials joining - Atmospheric pressure plasma

1 Introduction

Multi-material hybrid structures are expected to achieve
optimal, lightweight, and high-performance structures by
taking advantages of the various properties of different mate-
rials and have attracted attention from a variety of industries
such as automotive [1], aeronautics [2], implants [3, 4]. In
particular, metal-polymer hybrid materials are expected
to be applied to components that require weight reduction
while maintaining strength because they not only improve
the overall performance of the structure, but also effectively
combine the advantages of both metals and polymers. Metal-
polymer hybrids have great potential because they are lighter
and less expensive than metallic materials and thus contrib-
ute to weight reduction of vehicle bodies and improved fuel
efficiency in the automotive field [5—7]. In addition, the use
of thermoplastic as the polymer material enables bonding
by applying thermal energy to the metal side, resulting in
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which it enables joining without the use of adhesives [8, 9]
or joining materials such as screws and rivets [10, 11], and
also has advantages such as high connectivity and the ability
to be produced on a large scale.

In modern vehicles such as hybrid and electric vehicles,
aluminum alloys and aluminum alloy-polymer hybrid mate-
rials are used for structural components of the vehicle body
since these materials have high strength and lightweight [5,
12—-15]. When considering the use of aluminum alloys or
aluminum-alloy-polymer hybrid materials, simple replace-
ment of conventionally used steel with these materials is
costly. Therefore, it is expected to be applied to plate materi-
als used in large areas, where efficient weight reduction of
the car body can be expected while maintaining rigidity and
strength at a reduced cost. For these reasons, the develop-
ment of direct metal-plastic bonding technology is desired
for the application of dissimilar materials such as aluminum
alloys and engineering plastics to automotive components.

In hot-pressing processes, the heat sources such as ultra-
sonic welding [16—18], induction heating [19], laser assisted
heating [20-23], and friction assisted joining [24] have been
used. Generally, physical bonding by mechanical interlock
(anchor effect [25]) and chemical bonding by hydrogen
bonding are considered direct bonding mechanisms between
metals and polymers. In metal-polymer bonding using
some silane coupling agents [26, 27], covalent bonds can be
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formed between metals and polymers, but the mechanism of
metal-polymer direct bonding is generally considered to be
hydrogen bonding by functional groups formed on the metal
or polymer surface.

One of the pre-treatment methods for physical bonding
of direct metal-polymer bonding is laser texturing on metal
surfaces, which is expected to enhance bonding strength by
creating a physical surface structure. In laser texturing, a
texture is created on the metal side with a laser in advance
to allow the polymer to fully penetrate into the structure,
resulting in sufficiently high bond strength [28—30]. On the
other hand, hydrogen bonding, considered a direct bond-
ing mechanism by chemical bonding, is a bonding using
an attractive interaction between an oxide on the surface of
the metal and a polar functional group (amino group, car-
boxyl group, hydroxyl group, etc.) on the polymer surface.
In particular, it is important to add polar functional groups
to the polymer surface due to surface treatment for joining
dissimilar materials because it not only increases the number
of functional groups on the surface to obtain a direct bond
between the metal and the polymer with high strength and
high quality, but it is possible to bond by adding new polar
functional groups to polymers that do not have polar func-
tional groups in their structure.

Currently, to add functional groups to polymers, several
surface treatment methods such as chemical etching using
acids and alkalis [31], UV irradiation [32], corona treat-
ment [33], and plasma treatment [34] have been performed.
Among them, plasma treatment is superior in that it can
efficiently modify only desired locations of polymeric mate-
rials [34].

As a pre-treatment using plasma for metal-polymer direct
bonding, the surface modification using atmospheric-pres-
sure RF plasma jet is expected as a pre-treatment before
hot-pressing. The density of oxygen radicals produced by
atmospheric pressure RF plasma jets is two orders of magni-
tude higher than that of the conventional high-voltage pulses
excited atmospheric-pressure plasma jet [35, 36]. In these
processes, moreover, free radical species generated by the
plasma jet and the heat flux provided by the plasma (gas
temperature around 150 °C) work together to generate func-
tional groups [35]. Therefore, polar functional groups can
be efficiently added to desired positions by irradiation of
radicals generated by atmospheric pressure RF plasma jets.
In previous study, the direct joining of SUS304 stainless
steel and polycarbonate (PC), an engineering plastic with
a low glass transition point, by a combination of surface
treatment and heating with atmospheric pressure RF plasma
jet was performed, demonstrating that it is possible to join
the dissimilar materials such as metals and polymers [37].
For engineering plastics with a high glass transition (melt-
ing) point, efficient functionalization is expected because the
surface reaction can be enhanced by radical irradiation and
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the heat flux from the plasma using non-thermal atmospheric
pressure RF plasma jet.

In this paper, aluminum alloy A1050 to polyetherether-
ketone (PEEK) direct joining with hot-pressing process
via pre-treatment using non-thermal atmospheric pressure
plasma jet has been demonstrated. The effect of atmospheric
pressure RF plasma jet irradiation of A1050 and PEEK sur-
faces on the strength of A1050-PEEK direct bonding was
investigated by observing the chemical and physical state of
the surfaces with/without plasma irradiation.

2 Experimental procedures

The sheet of A1050 and PEEK (Mitsubishi chemical
advanced materials, Ketron 1000, melting temperature:
340 °C) were used as metal and the thermoplastic sheet test
pieces. The sheet sizes were 500 mm X 15 mm X5 mm for
both A1050 and PEEK. The A1050-PEEK direct joining
with hot-pressing process via pre-treatment using a radio-
frequency (RF) non-thermal atmospheric pressure Ar plasma
jet[36, 37] was performed.

Figure la shows schematic illustration of the RF non-
thermal atmospheric pressure Ar plasma source. The plasma
source consisted of a quartz tube with a 15-mm-wide elec-
trode to which radio frequency power was applied and a
5-mm-wide electrode that served as the ground electrode.
The power electrode was placed upstream of the quartz tube
along the gas flow, and the ground electrode was placed
5 mm from the bottom edge of that electrode. A quartz tube
with an outer diameter of 6 mm and an inner diameter of
4 mm was used as the discharge tube. High-frequency power
with a sinusoidal frequency of 60 MHz was used as the exci-
tation source for the atmospheric pressure plasma jet. Ar
gas was supplied as the discharge gas at a gas flow rate of
3 slm [35-37].

Figure 1b, ¢ shows the dimensions of the specimen and
the configuration of A1050 and PEEK direct joining with
hot-pressing process via pre-plasma treatment. As a pre-
treatment for A1050 and PEEK bonded surfaces, the plasma
irradiation with an atmospheric-pressure RF plasma jet
was performed on both A1050 and PEEK surfaces. Within
30 min immediately after plasma irradiation, A1050 was
heated to 320 °C using a heater, and then hot-pressings were
used for the joining process. The A1050 and PEEK were
joined so that the overlap between the two materials was
10 mm.

The tensile shear stress of specimens bonded using by the
epoxy adhesive was measured as a comparison of the bond
strength of specimens bonded by the direct joining with hot-
pressing process via pre-plasma treatment.

Tensile shear strength tests were performed to deter-
mine the bond strength using the tensile tester (Autograph
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Fig.1 Schematic illustrations of a an atmospheric pressure RF
plasma jet, b the dimensions of the specimen, and ¢ the configuration
of A1050 and PEEK direct joining with hot-pressing process via pre-
plasma treatment

AGS-X: Simatzu Corporation). A tensile shear strength
was determined from the jointed area of bonded speci-
mens and the maximum load at failure for the specimens
measured at a crosshead speed of 1.66 x 10~* mm/s. The
bond strength of the bonded specimens was evaluated by
averaging three samples.

The surface morphology analysis of A1050 sheet
were carried out by scanning electron microscopy (SEM;
Hitachi SU-70) and atomic force spectroscopy (AFM)
(KEYENCE VN-8000). The elemental composition of
A1050 surface was analyzed using the SEM with energy
dispersive X-ray spectroscopy (EDX, OXFORD Instru-
ments INCA PentaFETx3). The chemical bonding state
of the plasma exposed surface was analyzed by X-ray pho-
toelectron spectroscopy (XPS; Shimazu, AXIS165).
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Fig.2 Tensile shear strength of samples bonded by the hot-pressing
process using an atmospheric-pressure RF plasma jet together with
that of the thermocompression method using untreated A1050 and
PEEK

3 Results and discussion

The feasibility of A1050-PEEK direct joining with hot-
pressing process via pre-treatment using non-thermal atmos-
pheric pressure plasma jet has been studied.

In order to investigate the influence of plasma treatment
to A1050 and PEEK surfaces on the A1050-PEEK bonding,
the A1050-PEEK direct joining with hot-pressing process
via pre- plasma treatment was demonstrated. Figure 2 shows
the tensile shear strength of A1050-PEEK jointing samples
using plasma treated only on A1050, only on PEEK, and
on both A1050 and PEEK together with that of the conven-
tional hot-pressing and adhesive. In the conventional hot-
pressing and the bonding with adhesive, the tensile shear
strength of was 6.6 MPa for conventional thermocompres-
sion bonding and 6.8 MPa for the bonding with adhesive,
respectively. The bond strength of the sample bonded by
plasma irradiated only to PEEK was 13.4 MPa, which
was about 2 times as high as the bonding strength of the
untreated sample. In contrast, the sample bonded of plasma-
irradiated only to A1050 showed a considerable decrease in
the bond strength to 0.9 MPa. Moreover, the bonding sam-
ple irradiated to both A1050 and PEEK had a bond strength
of 9.6 MPa. This result indicates that the plasma irradiation
of PEEK has a significant effect on bond strength in A1050-
PEEK bonding. Figure 3 shows a photograph of the frac-
tured surface after tensile testing of a specimen bonded with
and without plasma irradiation. In the specimen irradiated
with plasma on PEEK, it shows interfacial delamination and
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Fig.3 Images of fracture
surface after tensile testing of
a specimen bonded with and
without plasma irradiation
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Plasma treatment

Plasma treatment

EK only

130284

Plasma treatment

A1050 only

some cohesive failure with or without plasma on the A1050
side. In contrast, the specimen bonded with plasma irradia-
tion on only A1050 side showed complete delamination.
In the specimen bonded using untreated A1050 / PEEK,
some cohesive delamination and interfacial delamination
can be observed. In direct bonding using hot-pressing, it has
already been reported that heat-induced defects occur on
the PEEK side near the bonding interface when the process
temperature is over 400 °C using PEEK [28], but direct
bonding is performed at a lower temperature of 320 °C
in the present process, so the generation of heat-induced
defects is considered to be suppressed. The results show that
plasma treatment on PEEK is superior to untreated PEEK
in improving bond strength. On the other hand, the plasma
irradiated A1050 shows a decrease in bonding strength
compared to the untreated sample.

In dissimilar material direct joining, the physical and
chemical state on the metal and polymer surface plays an
important role with respect to bond strength. The physical
effect of plasma irradiation on the A1050 surface was exam-
ined. The morphology of the A1050 surface due to plasma
irradiation was observed by using AFM together with that
of untreated samples. Figure 4 shows the surface rough-
ness (R,) estimated from results observed by AFM images
of A1050 surface when the time of plasma irradiation is
varied. With increasing time of plasma irradiation, the R, of
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Fig.4 Variation of surface roughness R, of A1050 on plasma irradia-
tion time

the A1050 surface is almost at 180~200 nm. In general, it is
known that an increase in surface roughness leads to stronger
bonding strength due to the anchor effect. Therefore, this
result exhibits that that the contribution to joint strength in
this experiment is largely due to chemical effects.

The changes in the chemical composition of A1050 sur-
face with and without plasma irradiation were investigated
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using SEM—-EDX. Figure 5 shows the SEM images and
SEM-EDX elemental maps of Al (blue), Fe (green), and O
(red) on the A1050 surface of (a) untreated and (b) plasma
irradiation for 5 min. No change in surface morphology of
A1050 due to plasma irradiation was observed as shown
in the SEM images in Fig. 5. Lines 2 — 4 of Fig. 5 show
SEM-EDX elemental maps of Al, Fe, and O on a typical
A1050 sample surface. The SEM-EDX mapping on A1050
surface showed that Al was mostly distributed on the sur-
face, with trace amounts of Fe adhering to the surface. The
O of SEM-EDX mapping shows slight Al surface oxidation.
Figure 6 shows the atomic concentration of A1050 sample
surface evaluated by the SEM-EDX mapping of Al, Fe, and
O as a parameter of plasma irradiation time.

With increasing plasma irradiation time, the concentra-
tion of O on A1050 surface increased slightly after 1 min
and then became almost constant. It is well known that the
amorphous native aluminum oxide film is formed spontane-
ously at ambient pressures and at low temperatures and it

Fig.5 SEM images and SEM-EDX elemental maps of Al (blue), Fe
(green) and O (red) on the A1050 surface of a untreated and b plasma
irradiation for 5 min
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Fig.6 Atomic concentration of A1050 sample surface evaluated by
SEM-EDX mapping of Al, Fe, and O as a parameter of plasma irra-
diation time

acts as a passive film. The formation of the passive film on
aluminum is also limited by surface temperature and oxi-
dation conditions [38, 39]. In this case, plasma irradiation
accelerates oxidation immediately after irradiation due to the
temperature increase caused by heat input from the plasma
and the irradiation of high-density oxygen-based active spe-
cies generated by a plasma jet, but the oxide growth stops
and a limiting thickness is reached because the irradiation
conditions stabilize. These SEM-EDX results show that the
oxidation state of the surface was slightly accelerated but not
significantly changed by plasma irradiation.

In order to obtain information on the chemical state of the
nano surface of A1050, the chemical bonding state of A1050
surface with and without plasma irradiation was analyzed by
XPS. Figure 7 shows the variation in XPS Al 2pand O 1 s
spectra of A1050 surface when plasma irradiation time is
varied. The Al 2p spectra were deconvoluted into the follow-
ing components: Al(metal) bond at 71.3 eV, AlO, bond at
72.3 €V, and Al,O; bond at 74.1 eV [40]. The O 1 s spectra
were deconvoluted into the following components: alumina
(Al,O3) induced oxides bond at 527.7 eV and hydroxides
bond at 530.0 eV [41]. The XPS Al 2p spectra of untreated
surface of A1050 show the bond peak attributed to Al,O4
and metallic aluminum, and the XPS O 1 s spectra show
peaks attributed to the naturally oxidized Al surface. On the
other hand, the XPS Al 2p spectra after plasma irradiation
show an increase of AlO, bond peak on the A1050 surface,
and the XPS O 1 s spectra show the considerable increase in
the peaks of hydroxide (OH-) on the surface.

As shown in the XPS results, the initial surface of the
A1050 is covered with Al,O; formed as a natural oxide
film, but a hydrated oxide layer is formed due to the
injection of reactive oxygen species including oxygen
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Fig.7 Change in XPS Al2p
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and hydroxyl radials, and then Al,0; and hydroxide film
will be mixed on the A1050 surface. This hydrated oxide
layer of A1050 has an undesirable effect on bonding.
In general, aluminum hydroxide formed by condensa-
tion on the surface of A1050 has low cohesion as a thin
film and tends to be a weakly bonded layer [42]. These
results suggest that the formation of aluminum hydroxide
induced by the incident of reactive oxygen species from
the plasma on A1050 reduced the bond strength between
A1050 and PEEK.

The plasma irradiation effect on the PEEK surface in
A1050-PEEK direct bonding was investigated. Figure 8
shows the change in tensile shear strength of A1050-
PEEK samples with PEEK with varying plasma irradia-
tion time. A1050 was used an untreated sample. With
increasing the plasma irradiation time, the tensile shear
strength of the A1050-PEEK samples increased moder-
ately from 6.6 MPa for 0 min to 13.4 MPa for 5 min and
then was almost constant. In previous study, the chemical
bonding state of plasma-irradiated PEEK surface have
been investigated by using XPS [43]. The XPS obser-
vation of chemical bonding state shows that O-C =0
bonds, which were not present in the chemical structure
of as-received PEEK, are formed by plasma irradiation
in addition to the C =0 and C-O bonds derived from the
chemical structure of PEEK. With increasing the plasma
irradiation time, the peak intensity of these bonds on the
PEEK surface was increased. In direct metal-polymer
dissimilar material bonding, it is generally known that
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samples in a case of PEEK only were irradiated with plasma as a
function of plasma irradiation time

0O =C-0 bonding on the polymer surface contributes to
the bond strength between the materials [44—46]. These
results exhibit the irradiation of oxidation contributing
radicals generated by the plasma jet contributes to the
addition of oxygen functional groups on the surface of
the PEEK. Therefore, efficient oxidation of the surface
of the PEEK using atmospheric pressure RF plasma jet
is effective in increasing bond strength in A1050-PEEK
direct joining.
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One of the pre-treatment methods for direct metal-poly-
mer bonding is laser texturing, which is expected to enhance
bonding strength by creating a physical surface structure.
In laser texturing, a texture is created on the metal side
with a laser in advance to allow the polymer to fully pen-
etrate into the structure, resulting in sufficiently high bond
strength [28-30]. However, since the metal must be heated
sufficiently above the melting point of the polymer (for
example; ~400 °C for PEEK), damage to the polymer at the
interface is a concern. On the other hand, surface treatment
by plasma irradiation increases the chemical bonding point
of both metal and polymer at the time of bonding by add-
ing functional groups to the metal and polymer, enabling
bonding at a temperature near the melting point and making
strong bonding possible.

For these reasons, these results show that pre-treatment
with non-thermal atmospheric pressure plasma jet in A1050-
PEEK direct joining using hot-press is an effective means of
improving bond strength.

4 Conclusions

A1050-PEEK direct joining with hot-pressing process via
pre-treatment using non-thermal atmospheric pressure
plasma jet has been performed. The effect of plasma irra-
diation on strength of A1050-PEEK direct joining was inves-
tigated. The tensile shear strength of A1050-PEEK bonded
samples, bonded by a combination of hot-pressing process
and pre-plasma treatment using non-thermal atmospheric
pressure plasma jet, has been compared with that of con-
ventional hot-pressing and adhesive bonded samples made
of A1050 and PEEK.

(1) A1050-PEEK bonded samples with plasma-treated
PEEK only showed high tensile shear stress of
13.4 MPa. This increase in tensile shear strength is
considered to be attributed to the addition of oxygen
functional groups on the surface of the PEEK by reac-
tive oxygen species generated by the plasma jet.

(2) On the other hand, the tensile shear strength of plasma-
irradiated A1050 bonding samples was lower than that
of unirradiated samples. The decrease in bond strength
due to plasma irradiation of A1050 is considered to be
caused by aluminum hydroxide formed by condensa-
tion on the surface of A1050 during plasma irradiation
since this hydrated oxide layer of A1050 has low cohe-
sion as a thin film and tends to be a weakly bonded
layer.

(3) The plasma irradiation effect on the PEEK surface in
A1050-PEEK direct bonding was investigated in the

case of which A1050 was used an untreated sample.
With increasing the plasma irradiation time, the tensile
shear strength of the A1050-PEEK samples increased
moderately from 6.6 MPa for 0 min to 13.4 MPa for
5 min and then was almost constant. With increas-
ing the plasma irradiation time, the peak intensity of
these bonds on the PEEK surface was increased. These
results exhibit the irradiation of oxidation contributing
radicals generated by the plasma jet contributes to the
addition of oxygen functional groups on the surface of
the PEEK.
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