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Abstract

metal and plastic.

Joining metal to plastic can lighten weight of products to reduce energy consumption. However, it is difficult to
achieve high-strength welding between metal and plastic. To address this problem, the methods of surface texture
pretreatment and laser irradiation welding was proposed to achieve the high-strength connection of metal and
plastic. In this study, with different parameters of laser power and texture morphology, 1060 Al with surface tex-
ture treatment was joined to polyethylene terephthalate (PET) by laser irradiation welding from metal side. Study
showed that as the laser power increased, the tensile shear strength of joints increased first, and decreased thereaf-
ter. Tensile shear tests demonstrated that the mechanical force of joint was strengthened contributed to mechani-
cal anchorage formed by surface texture. The depth-width ratio of the texture grooves affected the tensile shear
process of the joint. According to the result of temperature simulation, the existence of texture grooves reduced the
heat transfer efficiency, and the heat dissipation at interface was also impeded in course of laser welding. Finally,
the maximum tensile strength of T060AI-PET joint reached 48.4 MPa, which was close to the strength of PET matrix.
The bonding mechanism of the 1060AI-PET joints was composed of mechanical bonding and chemical bonding.
This study proposes an effective method to join metal to plastic which achieved high-strength connection between
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1 Introduction

Vigorous impetus is injected into the modern industry
because of the application of new materials and new
energy. Recently, the connection between metal and
polymer materials has broad prospects in lightweight
application. Polymer materials (polymers) extensively
utilized in many industries to achieve weight reduc-
tion, electrical insulation and good corrosion resistance
in manufactured components [1, 2]. In particular, PET,
one of a polymer, is applied to digital products, automo-
biles as structural materials by virtue of its lightweight
and remarkable mechanical properties [3-5]. Moreo-
ver, fiber reinforced thermoplastic composites are a new
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lightweight structural material. It is widely used in new
energy equipment, aerospace and automobile manu-
facturing owing to its high specific strength, good cor-
rosion resistance and good fatigue resistance [6, 7]. So
the research on the connection of fiber reinforced ther-
moplastic composites and metals has superior engi-
neering application value. Due to the main part of fiber
reinforced thermoplastic composites is constructed of
thermoplastic resin. When it is connected to metal, the
contact surface can actually be considered as a connec-
tion between metal and plastic. Metals are the most
important engineering material utilized in industrial
production. Especially, aluminum alloys are widely used
in automotive industry and aerospace [8, 9], because of
its relative low density, excellent corrosion resistance,
relative high strength and good formability [10-12]. The
connection of dissimilar materials just like metal and
plastic has the advantage of achieving better structural
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performance. Therefore, most engineering structures
are made of metal and plastic. However, the direction
joining of plastic to metal materials is difficult because
of their fundamentally different chemical and physical
properties.

The approaches to the direct joining of plastic to
metal have been investigated recently, such as friction
spot welding (FSW) and laser joining. Toshiya Okada
[13] and Peng Jun [14] conducted FSW on Al alloy and
plastic. They achieved the joint of Al alloy to ABS and
PET successfully. But the FSW technique also has its
own drawbacks. For example, FSW demands the stir-
welding head with high stiffness and the surface of the
material with high quality. Therefore, the technical
application requires high cost. Laser welding is another
approach to join metal and plastic materials. To obtain
the metals-plastics lap joints with good performance,
researchers have developed laser direct joining process
of metal and plastic [15-18]. In this process, a laser
beam is simply irradiated from metal side. This tech has
improved its prospects by producing good performance
joints between plastic and different metallic materials
such as stainless steel, Mg alloys and Al alloys. But the
joints of metals-plastics cannot be accompanied by high
tensile shear load.

To overcome this problem, surface pre-treated tech
is applied to the metals-plastics welding. Researchers
have proposed many methods to treat the surfaces of
metal parts, including grit blasting, shot peening and
chemical treatment. But these methods have common
drawbacks such as lack of flexibility and environmen-
tal pollution. On the contrary, the laser surface treat-
ment can avoid these problems. Grujicic reviewed
previous different approaches for polymer-metal join-
ing, and pointed out that the one based on micro-scale
mechanical interlocking is the most promising method
[19]. Heckert and Zaeh [20] reported laser processed
surface structures can be used for thermal joining of
aluminum with fiber reinforced thermoplastics. Jung
et al. [21, 22] conducted laser welding of carbon fiber
reinforced plastic (CFRTP) with different metal mate-
rials. It is found that the tensile shear strength of met-
als-plastics joint improved certainly because of the
micropores existed on the surface of plastics. Roesner
et al. [23, 24] conducted a laser welding test on a het-
erogeneous material of aluminum alloy and glass fiber
reinforced nylon. With the surface of aluminum alloy

Table 1 The chemical composition of T060Al (mass ratio, %)
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pretreated by laser, the shear strength of the joint was
improved effectively. To explore the function of the
surface pretreated on the joint tensile shear strength,
Rodriguez-Vidal et al. [25] processed microscopic pat-
terns on HC420LA (a low alloy steel) surface by pulsed
laser radiation. Then they used continuous wave
(CW) fiber laser to achieve the connection between
the HC420LA and PA6-GF30 (a glass fiber reinforced
polyamide). They studied the influence of groove
angle and groove spacing of linear microstructure on
joint strength, and reported that groove spacing is the
main factor affecting joint strength. The maximum
shear strength of the joint is 12 MPa when the groove
spacing is 200 um. Liu et al. [26] and Li [27] studied
the effect of surface texture on the properties of 316L
stainless steel and PET joints. By comparing textured
316L-PET joints and non-textured 316L-PET joints,
they found that the tensile shear strength of different
materials was improved through ablating the surface
by laser irradiation.

The previous studies have reported that after laser
beam irradiated on the metal surface, texture grooves
are formed on the metal parts. During laser welding, the
melting PET penetrated into the texture grooves at the
metal surface to form the mechanical anchoring effect.
Although surface texture can improve joint strength
effectively, there has been no comprehensive under-
standing the effect of surface texture morphology on
dissimilar welding between metal and plastic.

In this paper, surface texture and laser irradiation
welding are applicated to aluminum alloy (1060Al)-
PET welding to obtain 1060Al-PET welding joints with
high quality. The surface texture was produced using a
galvanometer scanning fiber laser at different condition
of marking defocusing and marking times. This paper
focuses on the effect of different morphology parameters
on the tensile shear strength of 1060Al-PET welding
joints.

2 Materials and Methods

2.1 Materials

In the experiment, the metal material used was 1060Al
with the dimension of 120 mmx25 mmx 1.5 mm. Com-
pared to other metals, aluminum alloy has many advan-
tages such as low density and high specific strength
[28-30]. Chemical composition and physical proper-
ties of 1060Al are shown in Tables 1 and 2, respectively.

Al Si Mn Cu

Mg Zn Mn Ti

99.60 <0.25 <0.05 <0.05

<0.05 <0.05 <0.05 <0.03
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Table 2 Main physical properties of 1060Al

Density Yield Tensile Elongation  Thermal
(g/cm3)  strength strength (%) conductivity

(MPa) (MPa) (W/(m-C))
2.7 >75 >105 3 234

PET plates with dimension of 120 mmx25 mmx2 mm
were used as the polymer during laser welding process.
Physical properties and chemical formula of PET are
exhibited in Table 3. The chemical formula of PET is
(C1oHgOy)n, of which chemical structure contained the
group ester carbonyl. In fact, because of active C atoms,
ester carbonyl can easily react with metallic element
during welding [26]. The component consists of Al and
PET can not only ensure high connection strength but
also meet the requirements of lightweight [31].

2.2 Experimental Methods

The experimental set-up for laser welding process of
1060AI-PET is shown in Figure 1. Two plates of different
materials were lapped and fixed by two pressing plates
by two bolts, each of which was equally submitted to a
35 N'm torque. The lap length was 50 mm. A TruDisk
8002 (FD25) laser with maximum power of 8 kW and
wavelength of 1060 nm. And the spot size of laser beam
was 0.2 mm at focal point. The conditions of 1060Al-
PET laser welding were defocused distance of 60mm and

Table 3 Main physical properties and chemical formulas of PET
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traveling speed of v = 0.9 m/min. As illustrated in Fig-
ure 1, laser welding was conducted in the direction per-
pendicular to the width dimension.

Before 1060Al-PET laser welding, lap surface of
1060Al was textured using a YLPM-1-4x200-20-20
galvanometer scanning fiber laser apparatus (IPG Inc.).
Laser beam of high energy density was used by the laser
apparatus to ablated the 1060Al surface exposed the
focused laser beam. In this experiment, with the con-
ditions of 20 W laser power and 500 mm/min ablation
speed, the texture morphology was changed by adjusting
the defocus amount and marking times. Then laser weld-
ing was carried out on 1060Al and PET. At first, with the
conditions of pulse frequency of 25 Hz, pulse width of
20 ms, pulse laser power (laser power) was optimized to
obtain the lap joints with good performance. The range
of laser power was from 1400 to 1800 W. Then, the
effects of surface texture morphology and the texture
distance on the properties of 1060Al-PET joints were
explored by orthogonal and single-factor optimization
test, respectively.

After the experiment, Leica DM2700M optical micro-
scope was used to observe the morphology of the
joints weld. Then tensile tests were further carried out
on the accepted joints to evaluate joint tensile shear
strength (MPa) by TWC-2020 electronic universal test-
ing machine (Sinotest Equipment Co., Ltd.). In addition,
the plates of 1.5 mm and 2 mm should be fixed at both

Decomposition
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(g/em’) (°C) o (%) (MPa)
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Figure 1 Schematic representation of the experimental set-up for laser irradiation welding
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Figure 2 Schematic representation of the tensile shear experimental setup

ends of the tension specimens to keep the thickness of
the clamping consistent (shown in Figure 2). Due to the
received samples in this paper were non-standard ten-
sile samples, so the equivalent tensile strength (P) was
used as the evaluation standard of joint strength. The
equivalent tensile strength is expressed as follows: P =
F/S, in which F is tensile force (N) and the S is cross-
sectional area of PET sheet (mm?). In order to determine
the effect of surface texture on the 1060Al-PET joint
strength, the temperature field of welding process was
stimulated. SEM-EDS was carried out on the joint sam-
ples to explore the content and distribution of the weld
elements by a JSM-6510F scanning electron microscope.
After the tensile tests, representative fracture samples
were selected with residual PET on the surface of 1060Al
removing to study on connection mechanism of the
joints. Then Frontier FT-IR infrared spectrometer was
carried out on the connection area without residual PET
to detect the characteristic functional groups.

3 Results and Discussion

3.1 Laser Welding Test of 1060AI-PET Joints with Surface
Texture

Before the experiments to optimize the laser power, the

surface of 1060Al was textured by laser apparatus with

the texture distance of 0.5 mm. The marking and mor-

phology parameters of surface texture are shown in

Figure 3.

Typical bubble morphology of 1060Al-PET joints
under different laser power are shown in Table 4. The
bonding area was filled with bubbles. As the laser power
increased, the bonding area and the number of bubbles
increased obviously. The increase of laser power was
always accompanied with the increase of accumulating
heat. During the laser welding, PET started to decom-
pose into bubbles because the temperature of the weld
increased to a high level.

In order to evaluate the strength of the 1060Al-PET
joints, the tensile shear test was performed. Figure 4
shows the joint strength as the function of laser power.
The tensile strength had a trend to reach the maximum
at laser power of 1600 W, which was over 44 MPa. It
can be viewed as the effect of energy input. At the given
welding speed and defocusing amount, the laser power
had direct bearing on the energy density received by
1060Al surface. The morphology of 1060Al-PET inter-
face shows that at laser power of 1600 W, the bubbles’
volume and number are moderate and the tensile shear
strength of joint reached the maximum. During the bub-
ble expanding, the surface texture had a certain splitting
effect on the bubble. However, as laser power increased
(just like 1700 W and 1800 W), the bubble volume was
too large to reduce the splitting effect of surface texture.
Consequently, the joint strength decreased instead.
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Marking defocusing: Afi=3mm;
Marking times: 12

Average depth: 94.2um
Average width: 49.8um
Depth/width ratio: 1.9

Figure 3 Marking and morphology parameters of surface texture

Table 4 Joint morphology characteristics under different laser power

Laser power (W) 1400 1500

1600 1700 1800

Macroscopic
morphology

Microscopic
morphology

Tensile strength (MPa)

S0ty Stium

The fracture morphologies of 1060Al-PET joints
under different laser power are shown in Figure 5.
With the increase of laser power, the fracture mode
of the material changed from mixed fracture to base
plastic fracture. Fixed fracture took place at the laser
power of 1400 W. At condition of low energy input,

a little PET decomposed with some bubbles gener-
ated, which cannot form a high connection strength.
In the tensile test, instant impact resulted in mixed
fracture while fracture occurred. With the increase
of laser power, necking fracture occurred at the weld
edge. Base plastic fracture took place at the weld edge
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Figure 4 Tensile shear strength as a function of laser power
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Figure 5 Typical fracture modes of 1060AI-PET joints:a 1400 W, b 1500 W, ¢ 1600 W, d 1700 W, e 1800 W
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at laser power of 1700 W and 1800 W. And with the Table5 Parameters of the orthogonal optimization test

increase of power, there was a series of cracks appeared Marking defocusing (mm)

Marking times

at the fracture.
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3.2 Effect of Texture Morphology and Marking Distance 1

on 1060AI-PET Joints 3
The effect of surface texture morphology on the proper- 5
ties of the 1060A1-PET joints was explored by orthogonal -
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Table 6 The orthogonal optimization test results of texture
marking defocusing and marking times

Factor Marking Marking Results (MPa)
defocusing A times B
(mm)
Test 1 0 2 35.79
Test 2 0 5 39.44
Test 3 0 8 41.69
Test 4 0 12 47.08
Test5 0 15 46.98
Test6 1 2 37.70
Test7 1 5 34.58
Test 8 1 8 4298
Test9 1 12 46.36
Test 10 1 15 41.10
Test 11 3 2 39.18
Test 12 3 5 41.66
Test 13 3 8 46.90
Test 14 3 12 44.09
Test 15 3 15 43.11
Test 16 5 2 38.01
Test 17 5 5 39.73
Test 18 5 8 44.02
Test 19 5 12 4333
Test 20 5 15 40.26
Average value 1 42.1 38.1
Average value 2 40.8 382
Average value 3 41.8 429
Average value 4 41.1 433
Average value 5 41.6
Range 1.3 52
Optimal combination ~ A1B4
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optimization test at laser power of 1600 W. The texture
morphology was featured by marking parameters such
as marking defocusing and marking times. The param-
eters determined in this process are shown in Table 5.

The orthogonal optimization test results of texture
marking defocusing and marking times are shown in
Table 6. It was concluded that the influence of marking
times on the joint strength was greater than that of tex-
ture marking defocusing. The maximum of 1060Al-PET
joint tensile shear strength occurred at marking defocus-
ing of Omm, marking times of 12. In this condition, the
morphology parameters of surface texture are shown
in Figure 6(a), which were 103.7 ym in depth, 43.9 pum
in width, and the depth/width ratio was 2.3. The best
1060A1-PET weld morphology is shown in Figure 6(b).
It can be seen that the texture was good in shape and
the internal wall was relatively smooth, which was con-
ducive to PET melt filling. Moreover, there was flash
phenomenon near the grooves edge during the laser
marking, which can embed into PET matrix to enhance
the anchoring effect during laser welding. In this condi-
tion, the number and shape of bubbles were moderate
and the joint formed with well morphology. The maxi-
mum tensile strength of the joint was 47.08 MPa.

With the optimal parameters above, the effects of tex-
ture distance on the 1060Al-PET joint properties were
explored. The joints morphologies at different texture
distance are shown in Table 7. The results show that
the bonding area of joint increased in proportion to the
increase in the texture distance from 0.3 mm to 0.7 mm.
The bubble volume increased distinctly as well. From the
point of the microscopic morphologies, there was obvi-
ous influence of surface texture on the bubble morphol-
ogy. When the texture distance was small, the process of

Marking defocusing: A4f/=0mm
Marking times : 12

Average depth: 103.7pm
Average width: 43.9pm
Depth/width ratio: 2.3

ax

Figure 6 Morphology of the weld under the optimal parameters: a texture morphology, b weld morphology

H O )

& =4
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Table 7 Morphologies of T060AI-PET joints at different texture distances

Other parameter Laser power (P=1600 W), marking defocusing (Afi=0 mm), marking times (n=12)

Texture distance 0.3 mm 0.4 mm 0.6 mm 0.7 mm

Macroscopic morphology

Microscopic morphology

48.32

Tensile strength (MPa)

0.5 mm

bubble growth was limited by the surface texture. With
the increase of the texture distance, the limitation effect
went down and bubbles volume increased.

Figure 7 shows the 1060Al-PET joint strength at dif-
ferent texture distances. The joint strength featured
a tendency to increase with the decrease of texture
distance. But when the texture distance decreased
to 0.4 mm, the joint tensile shear strength no longer
improved and reached to 48.4 MPa, which was equal to
100% of the strength of PET matrix. Texture distance
worked on 1060Al-PET joint properties in two aspects.
For the first, bubbles in the weld beam were divided
into smaller shapes by surface texture at lower distance
during laser welding. For the other, with generated
high pressure around the bubbles, the PET melt was
pressed into the texture grooves, which can make the
surface texture filled more tightly. Furthermore, the
real connection area increased because of the texture
grooves. With the decrease of texture distance, the
density of texture grooves increased and the mechani-
cal anchorage effect became more obvious. When
the texture distance decreased to 0.4 mm, the joint
strength had reached 100% of that of the PET matrix
strength. Therefore, the joint strength was no longer
improved if the texture distance continued to decrease.

Fracture morphologies of 1060Al-PET joints at dif-
ferent texture distances are shown in Figure 8. During
tensile shear tests, necking fracture took place at the
edge of the weld beam at the texture distances of 0.3
mm, 0.4 mm and 0.5 mm. With the increase of texture
distance, the joint strength decreased and the fracture
mode of joints turned to base plastic fracture.

3.3 Function of the Texture Depth/Width Ratio
on the Joint Properties

The morphology parameters of surface texture had an
important influence on 1060Al-PET joint properties.
The relationship between strength of 1060Al-PET joint
and depth/width ratio is shown in Figure 9. It can be seen
from part I that the tensile shear strength of the 1060Al-
PET joints was relatively weak at the ratio of 0-1.5. As
for the other part, the tensile shear strength of the joints
had a trend to first increase, to reach the maximum and
then drop down with the depth/width ratio varied from
1.5 to 3.5. The received 1060Al-PET joints with high ten-
sile shear strength were at the texture depth of 97-115
pum and depth/width ratio of 2—-3. The results above was
illustrated next.

The schematic diagram of the tensile force of PET
during tensile test at different depth/width ratios is
shown in Figure 10. At the depth/width ratio of 1.1,
the inner wall of the texture groove was inclined to the
upper surface at an angle. This angle would cause an
upward component of tensile force during the tensile
shear test. Therefore, PET in the texture groove broke
away from the texture easily, resulting in the failure of
the joint. To make a comparison, the inner wall of the
texture groove was nearly perpendicular to the upper
surface at the depth/width ratio of 2.3. During ten-
sile shear test, the force without upward component
existed was perpendicular to the inner wall of the tex-
ture. Therefore, PET was not easy to escape from the
texture groove and the anchoring effect of surface tex-
ture was reinforced a lot.
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The typical fracture modes comparation between dif-
ferent depth/width ratio is shown in Figure 11. The frac-
ture of the joint was base material fracture of the weld
edge as exhibited in Figure 11(a). According to the frac-
ture location, the PET completely disintegrated from
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the texture groove on the surface of fracture location,
and there was no PET residual in the texture grooves.
The necking fracture at the depth/width ratio of 2.3
is shown in Figure 11(b). The necking fracture of PET
matrix occurred at edge of the weld, and the texture
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Figure 7 1060AI-PET joint strength at different texture distances
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Crack Crack
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Figure 8 Fracture morphologies of 1060AI-PET joints at different texture distances: a 0.3 mm, b 0.4 mm, ¢ 0.5 mm, d 0.6 mm, e 0.7 mm
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Figure 9 Relationship between strength of 1060AI-PET joint and depth/width ratio

grooves was well filled by PET without any separation or
fracture. The results of tensile shear test were consistent
with the analysis in Figure 10.

When the ratio reached more than 3, the result of the
tensile shear test was just the opposite. As is shown in
Figure 12, because of the too large depth/width ratio, the
groove was not fulfilled with PET and there was bubble
in the bottom of the texture while the grooves of tex-
ture were fulfilled by PET melt at depth/width ratio of
2.3. Bubble in the groove went against tensile strength of
the joint. Therefore, it was difficult to obtain the 1060Al-
PET joints with high strength at too large depth/width
ratio.

3.4 Temperature Simulation in 1060AI-PET Laser Welding
Process

As we all know, temperature is one of the most cru-
cial factors to determine the joint properties. Thus,
it is necessary to conduct the temperature simulation
of the bonding area. Geometrical model was con-
sist of the 1060Al plate of 20 mmx25 mmx1.5 mm
and PET plate of 20 mmx25 mmx2 mm. In order to
simplify the simulation process, the texture morphol-
ogy was scaled up by selecting the texture width of
0.2 mm and the depth-width ratio of 2. Geometrical
model is shown in Figure 13. The physical properties
of 1060Al and PET are presented in Table 8. In the
temperature simulation, the change of thermophysical

properties with temperature is not considered. SYS-
WELD software was employed to conduct the numeri-
cal simulation of the developed model. Because the
power density distribution of laser beam is close to
the Gaussian distribution, Gauss heat source was used
during the experiment [32].

Figure 14 presents the results of temperature simu-
lation, as compared to the non-textured 1060Al-PET
joint with the highest temperature of 509 ‘C, the high
temperature region in textured joint was more con-
centrated and the highest temperature reached to 526
°C. Since the difference of the melting temperature
between 1060Al and PET was very large, the gener-
ated heat causes PET zone at interface to be melted
and fused, while the 1060Al was kept in solid state.
The joint with high tensile shear strength was formed
in this condition. When the laser worked on the metal
surface, the heat was transferred to the lap surface
mainly via the 1060Al matrix. On the one hand, the
exist of texture grooves reduced the heat transfer effi-
ciency, leading to temporary heat accumulation. On
the other hand, the texture grooves were filled with the
molten PET because of the high pressure. In consider-
ation of the huge difference between 1060Al and PET
matrix, the heat dissipation at interface was impeded
in course of laser welding. Therefore, the high-tem-
perature area was more concentrated in the welding
process.
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3.5 Bonding Mechanism of 1060AI-PET Welding Joints
To have an understanding on bonding mechanism
between metal and PET, mechanical anchoring effect
was discussed in this section. It should be also pointed
that the chemical bond between PET and metal played
a significant role in the joint mechanical properties.
Figure 15 shows schematic diagram of the function
of surface texture for mechanical anchoring effect.
During laser welding, the temperature of weld reached
to over 350 °C (degradation temperature of PET), there
would be a lot of bubbles around the surface texture.
For the first, the melt fluidity can be promoted as the
bubbles to grow and connected with each other dur-
ing interaction time. The high pressure caused by gen-
eration and rapid expansion of these bubbles made the
molten PET pressed into the texture grooves, which
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can make the surface texture filled more tightly. For
the other, surface texture not only formed a series
of grooves on the metal surface, but also produced
flash embedded into the PET. Therefore, mechanical
anchoring effect achieved with the groove and flash on
the interface of weld. Surface texture can give full play
to the role of mechanical anchoring effect for its direc-
tion perpendicular to the tensile direction [34, 35],
which significantly improved the tensile shear strength
of the joint.

Microstructure at the interface of 1060AI-PET joint
is illustrated in Figure 16. In order to further con-
firm about the characteristics during laser welding of
1060Al to PET, typical joint was selected to be exam-
ined by SEM-EDS. Figure 17 indicates SEM-EDS ana-
lytical results of the texture groove and interface in

PET

1060Al

Figure 10 Schematic diagram of the tensile force of PET at different depth/width ratios: a depth/width ratio of 1.1, b depth/width ratio of 2.3

PET

1060Al

Depth: 62.7um;
Depth/width ratio: 1.1;
Fracture mode: base material fracture

no PET residue

Depth: 103.7um;
Depth/width ratio: 2.3;

Fracture mode: necking fracture

PET filled well
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a
Depth/width ratio: 2.3

1060A1

Grooves of texture

Figure 12 Typical morphology comparation between different depth/width ratio: a depth/width ratio of 2.3, b depth/width ratio of 3.1

b >
Depth/width ratio: 3.1

b

p—
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p—
e ——

—
p——
JE———

Figure 13 Geometrical model of temperature simulation: a joint without surface texture, b joint with surface texture

Figure 16. It can be seen that the texture groove was
fulfilled with the molten PET at the joint interface,
then the chemical compositions of the representative
element of the point analyzed in point 1 of the molten
PET were composed of 76.88 wt% carbon, 22.94 wt%
oxygen. The joint interface was represented by point
2. Chemical compositions of the elements detected in
point 2 contained 7.39 wt% carbon, 3.58 wt% oxygen.
Because of the fact that there is no carbon existed in
the 1060Al, it was conformed that the carbon at the
interface had complexed with the 1060Al. The results
of linear scanning performed on the texture and inter-
face is shown in Figure 17(b). The carbon element
in the groove and at the interface was significantly
increased, which was consist with the result with the
point scanning. It was concluded that the surface tex-
ture not only significantly enhanced the joint strength
by the mechanical anchoring effect, but also increased
the actual bonding area of the weld. In addition, the
increased bonding area was beneficial to the mechani-
cal properties of the joint.

Table 8 Physical properties of 1060Al and PET [26, 33]

Property 1060Al PET
Density (g/cm®) 270 168
Specific heat capacity (J/(kg-"C)) 0.88x10° 2.50x10°
Thermal conductivity (W/(m-C)) 234 0.08
Elasticity modulus (MPa) 68 2
Poisson’s ration 0.35 0
Melting point (C) 660 280

Infrared spectrum analysis was carried out on speci-
mens to explore the forms of combination between
1060Al and PET molecules. There were two character-
istic absorption peaks at 1747 cm™! and 1146 cm™! in
Figure 18. There is a truth that the range of carbonyl
(C=0) vibration absorption peak is 1900-1680cm ™,
of which the ketone is 1720-1715c¢cm™, the aldehyde is
1740-1720 cm™}, and the ester is 17501735 cm™" [28].
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Therefore, the C=0 group corresponding to the charac-
teristic absorption peak at 1747 cm ™' was an ester car-
bonyl group. The characteristic absorption peak at 1146
cm™! in Figure 18 was corresponded to the ether bond
because the range of ether bond (C-O-C) was 1300-1050
cm™!. On the one hand, the carbon atoms in the C=0
group were active carbon atoms, which were electron-
egative and easy to gain electrons. During laser welding,
Al element bonded with carbon in carbonyl groups to
form metal complexes. On the other hand, the oxygen
on the ether bond was relatively stable, and it was not
easy for metals to bond. To sum up the results of EDS
and spectrum analysis, it was concluded that the CO
group in PET had complexation reaction with Al ele-
ments in 1060Al to form high-strength chemical bond.
High-strength chemical bond was an important factor
for high joint strength. This conclusion is consistent with
many related studies [16, 26, 27].
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4 Conclusions

Surface texture and laser irradiation welding are appli-
cated to 1060Al-PET welding to obtain 1060Al-PET
joints with high quality. Tensile shear test showed that
the laser power and parameters of texture marking had
great influences on the bond strength. The function of
texture morphologies on joint strength and bonding
mechanism were investigated. The results can be sum-
marized as follows.

(1) 1060Al1 with surface texture was successfully joined
to PET by laser irradiation welding from metal side
over a wide range of welding parameters.

(2) Tensile shear tests demonstrated that at the condi-
tions of texture depth of 97-115 um, depth/width
ratio of 2-3, spacing of no more than 0.4 mm,
1060AI1-PET joint can be obtained with good per-
formance. The maximum tensile shear strength
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Figure 14 Temperature simulation results of 1060AI-PET welding process: a 1060AI-PET joint without texture, b 1060AI-PET joint with texture
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reached to 48.4 MPa, which was equal to 100% of
the strength of PET matrix. With the same welding
parameters, the maximum strength of 1060Al-PET
joint without texture 33.75 MPa [17]. It demon-
strated the surface texture can enhance the con-
nect strength of the 1060Al-PET.

Figure 16 Microstructure of 1060AI-PET joint under observation of
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~ x700 20(im | —
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The mechanical force of joint was strengthened
contributed to mechanical anchorage formed by
surface texture and PET. The depth-width ratio of
the texture grooves affected the tensile shear pro-
cess of the joint. PET in the texture groove broke
away from the texture easily due to an upward
component of tensile force at low depth-width
ratio. When the ratio was too large, mechanical
anchorage effect would be reduced because the
groove was not fulfilled with PET and there was
bubble in the bottom of the texture.

Surface texture affected the heat transfer process
of welding. On the one hand, the exist of texture
grooves reduced the heat transfer efficiency, lead-
ing to temporary heat accumulation. On the other
hand, in consideration of the huge difference
between 1060Al and PET matrix, the heat dissi-
pation at interface was impeded in course of laser
welding.

The bonding mechanism of the 1060Al-PET joints
was composed of mechanical bonding and chemi-
cal bonding.
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Figure 18 Infrared absorption spectra of 1060Al surface on welding zone without residual PET
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