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Abstract

Carbon fiber reinforced thermoplastics, which consisted of the polyamide 6 as the matrix and 20wt% carbon
fiber, and A5052 plates were directly joined by the friction lap joining method. A continuous joined interface of
AS5052/CFRTP joint was obtained at various tool rotation speeds ranging from 1000 to 2500 rpm. These
materials were joined by bonding of MgO oxide layer of A5052 and PAG6 as the matrix of the CFRTP. Voids
were observed in the CFRTP at the interface of the joint, and its quantity increased with increasing tool rotation
speed. The tensile shear fracture load of the FLJ joint increased with increasing the tool rotation speed from
1000 to 2000 rpm, and then it decreased. The fracture mainly occurred at the joint interface, however, some
Jjoints joined at the tool rotation speed of 2000 and 2500 rpm showed the CFRTP base plate fracture.
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1. Introduction

Carbon fiber reinforced plastics (CFRPs) have several
superior characteristics such as light weight and
remarkable mechanical properties compared to
conventional metal materials, hence, they have been
introduced as novel structural materials in automobiles
and aircraft [1-3]. In particular, carbon fiber reinforced
thermoplastics (CFRTPs), which are composite materials
of carbon fibers and thermoplastic matrix such as
polyamide (PA6), polyethylene (PE), polyphenylene
sulfide (PPS), can be formed using an injection molding
method with large specific tensile strengths and several
polymer materials properties [3]. Dissimilar materials
joining techniques for bonding metals to CFRTPs have
been demanded to expand the range of applications for
CFRTPs and improve their manufacturing production and
performance characteristics.

Adhesive bonding and mechanical fastening have
been used for joining metals to plastic materials including
CFRTPs [4-10]. However, these joining techniques have
several problems such as the environmental pollutants
and requiring long processing times in adhesive bonding,
and stress concentrations, low air-tightness, increase of
weight and not suitable for many mass production
schemes in mechanical fastening.

The direct joining of metals to plastic materials have
been investigated recently such as a laser joining [8-14],

ultrasonic welding [15-17], induction heating [18],
friction spot joining [19, 20] and friction lap joining
(FLJ)[21-25] to solve these problems.

In these process, FLJ has several advantages such as
a low cost and simple equipment, and a low joint
geometry restriction [21-25]. FLJ uses the heat energy
generated by friction between the rotating tool and metal
surface. A rotating tool is pressed on the metal surface
and travels along the joining line. During tool traveling
the plastic is heated and melted by the heat transfer from
the heated metal. The tool generates not only the heat
input but also the pressure to the joint interface. Joining

Fig. 1 Schematic illustration of FLJ apparatus.
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of the metal and the plastic is completed after the melted
plastic is solidified under the pressure.

The purpose of this study was to confirm the
possibility of directly joining CFRTPs and Al alloys
using the FLJ technique, and the effect of the tool
rotation speed as the major process parameter on the joint
characteristics was investigated. Al alloy was used as the
metal substrate of the CFRTP/metal component due to its
light weight, high strength and good formability, which
are important when considering the fabrication of
automobiles and aircraft [26].

2. Experimental

Experimental materials were A5052 Al alloy plates
(150 mm x 75 mm X 2 mm) with a composition of 2.4
mass% Mg and 0.18 mass% Cr, and injection-molded
CFRTP plates (80 mm x 80 mm % 3 mm) of polyamide 6
with a 20 mass% carbon fiber addition. The diameter and
length of these carbon fibers were 10 pm and
approximately 500 pm, respectively. As the surface
treatment, the surface of A5052 plate was wet ground by
#800 emery paper in water. Wet-ground A5052 and
CFRTP plates were degreased using ethanol before the
joining process. Fig. 1 shows the schematic illustration of
FLJ apparatus. A5052 plate was placed on the CFRTP
plates as shown in Fig. 1. FLJ was used to join the A5052
plate to the CFRTP plate using a rotating tool made of
SKD tool steel with shoulder diameter of 15 mm and
without probe. This tool was tilted at an angle 3° forward
from the vertical. A tool plunge depth of 0.9 mm was
employed to ensure the contact between the tool and the
plate surface of A5052. A joining speed was fixed at
1600 mm/min and different tool rotation speeds in the
range 1000-2500 rpm were employed. The temperature
during FLJ was monitored using a K-type thermocouple
inserted at the ground-A5052 plate/CFRTP plate interface
at the center of the joined area. Observations of the
appearance and the cross-sectional microstructure of the
FLJ-joined specimens were performed using optical
microscope (OM), scanning electron microscope and
transmission electron microscope (TEM). To evaluate the
joint strength in the tensile shear test, the FLJ joints were
cut into strips perpendicular to the joining direction with
a width of 15 mm. Three strips were tested for each
joining condition. The fractured surfaces were analyzed
using OM and SEM.

3. Results and Discussion
3.1 Temperature history during FLJ

Fig. 2 shows the temperature histories during FLJ at
tool rotation speed of 2000 and 2500 rpm. The
temperature of the joint interface rapidly increased as the
rotating tool approached the midway measurement point.
Maximum temperatures of 725 K and 754 K were
obtained at tool rotation speed of 2000 and 2500 rpm,
respectively. These were above the melting temperature
(approximately 498 K) and thermal decomposition
temperature (approximately 623 K) of PA6 as the matrix
of CFRTP.
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Fig. 2 Temperature histories during FLJ at tool
rotation speed of 2000 and 2500 rpm.
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Fig.3 Appearance of the FLJ joint of A5052/CFRTP
joined at various tool rotation speeds..

The span of time over which the temperature
exceeded the melting and thermal decomposition
temperature of PA6 increased with increasing the tool
rotation speed. The increase in tool rotation speed from
2000 rpm to 2500 rpm increased the melting interval
from 3.0 to 3.9 s and the thermal-decomposition interval
from 0.6 to 1.2 s.

3.2 Appearance and cross-sectional microstructure of
CFRTP/A5052 joint

Fig. 3 shows the appearance of the FLJ joint of
AS5052/CFRTP joined at various tool rotation speeds. The
AS5052/CFRTP joints were obtained at all the joining
conditions. The smooth frictionized area was observed on
AS5052 surface at tool rotation speed from 1500 to 2500
rpm. A rough surface was observed on the joint at a tool
rotation speed of 1000 rpm. The large flash was not
confirmed in all the conditions, however, small flash was
observed on the joint at 2500 rpm.

Fig. 4 shows the cross-sectional macrostructure of the
FLJ joint of A5052/CFRTP joined at various tool rotation
speeds. A continuous joined interface of A5052/CFRTP
joint was obtained. The concave-downward deformation
of the A5052 plate and CFRTP was observed in the
tool-passed zone. With increasing tool rotation speed, the
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Fig. 4 Cross-sectional macrostructure of the FLJ
joint of A5052/CFRTP joined at various tool rotation
speeds.
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Fig. 5 Secondary electron image (SEI) at the
interface of A5052/CFRTP joints joined at the tool
rotation speed of 2000 rpm.

concave-downward deformation of the A5052 plate and
CFRTP plate increased. In addition, voids were observed
beneath the interface in the melted zone of CFRTP, and
its quantity increased with increasing tool rotation speed.
Fig. 5 shows the secondary electron image (SEI) at
the interface of A5052/CFRTP joints joined at the tool
rotation speed of 2000 rpm. The A5052 plate was joined
to the CFRTP via PA6. Voids were observed in the
melted area of CFRTP near the interface. The inner of
these voids showed the smooth surface. These voids
would be generated by the volatile products such as H20
and CO2 due to the thermal decomposition of PA6 at
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Fig. 6 (a) TEM bright field image (BFI) at the
interface of FLJ joint joined at tool rotation speed of
2000rpm, and (b) and (c) selected area diffraction
patterns at the position I and II in (a).

temperatures over 573 K [27].

Fig. 6 shows the (a) TEM bright field image (BFI) at
the interface of FLJ joint joined at tool rotation speed of
2000rpm, and (b) and (c) selected area diffraction
patterns at the position I and II in (a), respectively. The
bright left part was PA6 in CFRTP and the dark right part
was A5052 in BFI. No voids or gaps were observed at the
adhered interface. The CFRTP and A5052 alloy were
joined via an oxide layer that consisted of Mg and O. A
selected-area diffraction analysis identified the oxide
layer as MgO. The formation of MgO could be explained
thermodynamically as a result of the following reaction
[28] between the superficial oxide layer (A1203) and Mg:
Mg+1/3A1203 — MgO+2/3Al. Not only the anchor
(mechanical bonding) effect and Van der Waals
interaction force, but also chemical bonding were
considered as bonding mechanisms of these materials.
Especially, the hydrogen bonding between MgO oxide
layer of A5052 and amide group (CONH) in PA6 as the
matrix of CFRTP would be the effective joining force
[29-31].

3.3 Mechanical properties and fracture morphology of
CFRTP/A5052 joints

Fig. 7 shows the relation between the tool rotation
speed and the tensile shear fracture load of the FLJ joint.
The tensile shear fracture load increased with increasing
the tool rotation speed from 1000 to 2000 rpm, and it
reached maximum value of 2.9 kN. In higher tool rotation
speed, it decreased. Almost all of FLJ joints were
fractured at the A5052/CFRTP interface. However, the
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Fig. 7 Relation between the tool rotation speed and
the tensile shear fracture load of the FLJ joint.
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Fig. 9 SEI of the fractured surface in the tool-passed
zone on the A5052 side of fractured joint at the tool
rotation speed of 2000 rpm.

CFRTP plate fracture also occurred at the tool rotation
speeds of 2000 and 2500 rpm. The maximum tensile
strength of the joints, which was fractured at the CFRTP
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base plate, were 60 and 61 MPa for tool rotation speeds
of 2000 and 2500 rpm, respectively. These strengths were
lower than those of the as-injected CFRTP (140 MPa).
This would be caused by the voids formation in CFRTP
and the thermal decomposition of PA6 in CFRTP of the
joint. Fig. 8 shows the fractured surfaces on A5052 and
CFRTP sides of fractured FLJ joints after tensile shear
test. A thin residual CFRTP, which bonded to the surface
of A5052, was observed on the fractured surface of the
AS5052 at all the tool rotation speeds. The melted area of
the CFRTP was observed on the fractured surface of the
CFRTP, and it enlarged with increasing tool rotation
speed due to increasing the melting interval of PA6. Fig.
9 shows the SEI of the fractured surface in the
tool-passed zone on the A5052 side of fractured joint at
the tool rotation speed of 2000 rpm. The fractured surface
could be classified into three categories as shown in
regions (a)-(c) of Fig. 9, based on the surface features.
Fig. 10 (a)-(c) show the typical fractured morphologies of
(a)-(c) in Fig. 9. Fig. 10 (d)-(f) show the results of high
magnification analysis using EDS in (a)-(c), respectively.
In region (a), the residual CFRTP was not observed.
As-ground surface of A5052 was observed, thereby, this
region was mainly fractured at the joint interface due to
the weak joining force. The liner C concentrations were
also detected along the ground scratches in Fig. 9 (d).
This indicated the anchor effect between the molten PA6
and the scratches on A5052. In region (c), not only the C
distributions in whole area with weal intensity, which
corresponding to the fractured PA6, but also carbon fibers
were detected. In other word, a part of bulk CFRTP with
exposed carbon fibers was observed, which corresponded
to CFRTP base material fracture. The fracture passed
through the CFRTP bulk near the interface. In region (b),
bulk CFRTP also observed, however, the surface was
smooth compared to region (c). These smooth features
corresponded to the void inner surface, and therefore it is
likely that the fracture would pass across the voids. Fig.
11 shows area fractions of interface, CFRTP base
material and void fractures, which were evaluated by the
SEIs of the fracture surface on A5052 of fracture joints
joined at tool rotation speeds of 1000, 2000 and 2500 rpm.
The area fraction of the interface fracture decreased with
increasing the tool rotation speed. At lower rotation speed,
the temperature at the interface was too low and the
melting time duration was too short to obtain enough
wetting of molten CFRTP on the A5052. Therefore,
CFRTP base material fracture ratio increased, and the
interface fracture ratio decreased with increasing tool
rotation speed from 1000 to 2000 rpm due to the decrease
of the unjoined area. As the result, the tensile shear
fracture load of the FLJ joint also increased with
increasing the tool rotation speed in this range. The area
fraction of the void fracture increased with increasing
tool rotation speed. These voids would be generated by
the thermal decomposition of PA6 by increasing the
temperature at the interface and the melting interval at the
higher tool rotation speed. As the results, the tensile shear
fracture load of the FLJ joint decreased with increasing
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Fig. 10 (a)-(c) Typical fractured morphologies of regions of (a)-(c) in Fig. 9, and (d)-(f) results of high magnification

analysis using EDS in Fig. 10 (a)-(c).

tool rotation speed from 2000 to 2500 rpm by the voids
formation in CFRTP and the thermal decomposition of
PAG6 in CFRTP of the joint. Especially, the voids would
induce a stress concentration in CFRTP during the tensile
shear test, thereby, it would be act as an origination of the
fracture.

4. Conclusions

Direct joining of a carbon fiber reinforced
thermoplastic (CFRTP: PA6 + 20wt% carbon fiber) and
AS5052 Al alloy was performed using friction lap joining
(FLJ). The effect of the tool rotation speed as the major
process parameter on the joint characteristics was
investigated. The following conclusive remarks were
obtained.

(1) Continuous joined interface of A5052/CFRTP joint
was obtained by FLJ. These materials were joined by
bonding of MgO oxide layer of A5052 and PA6 as the
matrix of CFRTP. Voids were observed in CFRTP at the
interface of the joint, and its quantity increased with
increasing tool rotation speed.

(2) The tensile shear fracture load of FLJ joint increased
with increasing the tool rotation speed from 1000 to 2000
rpm, and then it decreased. The fracture mainly occurred
at the joint interface, however, the residual CFRTPs
which bonded to the fractured surface of A5052 side were
observed. The area fraction of interface fracture
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Fig. 11 Area fractions of interface, CFRTP base
material and void fractures on the fractured
surfaces of FLJ joints joined at tool rotation
speeds of 1000, 2000 and 2500 rpm.

decreased with increasing the tool rotation speed. In
addition, some joints joined at the tool rotation speed of
2000 and 2500 rpm showed the CFRTP base plate
fracture.
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