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Abstract
This paper presents a method to improve the laser joint strength between carbon �ber reinforced
thermoplastic composite (CFRTP) and aluminum alloy. In this method, the aluminum alloy sheet is preset
between the polyetheretherketone (PEEK) and carbon cloth, while the CFRTP with preset aluminum alloy
sheet is attained by the compression molding method. The CFRTP with preset aluminum alloy sheet is
connected to the aluminum alloy by laser heat source, and the maximum load of the joint can reach 4264
N. Microstructure and fracture surface morphology of joint are observed and analyzed. The results
indicate that the element diffusion between the preset aluminum alloy sheet and CFRTP shows more
signi�cant compared with the interface of aluminum alloy and CFRTP due to the effect of hot pressing.
The fracture failure mode of the lap structure between aluminum alloy and CFRTP is mixed fracture with
adhesion fracture as the main component. The fracture position of preset aluminum alloy sheet and
aluminum alloy lap structure occurs near the weld seam fusion line, while the fracture behavior presents
a ductile fracture. The joint bonding force is mainly attributed to the collective effect of two lap structures,
during the stretching process, the interface between aluminum alloy and CFRTP �rst undergoes fracture,
then preset aluminum alloy sheet undergoes plastic fracture failure.

1. Introduction
With the development of lightweight in aerospace, CFRTP has gradually become a signi�cant choice for
structural materials in aerospace on account of its high speci�c strength, good fatigue resistance, and
superior corrosion resistance [1–4]. In addition, aluminum alloys are still vital structural materials for
aerospace vehicles for a long time in the future owing to their excellent properties such as high strength,
high electrical conductivity, great thermal conductivity, and excellent corrosion resistance. Therefore, the
joining of aluminum alloy and CFRTP is inevitable in the �eld of aviation manufacturing, and the reliable
joining of CFRTP and aluminum alloy has become a research hotspot [5, 6].

For the joining technology of CFRTP and aluminum alloy, currently, adhesive bonding and mechanical
joining are utilized widely [7, 8]. However, these two technologies have distinct shortcomings. For
adhesive bonding, the strength of adhesive bonding joints is easily affected by the environment, and the
curing time of the cement is long [9, 10]; For mechanical joining, the use of rivets for riveting will increase
the weight of the structure, which does not meet the requirements for lightweight in the aerospace [11].
Furthermore, rivets can damage the carbon �bers in the composite material during the drilling process,
causing stress concentration, thereby reducing the strength of the joint. As a thermal joining, laser joining
technology not only avoid the above shortcomings but also possesses the advantages of energy
concentration, high e�ciency, non-contact, easy to automatic production. It has broad research prospects
for achieving the reliable joining of CFRTP and aluminum alloy [12, 13].

In recent years, numerous researches have been carried out on the laser joining of CFRTP and aluminum
alloy. Roesner et al. [14] successfully achieved the joining of 304 stainless steel with nylon and glass �ber
reinforced polyamide by using laser transmission welding and thermal conduction welding, respectively.
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Jung et al. [15–17] conducted laser heat conduction technology to achieve reliable joining between
CFRTP and galvanized steel, stainless steel, and aluminum alloy, respectively. The in�uence of bubbles
generated during the joining process on the joint was studied, and the formation mechanisms of the three
joints were analyzed, respectively. Sheng et al. [18] promoted the strength of the joint between CFRTP and
stainless steel by adjusting process parameters such as laser power and laser scanning speed. Zhang et
al. [19] adopted the swing laser process, which can effectively reduce bubbles and re�ne the weld grains,
increasing the tensile strength of the joint by 39%. In order to improve the strength of the joining joint
between CFRTP and aluminum alloy, pre-treatment before the laser joining process can be performed at
the joining interface, such as surface micromachining, phosphating, and chromium plating. Huang et al.
[20] employed pulsed laser to structure different textures on the surface of the titanium alloy and
performed the laser joining the titanium alloy and CFRP. The results proved that the joint strength has
been greatly improved. Lambiase et al. [21] also adopted a similar method to connect aluminum-
magnesium alloy and PEEK. The strength of the joint can reach 30 MPa, which is equivalent to 53 % of
the shear strength of PEEK. Zhang et al. [22] conducted the laser Sur�-Sculpt® technology to produce a
protrusions structure on the metal surface. The author held the view that the mechanical interlocking
effect of the structure of the protrusion is more excellent than the effect of microstructure, which is
mainly due to the structure of the protrusion can produce stronger pinning effect. Moreover, the author
employed acrylic acid to modify the surface of carbon �ber by ultraviolet light, and the strength of the
laser joint between aluminum alloy and CFRTP was increased from 5 MPa to 30 MPa [23]. 6061
aluminum alloy was anodized to form a porous structure on the surface of the aluminum alloy, while the
changed surface wettability resulted in the higher strength of the laser joint between the aluminum alloy
and CFRTP [24].

At present, the strength of laser-joined CFRTP and metal joints has been signi�cantly improved through
various means, but the strength of the joints has not yet been able to meet the current aerospace service
requirements. In order to further enhance the laser joint strength of CFRTP and aluminum alloy, a laser
joining process of aluminum alloy and CFRTP with preset aluminum alloy sheet is proposed. In this
process, the aluminum alloy sheet is preset between the carbon cloth and the PEEK, then compression
molding is implemented to form the CFRTP containing the aluminum alloy sheet. The laser joining of
CFRTP and aluminum alloy consists of two joining areas. The two joining areas are CFRTP-Al lap area
and preset Al sheet-Al lap area, respectively.

Through the collective effect of the strength of the two laps, the joint strength of the CFRTP and the
aluminum alloy is considerably improved. This paper introduces the manufacturing process of CFRTP
with preset aluminum alloy sheet, while the laser joining of CFRTP and the aluminum alloy is further
investigated. The �ber laser beam is utilized to bonding the CFRTP and the aluminum alloy. And then the
joint is tested for tensile strength. Microstructure and fracture morphology of joint is observed according
to the Optical Microscope (OM) and Scanning Electron Microscope (SEM). Based on the results, the
diffusion behavior and distribution characteristic of elements in the lap area between CFRTP and
aluminum alloy are analyzed, and the fracture characteristics of the joint are elucidated.
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2. Experimental Details

2.1. Materials and preparation methods
The experimental materials present 6061 aluminum alloy and CFRTP. The size of the aluminum alloy is
100×25×2 mm3. The chemical composition of 6061 aluminum alloy is shown in Table 1. PEEK and
carbon cloth are layered and stacked in the mold in sequence during the preparation of CFRTP, the size of
PEEK and carbon cloth are both 140×120×0.2 mm3. After stacking 3 layers of PEEK and 2 layers of
carbon cloth, 5 pieces of 6061 aluminum with a size of 50×25×0.8 mm3 is evenly placed on the edge of
PEEK plates, and thereafter 3 layers of PEEK and 2 layers of carbon cloth are laid in a symmetrical
structure, as illustrated in Fig. 1 (a). Then they are hot-pressed formed in a plate vulcanizing machine.
The melting temperature and thermal decomposition temperatures of PEEK are 616 K and 793 K,
respectively [25–27]. The relevant parameters of compression molding are depicted in Table 2. The hot-
pressed CFRTP is cut into 5 test pieces with a size of 120×25×2 mm3, and one end of the test piece with
preset aluminum alloy sheet is polished to expose the aluminum alloy sheet part of the area of 20×25
mm2.

Table 1
Composition of 6061 aluminum alloy (mass fraction, wt%)

Mg Si Fe Cu Mn Zn Cr Ti Al

0.8–1.2 0.4–0.8 ≤ 0.7 0.15–0.4 ≤ 0.7 ≤ 0.7 0.04–0.35 ≤ 0.7 Bal.

Table 2
Compression molding related parameters

Heating temperature

/(℃)

Pressure

/(MPa)

Heating time

/(h)

Pressurized time

/(h)

390 5.5 2 2.5

2.2. Laser joining process
Figure 2 demonstrates a schematic diagram of the lap structure, the three lap areas in the �gure are
marked as interface A, interface B and interface C, respectively. Figure 3 shows a schematic diagram of
the laser joining process. The joining process is formed by two �ber laser beams. Firstly, the �rst laser
beam is carried out to bonding aluminum alloy and preset aluminum alloy sheet. Then the lapping
structure is turned over and clamped after �nishing the �rst laser joining process, the second laser beam
is carried out to bonding aluminum alloy and CFRTP. The �rst laser beam is used for the metal-to-metal
lap joining, while the second laser beam is used for the heat conduction joining between the metal and
CFRTP. The required heat input of the two differs greatly, which results in a large difference in the
parameters of the two lasers. The relevant parameters of the two processes are listed in Table 3 after
various parameter attempts and optimizations in the early stage. The aluminum alloy receives the heat of
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the second laser beam and conducts the heat to the CFRTP to melt the resin at the interface. Under the
clamping pressure, the resin cools and solidi�es to achieve the joining between the aluminum alloy and
CFRTP.

Table 3
Laser joining related parameters

Joining process Laser power

/(W)

scanning speed

/(m⋅min− 1)

Defocus

/(mm)

Shielding gas �ow

/(L⋅min− 1)

The �rst

joining process

2400 2.0 -1 15

The second joining process 300 1.8 + 15

2.3. Evaluations of the microstructure and mechanical
properties
After the joining process is completed, a tensile specimen and a metallographic specimen are conducted
separately. Keller’s reagent (2.5% HNO3 + 1.5% HCl + 1% HF + 95% H2O) is adopted to polish and etch the
metallographic sample. The interface morphology of the joint is observed with an OM and SEM. In order
to evaluate the mechanical properties of the joints, a universal mechanical property testing machine is
employed to test the tensile properties of the specimens at room temperature with a tensile speed of 1
mm/min. In addition, the fracture morphology of the specimen is observed and analyzed by SEM, the
element distribution of the joint interface is investigated by Energy Disperse Spectroscopy (EDS), and the
element diffusion behavior of the interface is further elucidated.

3. Results And Discussion

3.1. Appearances of the joint
Two laser beams are applied to bonding both sides of the sample, and a sample of aluminum alloy and
CFRTP overlap is obtained. The tensile test is performed after the two ends of the tensile specimen are
bonded with gaskets of equal thickness. The purpose of bonding the gaskets is to eliminate the torque
during the tensile test. Figure 4 depicts the schematic diagram of the tensile sample and the sample
fracture after the tensile test. The fracture position of the sample is near the 0.8mm thick aluminum alloy
weld seam. Later, in order to analyze the element diffusion and microscopic morphology of the lap
interface of the sample, OM and SEM are adopted to observe and analyze the metallographic sample.

3.2. Joint cross-section analysis



Page 6/21

The metallographic sample was observed through OM, and the cross-sectional morphology of the joint
sample was displayed in Fig. 5. The 6061 aluminum alloy base metal is mainly α-Al phase, which is �at
�brous, and a small amount of β-Mg2Si phase is evenly distributed in α phase. The laser joining process
is a complicated thermal process, and the microstructure of the joint will change with various thermal
effects. According to the boundary conditions of structural undercooling [28], the direct contact between
the microstructure near the fusion line of the joint and the no molten metal causes a great degree of
undercooling. The fusion line forms a certain temperature gradient along the center of the weld seam to
form elongated columnar crystals. In the center of the weld seam, an equiaxed crystal is formed due to
the undercooling. In addition, dense pores are found near the fusion line. Under the action of external
force, these pores will gradually expand and become the weakest point of the bearing capacity of the
joint.

EDS detection is performed at the place where the interface is tightly connected, the line scan component
analysis is conducted according to the scanning path in Fig. 6 (a), and the component distribution
detection is implemented at point A, which is 2 µm away from the interface A. The detection results are
exhibited in Fig. 6 (b, d). The two ends of the scanning path are aluminum alloy and CFRTP, respectively.
The main component of the aluminum alloy side is Al element, and the content of C element is almost 0.
Similarly, the main element on the CFRTP side is C element, and the Al element is almost 0, but a very thin
reaction layer can be observed at the interface A. Through the analysis of the composition at point A, the
main component is C element with a mass fraction of 86.85 %, and the remaining components are Al
element with a mass fraction of 4.67 %. It indicated that the Al element within the aluminum alloy
diffuses into the CFRTP side with the combination effect of laser thermal in�uence and the clamping
pressure. Through the EDS surface scan composition distribution in Fig. 6(c), the diffusion of elements in
the reaction layer at the interface can be seen more intuitively. The diffusion of elements indicates that
chemical joining is produced at the joining interface, and the joining of chemical bonds can effectively
improve the strength of the interface.

In addition, the hot-pressed forming interface between preset aluminum alloy sheet and CFRTP has also
been analyzed. Figure 7 shows the morphology of the interface B and the line-scan composition analysis
of EDS. There are almost no defects such as bubbles and unfusion at the interface through observation
and analysis. Long-term hot pressing is conducive to the full diffusion of bubbles, and the interface is
heated evenly so that all parts of the interface joining can be e�ciently connected, the interface is more
tightly connected with long-term pressurization. According to the line scan results in Fig. 7 (b), compared
with Fig. 6 (b), the interface reaction layer is larger. On the CFRTP side, a point B is selected, which is also
2 µm away from the interface B. Then the composition analysis of point B indicates that the main
element at this point is the C element, and the content is 83.54%, and the content of Al element reaches
9.19%, which is higher than the content of Al at point A. This implies that under the effect of long-term hot
pressing, the Al element in the aluminum alloy and the C element in the CFRTP have been fully diffused,
and the chemical joining strength is higher. Therefore, the interface between preset aluminum alloy sheet
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and CFRTP forms a high-strength joining with high chemical joining strength and tighter mechanical
engagement force.

3.3. Joint fracture surface analysis
In order to further explore the tensile fracture characteristics of the sample, the fracture of the sample is
observed and analyzed by SEM. The sample fractured in two places, one is the fracture of the lap
interface between the CFRTP and the aluminum alloy, and the other is the fracture at the lap of preset
aluminum alloy sheet and aluminum alloy. Firstly, in order to analyze the failure mode of the CFRTP and
aluminum alloy lap interface, the morphology of the interface was studied. According to the morphology
of the CFRTP side of the lap interface shown in Fig. 8, a lot of torn resin and exposed carbon �bers can be
observed. In the lap laser bonding process of CFRTP and aluminum alloy, the thermal effect of the laser
melts the surface resin of CFRTP and �lls it into the rough aluminum alloy surface, then the resin is
cooled to form a joint. During the stretching process, due to the high bonding force between aluminum
alloy and some resins, the resin on the surface of the CFRTP is pulled out under the under the action of
moving aluminum alloy, while some carbon �bers covered by the resin are exposed. Through the EDS
surface scan composition analysis of Fig. 8 (b), it is found that in addition to the C element, there is a
sparse distribution of Al elements on the surface. Due to the laser thermal effect, only a small amount of
Al element diffuses, but this also re�ects the unevenness of the laser thermal effect, and the diffusion of
interface elements is not su�cient, which limits improvement of the joining strength. The EDS surface
scan results in Fig. 8 (d) also con�rm the above-mentioned cross-sectional element diffusion results.

On the other hand, a small amount of residual resin can be found by observing and analyzing the
morphology of the aluminum alloy side of the interface. It indicates that the joining strength between the
aluminum alloy and the resin in this area is higher than the strength of the resin itself in CFRTP. During
the stretching process, the resin is torn from the CFRTP and remains on the surface of the aluminum
alloy. However, Large amount of areas without residual resin are still observed on the surface of the
aluminum alloy, indicating that a lot of resin at the interface is utterly peeled off from the surface of the
aluminum alloy during the stretching process. It can be clearly seen from the EDS surface scan
composition analysis results of part of the aluminum alloy surface in Fig. 9(d) that the yellow in the
�gure represents the Al element, while the red representing the C element is scattered on the surface of
the aluminum alloy, and the red spots represent resin remaining on the surface of aluminum alloy.
Therefore, it can be judged that the failure mode of the sample joint is a mixed fracture, which includes
cohesive fracture and adhesive fracture. The three fracture modes of the joint are shown in Fig. 10.
However, owing to only a small amount of resin is found on the surface of aluminum alloy, the failure
mode is mixed fracture with adhesive fracture as the main component. Among them, cohesive fracture is
caused by the resin tearing due to the interface bonding force between the resin and the aluminum alloy
is greater than the ultimate bearing capacity of the resin itself, and the interface failure is caused by the
weaker bonding force between the resin and the aluminum alloy compared with the ultimate bearing
capacity of the resin itself, so that resin is completely peeled from the surface of the aluminum alloy. In
the stretching process, the stretching force causes a small amount of resin to plastically deform, but
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most of the interface area is the direct peeling of aluminum alloy and CFRTP. When a certain tensile load
is reached, the joint fails with almost no plastic deformation, indicating that the lap interface appears as
brittle fracture.

The lap fracture of preset aluminum alloy sheet and aluminum alloy is analyzed and observed. The
microscopic morphology of the aluminum alloy fracture is indicated in Fig. 11. It can be seen from
Fig. 11(a) that there are a few pores in the fracture section, and these pores are generally distributed near
the fusion line. When the joint is under force, the pores will primarily become the source of crack
propagation, reducing the mechanical properties of the joint. It can be seen from Fig. 11(b) that the
elliptical dimples can be clearly seen. These dimples have large differences in size and present obvious
unevenness, indicating that the fracture mode of the sample is a ductile fracture. For ductile fracture, the
fracture process is usually divided into three stages: micropore formation, expansion and aggregation.
Since the pores formed by laser joining will gradually expand under external force, these expanded gaps
will extend along the direction of the aluminum alloy dislocation slip. In addition, the aluminum alloy has
a face-centered cubic structure with numerous slip systems and extremely fast gap expansion. After
reaching a certain degree of plastic deformation, the joint will eventually fracture at the place with the
weakest bearing capacity.

3.4. Joint fracture characteristics
The force-displacement curve of the joint after the tensile test is demonstrated in Fig. 12. The maximum
tensile load of the joint is 4264N. Based on the analysis results of the fracture surface above, the
stretching process can be roughly divided into three stages: The �rst stage is two laps work together until
the CFRTP and aluminum alloy lap area fails. The slope of the curve at this stage is larger, and the size of
the slope is related to the strength of the joint. Under the same tensile displacement, the greater the slope,
the higher the tensile strength; In the second stage, the lap area between CFRTP and aluminum alloy has
failed, and the lap between preset aluminum alloy sheet and aluminum alloy works alone, and the plastic
deformation of the aluminum alloy causes tortuous changes in the tensile curve; The third stage is the
failure stage. The aluminum alloy fractures after a certain amount of plastic deformation. Figure 13
shows the fracture characteristics of the joint. When the tensile force reaches a certain load, due to the
low resin content on the surface of CFRTP, the lapped area between CFRTP and aluminum alloy fails
when almost no plastic deformation occurs, showing brittle fracture. The strength of the lap area of
aluminum alloy is larger than that of CFRTP and aluminum alloy. When the lap area of CFRTP and
aluminum alloy fails, plastic deformation occurs near the fusion area of aluminum alloy lap welding. In
the process of plastic deformation of aluminum alloy, the pores near the fusion line are expanded by an
external force. When the load reaches the limit, the aluminum alloy fails and fractures.

4. Conclusion
In order to improve the joining strength between CFRTP and aluminum alloy, a new laser joining process
of CFRTP with preset aluminum alloy sheet and aluminum alloy is proposed. The maximum tensile load
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of the joint by this method can reach 4264 N. The diffusion of elements in the joint and the joining
characteristics of the joint are discussed. The results indicate that there is the element diffusion at the
interface of CFRTP-Al and the interface of preset Al sheet-CFRTP. And due to the hot-pressed effect, the
element diffusion range between preset aluminum alloy sheet and CFRTP is more appreciable. The
failure mode of the lap structure between CFRTP and aluminum alloy is a mixed failure dominated by
adhesive failure. The fracture location of the lap structure between preset aluminum alloy sheet and
aluminum alloy occurred near the weld seam fusion line, and the fracture behavior is ductile fracture. The
collective effect of the interface of CFRTP-Al and the interface of preset Al sheet-Al increases the strength
of the joint. And during the stretching process, the interface between CFRTP and aluminum alloy
undergoes failure, then the aluminum alloy undergoes plastic deformation until the joint fails.
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Figure 1

(a-d) CFRTP with preset aluminum alloy sheet preparation �ow chart(e) Flat vulcanizing machine
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Figure 2

Schematic diagram of the lapping structure

Figure 3

Schematic diagram of laser joining. (a) The �rst joining process(b) The second joining process(c) Cross-
section of the specimen during the �rst joining process (d) Cross-section of the specimen during the
second joining process
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Figure 4

Tensile fracture morphology of sample (a) Schematic diagram of sample tensile test. (b) the aluminum
alloy part of the sample after the tensile test. (c) CFRTP part of the sample after the tensile test.

Figure 5

The microstructure of aluminum alloy lap laser welding. (a) 100 X. (b) 50 X.
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Figure 6

Morphology and element distribution of the lapped cross-section of CFRTP and aluminum alloy. (a)
Morphology of cross-section of CFRTP and aluminum alloy. (b) EDS test result of scanning track in (a).
(c) EDS surface scan result of (a). (d) Point A's composition test result
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Figure 7

Morphology and element distribution of the lapped cross-section of CFRTP and preset aluminum alloy
sheet. (a) Morphology of cross-section of CFRTP and preset aluminum alloy sheet. (b) EDS test result of
scanning track in (a). (c) EDS surface scan result of (a). (d) Point B's composition test result
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Figure 8

Morphology and element distribution on the CFRTP side of the interface between CFRTP and aluminum
alloy. (a) Morphology on the CFRTP side of the interface between CFRTP and aluminum alloy. (b, c)
Partially enlarged view of morphology. (d) Morphology EDS surface scan test results
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Figure 9

Morphology and element distribution on the aluminum alloy side of the interface between CFRTP and
aluminum alloy. (a) Schematic diagram of residual resin on aluminum alloy surface. (b) Partially
enlarged view of morphology. (c) Morphology EDS surface scan test results.

Figure 10
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Lap joint fracture mode. (a) Cohesive fracture. (b) Adhesive fracture (c) Mixed fracture.

Figure 11

Fracture surface of aluminum alloy lap structure. (a) Aluminum alloy fracture surface morphology. (b)
Partially enlarged view.
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Figure 12

Force-displacement curve of specimen tensile test
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Figure 13

Schematic diagram of joint fracture process. (a) Joint stretching process. (b, c) Partial enlarged view.


