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It is a challenge to achieve a sound welded metal/carbon-fiber-reinforced thermoplastic (CFRTP) joint
with high strength and few bubbles. In this study, sound lap joints of Cu and CFRTP were obtained by
friction lap joining (FL]) directly at rotation rates of 600-2000 rpm, with the welding tool at the joint
center and offsetting the tool 7 mm away from the center toward the retreating side, respectively. Tool
offsetting reduced the non-uniform temperature distribution in the lap joints resulting from the high
conductivity of Cu, which not only enhanced the tensile shear force from 0.89-2.25kN to 1.71-3.54 kN,

I;e;g:iczin_i;'mn with the maximum increasing rate of 135%, but also reduced the bubble area to only 19% of the original
Plistic ! & level of 2000 rpm. It is the first time to report a high-quality Cu/CFRTP joint with a high strength and few

Metal bubbles. The large increase of the strength after tool offsetting was attributed to the increase of the joining

Carbon-fiber-reinforced plastic area, the decrease of bubbles and the decrease of the CFRTP degradation. The details on the generation,

Properties

quantitative distribution and expulsion of the bubbles in the FL] joints were discussed.

© 2018 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

The hybrid joining of metals to plastic-based materials, includ-
ing carbon-fiber reinforced thermoplastic (CFRTP), is increasingly
demanded in various industries to achieve the flexible and
lightweight design of the parts. It is because the hybrid joints could
combine the advantages of metals and plastic-based materials, such
as the superior thermal and electrical conductivity for metals and
the light-weight and good corrosion resistance for plastic-based
materials. However, the direct joining of metals to plastic-based
materials is not easy since there are large differences in the physical
and chemical properties.

Conventionally, adhesive bonding [1] and mechanical fasten-
ing [2] are the commonly used methods for the joining of metals
to plastic-based materials. However, there are some shortcom-
ings for these two conventional joining methods. For adhesive
bonding, it not only produces environmental pollutants and is a
time-consuming process, but also, it is very susceptible to degra-
dation due to the environmental factors [1,3]. Mechanical fastening
usually leads to a stress concentration and non-flexible structural
design. To solve these problems, novel welding methods such as
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laser welding [4,5], friction stir spot welding [6] and ultrasonic
welding [7] have recently been applied in the joining of metals to
plastic-based materials.

Several investigators [4,8-11] have reported on the joining of
plastic-based materials with metals including Al, Mg and steel
utilizing lasers as the heat source, and found that plastic-based
materials could join well with metals by laser welding. Katayama
and coworkers [4,9-11] suggested that the plastic-based materials
joined with metals mainly because of chemical or physical bond
between plastics and oxide on metals’ surface, as well as mechan-
ical interlocking effect. Besides, they suggested that the bubbles
were mainly generated by the thermal decomposition of plastics,
which were benefit for the bonding of plastics and metals during
joining, because the great pressure due to the expansion of bubbles
pushed the melted plastic to bond with the metals.

However, bubbles are very difficult to expel from the joint due to
alow applied stress in the laser-welded joints. As a result, the large
fraction of bubbles inevitably remains in the laser-welded joints.
They would be harmful to the properties of the joint, especially for
the tensile and fatigue properties, because the bubbles seldom have
load-bearing ability, and a stress concentration probably occurs
around the bubbles during a tensile test and cyclic loading [12].
Also, from the industry application viewpoint, the joints with a
high level of bubbles are not allowed. Moreover, laser welding has
its own questions, such as the high cost of laser power and com-
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plex welding parameters. At present, laser welding of plastics to
metals is still in the developing stage, and thus more deep studies
need to be made to solve the problems above. It was also reported
that sound joints of plastic-based materials with metals could be
obtained by friction stir spot welding [6] and ultrasonic welding
[13]. However, these joining methods are usually viable for limited
joint geometries and dimensions, which limit their application.

Friction lap joining (FLJ), a new variation of friction stir weld-
ing (FSW), has been widely studied for Al, Mg, and Ti alloys [14,15],
and has recently been applied to the lap joining of metals to plastic-
based materials [3,16]. The principle of FL] is based on that of FSW,
but the difference is that the FL] tool just consists of a shoulder with-
outa pin, and thus no “stirring” effect occurs. The basic FL] principle
for metals and plastic-based materials is as follows. During FL], the
heat, originating from the friction of the welding tool and metals,
is conducted into the plastic-based materials, causing the plastics
to be melted and thermally decomposed. Under the pressure of the
tool, the softened metals and melted plastics are pushed into each
other for bonding, and after the melted plastics are re-solidified,
the plastic-based materials can join with the metals.

It was reported that FL] could successfully join plastic-based
materials to Al, Mg and steel [3,12,16,17]. Liu et al. [12] found
that the volume of bubbles in the joints affected the joint strength,
and a strong FL] joint with an area fraction of bubbles <8% was
obtained after welding process optimization. Moreover, Nagasaki
et al. [3] found that a hydrogen bond between the amide function
group of polyamide-based plastics and oxide on the surface of the
metals played an important role in the joining of CFRTP with met-
als. Besides, the joint strength could be largely increased via the
silane coupling pretreatment on Al alloy surface before FLJ, which
showed almost the same strength with that of base CFRTP material,
fracturing at the base CFRTP material [3,18].

Many investigations have indicated that the novel joining meth-
ods above can join plastic-based materials well with metals [3-7].
However, the metals for joining focused on Al, Mg and steel. At
present, the reports on the joining of plastic-based materials with
Cu are very limited and preliminary. The limited report [19] indi-
cated that it was not easy to obtain a strong Cu-plastic joint by laser
welding, and to obtain a defect-free joint required a large quantity
of energy input, as the result of the high reflectivity for the laser and
high thermal conductivity of Cu. More recently, the present authors
[20] reported the feasibility of the FL] of CFRTP to Cu. It was found
that CFRTP could directly join to Cu by FL] without any adhesives
or chemical treatment, showing an advantage over laser welding,
where FLJ could obtain arelatively strong CFRTP-Cu joint (2.3 kN for
tensile shear force, 15 mm wide, and 10.2 MPa for nominal tensile
shear strength) with a relative low heat input. However, this joint
strength was still not high enough.

In addition, a large fraction of bubbles was still found in these
FL] joints [20]. During the FLJ of plastic-based materials to met-
als, the welding temperatures are usually over 400°C [3,20]. Thus,
plastics with a low temperature for thermal decomposition, such as

(a) 15 mm

polyamide 6 (PA6, 350°C for thermal decomposition), are usually
degraded to generate bubbles during FLJ. Although the downforce
of the welding tool could expel some bubbles, they still inevitably
remain in the joints after joining. It was reported that the distribu-
tion, number and size of bubbles, which were closely related with
the FLJ processing parameters, largely affected the joint proper-
ties [12]. Thus, it is of great significance to study the relationship
between the distribution, number and size of bubbles and FL]
parameters, and how to adjust FLJ parameters to control these fac-
tors to reduce the bubbles as many as possible, and finally enhance
the strength and quality of the joints.

In this study, CFRTP (PA6 matrix) was joined to Cu by FL] with the
tool located at the joint center and offsetting the tool away from the
center, respectively, at rotation rates of 600-2000 rpm, with a con-
stant travel speed of 600 mm/min. The aim was to (a) determine the
effect of rotation rate on the joint characters and strength, (b) clar-
ify whether tool offsetting could improve the quality and strength
of the joints and (c) understand the characteristics of the bubbles in
the joints at different rotation rates and tool positions, and thus to
obtain CFRTP-Cu joints of high strength with a low level of bubbles.

2. Materials and methods

The as-received materials were 3-mm-thick CRFTP sheets (PA6
matrix with 20 wt.% carbon fiber addition) made by injection mold-
ing, and 2-mm-thick oxygen-free Cu sheets. The average tensile
strengths of the CFRTP were 140 MPa in the flow direction and
117 MPa in the transverse direction. For more details on the CFRTP,
please refer to the previous work [3]. Before FL], the Cu sheets
were ground in flowing water with #800 emery paper, and CFRTP
sheets were dry-ground with #80 and #800 emery paper. The
CFRTP sheets were friction lap joined to Cu at rotation rates of
600-2000 rpm with a constant joining speed of 600 mm/min. A tool
plunge depth of 0.9 mm, a tilt angle of 3°, and an overlap width of
30 mm were used by a steel tool. The welding tool just consisted of
a flat shoulder 15 mm in diameter without a pin.

In this study, the welding tool during FL] was placed in two dif-
ferent positions of the overlap zone. A schematic of the joining
process, with the temperature measurement positions, is shown
in Fig. 1. The welding tool was placed in the center of the overlap
zone (Fig. 1a), and was offset 7 mm away from the center toward the
edge of the overlap zone on the retreating side (RS), i.e. the Cu side
(Fig. 1b). For simplification, these joining processes will be called
the normal FL] and offset FLJ, respectively, in the following sections.
For the temperature measurement during normal FLJ, K-type ther-
mocouples were inserted at the Cu sheet/CFRTP sheet interface in
the four locations: at the center of the overlap zone, from the center
line away 7.5 mm on the RS and advancing side (AS), and from the
center line away 15 mm on the RS, i.e. the very edge of the lapped
zone on the RS, which were marked as Points C,R, Aand E in Fig. 1a.
For comparison, at 1500 rpm, 600 mm/min during offset FL], K-type
thermocouples were also inserted at Cu sheet/CFRTP sheet inter-

(b) 15 mm
|

Fig 1. Schematic illustration of Cu and CFRTP joining during (a) normal FL] with the tool at the center line of overlap zone, and (b) offset FLJ with tool offsetting 7 mm from
center line toward the RS. Temperature measuring positions of A, C, R and E during normal FLJ, and O-A and O-R during offset FL] are marked in (a) and (b), respectively.
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Fig. 2. Typical macrostructural morphology of normal friction lap joint of Cu/CFRTP
at 2000 rpm with tool located at center of overlap zone.

face 7.5 mm away from the offset tool center on the RS and AS.
These were marked as Points O-R and O-A, respectively, in Fig. 1b.

The specimens for microstructural observation were first cut
perpendicular to the joining direction, and then ground and pol-
ished with a silica solution. The microstructural observation of
these specimens was then performed via optical microscopy (OM)
and scanning electron microscopy (SEM). To test the tensile shear
force (TSF), specimens were cut perpendicular to the joining direc-
tion with a width of 15 mm. The Vickers hardness measurement
was made using 50 gf and holding for 15 s. Tensile shear tests were
carried out in a regular tensile machine at the crosshead speed of
0.5 mm/min. For each joining condition, three tensile specimens
were tested, and in order to reduce the effect of travel position on
the microstructure and mechanical properties, the specimens were
all cut from the travel distance of 60-120 mm. The fracture surfaces
of the tensile shear specimens were observed using OM and SEM.

The residual CFRTP areas on the fractured surface of Cu were
measured manually using Photoshop software. The number and
size of bubbles in the joints, which were observed from both frac-
ture CFRTP surfaces and cross sections, were measured manually
using Photoshop software. For the bubbles measured from the frac-
ture surfaces, 16 random regions with anarea of 1.13 mm? (100 x in
SEM images) and almost uniformly distributed across the fracture
surface of each joint, were chosen for statistical analysis. All of the
bubbles in the cross sections were measured.

3. Results and discussion

3.1. Asymmetric fracture surface characteristics and welding
temperature for normal FLJ joints

After normal FL], CFRTP could be joined well to Cu at all the
rotation rates of 600-2000 rpm, and all of the joints could not be
separated by human hand force. The typical surface of the Cu/CFRTP

700 —Center
— 7.5mm from center on AS
600 —— 7.5mm from center on RS
(& ——15mm from center on RS
° . 5004
@
= Thermal d siti
g 4001wy \ss LN iid osy, ey
g- 300+ l \ \ /\ Melting point of
£ 925\ ] 8.55 \|6.85\ |65 PAG: 225°C
E 200 N
100- . %t
0 T T
0 20 40 60
Time, s

Fig. 4. Temperature measurements at different positions of normal FLJ CFRTP-Cu
joint at 1500 rpm. Black, red, blue and green curves stand for the temperature on
points C, A, R and E, respectively in Figs. 1a and Fig. 3.

joint at 2000 rpm is shown in Fig. 2. After a tensile shear test of the
joints, the normal FL] joints at all the rotation rates fractured at
the Cu/CFRTP interface. The typical fracture surface morphologies
of CFRTP-Cu joints at 800, 1500 and 2000 rpm are shown in Fig. 3.
It is clear that the fracture surfaces on Cu side included an area
stick with residual CFRTP (surrounded by black dot line, known as
the joining area) and another baked Cu area. As the rotation rate
increased, the joining area increased. An interesting phenomenon
is that the joining area on the AS and RS was asymmetric, and the
residual CFRTP was obviously distributed toward the AS. In other
words, the joining area on the AS was more than that on the RS.
Besides, at 2000 rpm, there were some yellow re-solidified plastic.
This yellow plastic was the result of the base plastic being over-
decomposed, which had much less load bearing ability than the
base plastic [21], and thus was not good for the joint strength.

In order to clarify the cause of the asymmetry of the joining
area on the RS and AS, the temperature profile at different posi-
tions of the normal FL] joint at 1500 rpm was measured, as shown
in Fig. 4. At various positions across the overlap zone, the max-
imum temperature all exceeded the thermal decomposition and
melting temperature of PA6, which suggested that the PA6 across
the lapped zone had melted. In addition, the temperature curves
7.5 mm away from the joint center on the RS (blue curve) and the
AS (red curve) were different, and the cooling rate on the RS was
much faster than that on the AS. The staying time above the melt-
ing point and decomposition temperature was about 8.5 s and 3.6s,
respectively on the AS, while only about 6.8 s and 1.4 s on the RS.
This can be explained by the high thermal conductivity of Cu.

As we know, the thermal conductivity of Cu was about
401 W/(mK) [22]. At such a high thermal conductivity, the heat in
the joint (the tool center was regarded as the heat source) would
be conducted quickly into the near Cu sheet with lower tempera-
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Fig. 3. Typical macrostructures of the opposing fractured surfaces of normal joints at 800, 1500 and 2000 rpm. Points of A, C, R and E on the fracture surface at 1500 rpm

correspond to the positions for temperature measurement in Fig. 1.



L.H. Wu et al. / Journal of Materials Science & Technology 34 (2018) 1628-1637 1631

800 rpm

Fracture at BM
AS RS

Tool passed zone

1500 rpm
Fracture at BM

Tool passed zone

10/mm; 10 mm

Fig. 5. Typical macrostructures of the opposing fractured surfaces of offset joints at 800, 1500 and 2000 rpm. The points of O-A and O-R on the fracture surface at 1500 rpm

were the positions used for temperature measurement.

ture. The width of the whole Cu sheet was 75 mm, and the overlap
width was only 30 mm. It means that the width of Cu sheet for
heat conduction on the AS (15 mm) was much less than that on
the RS (60 mm). Thus, the materials on the RS would rapidly cool
down below the melting temperature of PA6. It was reported that
the main joining mechanism of Cu to CFRTP was attributed to the
formation of hydrogen bond between the Cu,0 on the Cu surface
and amide group (CONH) of PA6 [20]. On the RS, there was not
enough time for the formation of hydrogen bonding resulting from
the short duration at high temperature (Fig. 4). It would explain
why the joining area was much more on the AS.

3.2. Mechanical properties and fracture surface characteristics
after tool offsetting

As is mentioned above, too fast cooling rate was the main cause
of no bonding on the RS. In order to increase the whole joining area,
we reduced the cooling rate on the RS by offsetting the welding tool
7 mm away from the joint center toward the RS (Fig. 1b). After tool
offsetting, the fracture modes changed for 800-1500 rpm where
the joints fractured at the CFRTP base material, although the frac-
ture still occurred at the CFRTP-Cu interface at 600 and 2000 rpm.
The typical fracture morphologies are shown in Fig. 5. After tool
offsetting, the joining area obviously increased (Figs. 3 and 5). For
2000 rpm, the yellow plastic was hardly observed and the residual
CFRTP was distributed uniformly on the Cu surface, which sug-
gested that the degradation of CFRTP probably decreased after tool
offsetting.

The variation of the TSF with the rotation rate for the normal
and offset joints is shown in Fig. 6a. For both normal and offset
joints, as the rotation rate increased, the TSF showed an increas-
ing trend first, and then decreased. The maximum TSF achieved at
1500 rpm. Tool offsetting enhanced the joint TSF at each param-
eter, from 0.89-2.25kN to 1.71-3.54kN. The estimated residual
CFRTP areas (i.e. joining area) on the Cu surfaces for the joints are
shown in Fig. 6b. After tool offsetting, the joining area increased
for every rotation rate except at 600 rpm. Therefore, tool offsetting
could increase both the TSF and the joining area.

The typical temperature measurement at the edge of the tool
on the RS and AS (point O-R and O-A, respectively, in Figs. 1b and
5) during offset FLJ at 1500 rpm is shown in Fig. 6¢. The duration
above the melting and thermal decomposition temperature on the
RS was about 8.4s and 1.8s, and 9.3 s and 1.6 s on the AS, respec-
tively. Compared to that for the normal joint (Fig. 4), the material
of the offset joint showed a longer duration at high temperature
on the RS while a shorter duration over the thermal decomposi-
tion temperature on the AS. This is because after tool offsetting,
the width for heat conduction from the tool center increased on
the AS but decreased on the RS (Fig. 1). Therefore, the increase of
the joining area for the offset joints should be mainly attributed

to the decrease of the cooling rate on the RS, and thus there was
enough time to form hydrogen bond between PA6 and Cu,0 on the
Cu surface.

Fig. 6d shows the increasing efficiency of the TSF and the
estimated residual CFRTP area after tool offsetting. At 800 and
1000 rpm, the increasing efficiency of the TSF was very close to that
of the joining area. However, at other parameters, there was some
difference between them. For example, at 2000 rpm, the increasing
efficiency was even reached 135%, while the increasing efficiency of
joining area was just 8.1%. At 600 rpm, the joining area decreased
but the TSF increased after tool offsetting. In our previous paper
[19], we have suggested that the joining area, the bubbles and the
CFRTP degradation were the main factors influencing the joint TSF.
Therefore, according to the relationship of the increasing efficiency
of the TSF and the joining area, the increasing of the TSF at 800 and
1000 rpm should be mainly attributed to the increase of the joining
area. While for other parameters especially for 600 and 2000 rpm,
the bubbles and the CFRTP degradation should also contribute a lot
to the increase of the TSF. Therefore, besides the joining area ana-
lyzed above, we will analyze the cause of the increase of the joint
TSF from another two factors: the bubbles and the CFRTP degrada-
tion, which will be exhibited in Sections 3.3 and 3.4, respectively.

3.3. Bubbles formation and distribution in the FL] joints

The macrostructural cross sections of the normal and offset
joints are shown in Fig. 7. The interface of each joint showed a
concave shape, whose curvature, depending on the melting and
softening extent of CFRTP, increased with the rotation rate. A zone
consisting of white dots was observed in the CFRTP near the inter-
face of each joint, which corresponded to the re-solidified layer.
These white dots were bubbles described in the following section.
As the rotation rate increased, the re-solidified layer with the bub-
bles became thicker. It was reported that either the increase of
the peak welding temperature or the duration at high temperature
resulted in the increase of melted plastics and bubbles. During FL],
with the rotation rate increasing, the peak welding temperature
increased but the duration at high temperature did not increase
remarkably [12]. Therefore, thicker re-solidified layer with more
bubbles should be mainly related to higher peak temperature for
the higher rotation rate.

The bubbles remaining in the joints were actually the combina-
tion result of the thermal decomposition of PA6 and being expelled.
In this study, FLJ for different plunge depths of 0.3-0.9mm at
2000 rpm were carried out to describe the generation and expulsion
processes of bubbles (Fig. 8). For the normal joints, it was observed
that as the plunge depth increased, the bubbles remaining in the
joint increased (Fig. 8a, c and e). For the offset joints, the bubbles
largely decreased, and only a few small bubbles remaining in the
joints for all the plunge depths (Fig. 8b, d and f). As is mentioned
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Fig. 7. Macrostructural cross sections of normal and offset Cu/CFRTP joints at different rotation rates.

above, welding temperature and the duration at high temperature
is the main factors influencing the generation of bubbles. For the
same parameter for normal and offset joints, the heat input and
peak welding temperature should be similar. Therefore, fewer bub-
bles after tool offsetting might be mainly attributed to the decrease
of the duration at high temperature (Figs. 4 and 6c).

According to Fig. 8, for the normal joints, at the plunge depths
of 0.3 mm, only a few bubbles was observed at the edge of the joint
(Fig. 8a). At 0.6 mm, the number of the bubbles increased, and most
of them located at 130-420 p.m away from the edge (Fig. 8c), with
some bubbles observed in the expelled plastic out of the joint (also
called “flash”, insert of Fig. 8c). For further plunge of 0.9 mm, a large
number of bubbles remained across the joint from the center to the
edge, and the typical bubbles in the center are shown in Fig. 8e.
It suggested that when the heat input was low, bubbles could be
almost expelled out. But when the heat input increased, too many
bubbles generated, and they could not be thoroughly expelled out.
It means that the bubbles remaining in the joint were largely depen-
dent of the heat input.

Therefore, the generation and expulsion process of the bubbles
can be described as follows. After the tool plunged into the Cu sheet,
the PAG in the some specific region (we called it as Region A) melted,

which, under the downforce of the tool, flowed out along the gap
between Cu sheet and CFRTP plate. As the heatinput increased, bub-
bles were generated from the thermal decomposition of PA6 in the
Region A. Some of these bubbles, accompanying with the flowing
of the melted PAG6, would flow out of the joint or into other regions
of the joint. If the cooling rate was not too fast, those melted PA6
coming from Region A would be further thermally decomposed to
generate more bubbles. During the whole joining process, the gen-
eration and expulsion processes described above repeated, which
determined the final volume of bubbles in the joint. Therefore, the
bubbles remaining in some specificregion depended on three parts:
1. generation of bubbles in this area, largely depending on the heat
input and cooling rate; 2. flowing in of bubbles, largely depending
on downforce of the tool and the cooling rate; and 3. expulsion of
bubbles, largely depending on downforce of the tool. In all, the bub-
bles remaining in the joint largely depended on the heat input, but
the downforce of the tool and cooling rate of the joints also affected
their volume.

Measuring the size and number from the fracture surface of the
CFRTP side was a good way to quantify the bubble distribution in the
Cu/CFRTP joints. Unfortunately, the offset joints at 800-1500 rpm
fractured along the base CFRTP materials, and the bubbles could
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Fig. 8. Typical microstructure of Cu/CFRTP joints at 2000 rpm with different plunge depth for normal joints of (a) (c) (e) and for offset joints of (b) (d) (f): (a) (b) 0.3 mm, (c)

(d) 0.6 mm, with (c) joint at edge inserted, and (e) (f) 0.9 mm.

not be measured from the fracture surface. In order to obtain the
good statistical results, the bubbles were measured from both the
observation of fracture surfaces and cross sections. Compared to
the normal joints at all the rotation rates, the fraction and num-
ber of bubbles for offset joints obviously decreased, and the typical
cross-sectional microstructures at 1500 rpm and microstructures
for fracture surfaces at 2000 rpm are shown in Fig. 9.

Fig. 10 shows the distribution of the bubble area and number
for both normal and offset joints. For the normal joints at 600 rpm
and 2000 rpm (Figs. 10a and c), a large number of bubbles including
large bubbles with the area >0.5 mm? was observed. Tool offsetting
largely reduced the area and number of bubbles (Figs. 10b and d),
especially making those large bubbles disappear. For example, after
tool offsetting, at 600 rpm, the bubble with the size >0.003 mm?
completely disappeared (Fig. 10b); at 2000 rpm, the large bubbles
>0.01 mm? largely decreased and the super large bubbles >0.3 mm?
disappeared (Figs. 10c, d and the inserts). At 1500 rpm, the areas of
bubbles for both normal and offset joints were very small (most
bubbles <0.004 mm?), and tool offsetting mainly reduced the num-
ber of the bubbles (Figs. 10e and f). It is well-known that the large

bubbles in the joints might have acted as the fracture sites, decreas-
ing the strength of the joints. Therefore, tool offsetting reduced the
chance of the large bubbles acting as the fracture sites, which was
one of the reasons for increasing of the joint TSF.

Table 1 shows the statistical results of the bubbles measured
from the fracture surface of the CFRTP sides. For the normal joints,
as the rotation rate increased, the number and total area of bub-
bles decreased first, and then increased. At medium rotation rate
(e.g. 1000 and 1500 rpm), the total area, fraction and average area
of bubbles was small, which corresponded to a relatively high joint
strength (Fig. 6a). It should be noted that at 1500 rpm, the num-
ber of the bubbles was the most and the average size of the bubbles
was the least, while the TSF was largest within the normal FL] joints
(Fig. 6a). It suggests that those small bubbles might influence the
joint strength very little, which agreed with the conclusion dur-
ing laser welding of plastics to metals [10]. At 600 rpm, the total
bubble area and the fraction of bubbles were largest, which can be
explained by the formation and expulsion process. At 600 rpm, the
volume of bubbles generated was small, but no enough heat and
pressure to expel these bubbles, which resulted in the gathering of
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Fig. 9. Bubble comparison of joints for (a)(c) normal FLJ and (b)(d) offset FLJ: typical cross-section of FLJ Cu/CFRTP joint with (a) normal and (b) offset joints for 1500 rpm,

fracture surfaces on the CFRTP side of (c) normal and (d) offset joints for 2000 rpm.

Table 1

Bubble statistical results for the normal and offset joints measured from fractured CFRTP surface.

Rotation rate, rpm  Number Total area, mm?  Fraction, %  Average size, mm?  Bubble Area on AS, mm?  Bubble Area on RS, mm?
Normal FL] 600 839 18.97 34.80 0.0226 17.64 1.33

800 221 3.19 5.85 0.0144 3.08 0.11

1000 531 1.90 3.48 0.0036 1.85 0.05

1500 2800 3.19 5.84 0.0011 2.97 0.22

2000 605 16.33 29.95 0.0270 13.93 2.40
Offset FLJ 600 15 0.015 0.027 0.0010 0 0.015

2000 516 3.06 5.57 0.0059 1.77 1.29

many bubbles into huge bubbles at the edge (super large bubbles
in Fig. 10a).

The bubbles on the AS were much more than that on the RS
(Table 1).1t could be explained by the difference of the cooling rate
on two sides (Fig. 4). As is mentioned above, the bubbles remain-
ing in specific region depended on three parts. Compared to that
on the RS, because of smaller cooling rate on the AS (Fig. 4), more
melted plastics accompanied by more bubbles flowed into this area,
and a long heating time above the thermal decomposition would
accelerate the degradation of plastics to generate more bubbles.
Therefore, the bubbles mainly distributed on the AS for normal
joints. Besides, at 600 and 2000 rpm, the fraction of the bubbles
was over or approached to 30%. After tool offsetting, it reduced into
less than 6% (Table 1), and the total area of bubbles reduced into
only 0.1% and 19% of the original level at 600 rpm and 2000 rpm,
respectively. It was attributed to the fact that tool offsetting largely
reduced the bubbles with large size (Figs. 10a-d).

Table 2 shows the results of the bubble measured from the joint
cross sections. For normal joints, the trend for the number and total
area of the bubbles with rotation rate was similar to that observed
from the fracture surface (Table 1). The total area of the bubbles
decreased for each rotation rate after tool offsetting. For example,
at 800 rpm, the total area of the bubbles was only 0.02 mm?2, only

33% of the original level after tool offsetting. Especially at 2000 rpm,
the total area of the bubbles reduced from 10.7 mm? into only
0.15mm?, and the average size reduced to less than 1/10 of the
original average size. Combining the TSF and the bubble statistics
(Figs. 6a, d and Tables 1, 2), it was found that tool offsetting not
only enhanced the TSF from 0.89-2.25 kN to 1.71-3.54 kN, with the
maximum increasing rate of 135%, but also reduced the bubble area
to only 19% of the original level at 2000 rpm. For the offset joint at
800 rpm, the area of the bubbles was only 0.02 mm?, with a high TSF
of 3.37 kN. Therefore, tool offsetting is a good method to achieve a
high joint strength with few bubbles for the FL] of Cu to CFRTP.

3.4. The CFRTP degradation and vickers hardness of FL] joints

Fig. 11 shows the Vickers hardness of the CFRTP side in the
normal and offset Cu/CFRTP joints at 2000 rpm. Compared to the
normal joints, the offset joints showed a more uniform hardness
distribution. For the normal joint, a high hardness zone exhibited
near the tool center line, while near the edge of the joint on the AS,
there was low hardness zone. As we know, during FLJ, the matrix
(PAG) of CFRTP in the center would melt and flow out. But the car-
bon fibers in the CFRTP did not flow as well as melted PA6, and
thus they would remain in the center after the melted PA6 flowed
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Fig. 10. Bubble size distribution comparison in (a)(c)(e) normal FLJ joints and (b)(d)(f) offset FLJ joints: bubble distribution observed from fracture surfaces on the CFRTP

side for (a) normal FLJ and (b) offset FLJ at 600 rpm, (c) normal FLJ and (d) offset FL] at 2000 rpm, with detailed bubble distribution inserted, and bubble distribution observed
from cross-section of FLJ Cu/CFRTP joint for (e) normal FLJ and (f) offset FLJ at 1500 rpm.

Table 2
Bubble statistical results measured from cross sections of normal and offset Cu/CFRTP joints.
Normal FLJ Offset FLJ
Rotation rate, rpm Number Total area (mm?) Average size (mm?) Number Total area (mm?) Average size (mm?)
600 46 0.23 0.0050 12 0.015 0.0012
800 4 0.06 0.0150 9 0.020 0.0022
1000 129 0.46 0.0036 37 0.190 0.0051
1500 601 0.80 0.0013 393 0.617 0.0016
2000 362 10.70 0.0296 69 0.150 0.0022

out. As a result, a high hardness because of the gathering of the
carbon fibers exhibited in the center of the joint, with the typical
microstructures shown in Fig. 12b.

At the edge, however, melted PA6 flowed in but carbon fibers
was difficult to flow, and thus the CFRTP at the edge contained few
carbon fibers, which reduced the strengthen effect of carbon fibers,

thereby reduced the CFRTP strength. Besides, the re-solidified plas-
tic near the edge of the joint should be the first melted plastic
flowing in, which experienced long time at high temperature to be
decomposed. As a result, the degradation of the PA6 matrix largely
increased, confirming by the over-melted yellow plastic in Fig. 3,
which also probably largely reduce the CFRTP hardness [3]. There-
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Fig. 11. Vickers hardness of CFRTP side near the interface of Cu/CFRTP joints at 2000 rpm for (a) normal, and (b) offset FLJ.

Fig. 12. Typical microstructure at CFRTP side with (a) low hardness on edge of the AS, and (b) high hardness near tool center line for normal FLJ joint at 2000 rpm.

fore, the low hardness zone was the result of large degradation,
bubbles and few carbon fibers, with the typical microstructures
shown in Fig. 12a.

Thus, local low hardness zone for the normal joints might
become the fracture zone and reduce the joint strength. Compared
to the normal joint, the offset joint experienced a shorter time
for thermal decomposition of the plastic (Figs. 4 and 6c¢), reduc-
ing the degradation of PA6 matrix. Therefore, the less degradation
of the CFRTP is another reason that tool offsetting enhanced the
joint strength.

3.5. Main advantages of FL] with tool offsetting

From the analysis above, the TSF increased after tool offsetting
mainly because of three factors: the increase of the joining area,
the decrease of the bubbles volume and the decrease of the CFRTP
degradation. It was because tool offsetting could reduce the non-
uniform temperature distribution in the joints, which resulted from
the decrease of the cooling rate of the RS and the duration at the
high temperature on the AS. It was reported that the bubbles are
benefit for the bonding of plastics and metals during welding [4],
while the bubbles remaining in the joints after welding reduced
the joint strength. Therefore, the best way to obtain a sound joint
with a high strength and the fewest bubbles is to produce enough
pressure to make a strong bond by forming enough bubbles at a
proper temperature during welding, and then expel these bubbles
out of the joints. Tool offsetting might be an efficient way to achieve
this goal for the FLJ of Cu to CFRTP. For example, in this study, the
total area of bubbles at 800 rpm for the offset was very few (only
0.02 mm?, Table 2), accompanied by a high TSF of 3.37 kN (Fig. 6a).
Although using some methods such as a silane coupling treatment
on the surface of metals [18], the TSF of the metal/plastic joint can be
enhanced, yet the total area of bubbles did not decrease. Therefore,
tool offsetting can be a potential way to obtain an attractive set of
properties for the FL] of Cu to CFRTP.

4. Conclusion

In this study, Cu and CFRTP were successfully joined by FLJ with
the tool in the joint center and offset the tool 7 mm toward the
RS, respectively. The TSF of both the normal and offset joints first
increased, and then decreased. Tool offsetting reduced the cool-
ing rate on the RS, and thus reduced the non-uniform temperature
distribution in the joints resulting from the high conductivity of
Cu. This not only enhanced the TSF of the joints from 0.89-2.25 kN
to 1.71-3.54 kN, with the maximum increasing rate of 135%, but
also reduced the bubble area to only 19% of the original level of
2000 rpm. The large increase of the TSF after tool offsetting was
attributed to the increase of the joining area, the decrease of the
bubbles and the decrease of the CFRTP degradation. Tool offsetting
is a good way to obtain a high-quality Cu/CFRTP joint with high
strength and a low fraction of bubbles.
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