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Abstract: Carbon fiber reinforced polymer (CFRP) is widely used in the lightweight design of high-
speed trains due to its high specific strength. In order to further reduce the weight of the high-speed
train body;, it is necessary to study the joining process and fatigue properties of CFRP/aluminum
alloys (CFRP/ Al) structure. In this work, the CFRP plate and 5083P-O aluminum plate were success-
fully connected by an induction brazing method. The optimum parameters of induction brazing were
determined to be an induction temperature of 290 °C, a normal pressure of 200 kPa, and a holding
time of 5 s. After the 5083 plate was pre-anodized, the tensile strength of the CFRP /5083 joint reached
a maximum value of 176.5 MPa. The anodization process introduced more surface micro-structures
on the 5083 plate, leading to a better wetting behavior between CFRP and oxide film. Meanwhile, a
new chemical bond, Al-O-C, was also formed at the interface of the CFRP /5083 joint. The fatigue
limit of the CFRP /5083 joint was calculated to be 71.68 MPa through high-cycle fatigue (HCF) testing.
The fatigue cracks initiated from the interface of CFRP/oxide film, and then propagated to base metal.
Finally, the oxide film was peeled off from the base metal under shear stress, which contributed to the
fracture of the CFRP /5083 joint. The bonding strength between CFRP and 5083 aluminum alloy is far
from the conventional welded joints. Therefore, feasible approaches should be proposed to obtain a
more robust bonding between CFRP and aluminum alloy in the future.
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1. Introduction

In recent years, with the rapid development of the high-speed train industry, lightweight
design has become a mainstream element of train body manufacturing. The lightweight
structure not only increases the running speed of the train, but also has several advantages
against traditional steel and aluminum structure in terms of energy utilization, manufactur-
ing cost, and carbon footprint [1,2]. Among the common structural materials, carbon fiber
reinforced polymer (CFRP) material is considered to be the best candidate for lightweight
design due to its high strength-to-weight ratio, superior corrosion resistance, and excellent
mechanical properties at elevated temperature. Hitherto, some research institutions and
enterprises have considered to use CFRP material in the train body manufacturing of high-
speed train and magnetically levitated train (Figure 1) It is of great practical and scientific
significance to connect the CFRP material and aluminum material in the rail transit sector.

In general, CFRP materials can be divided into thermoplastic or thermoset categories
according to the resin matrix. Thermosetting CFRP cannot be melted again after being
molded and is usually connected with other metal components by riveting, adhesive
bonding, and bolting [3-5]. However, thermoplastic CFRP can be re-melted under a
certain temperature and pressure. Therefore, many scholars have studied the processing
characteristics and jointing behavior of the thermoplastic CFRP with other metal materials.
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Figure 1. (a) High-speed mag]lev train, (b) Schematic diagram of carbon fiber train body structure.

K.W. Jung [6] and X. H. Tan [7-9] et al. used laser welding technology to realize the
connection between CFRP and metal. The strength of the joints was greatly improved
through surface modifications, such as anodizing, laser etching, electroplating of Cr, and
UV irradiation. S.M. Goushegir [10-12] used friction spot welding to weld CFRP to
metal. F. Balle [13-16] used the ultrasonic welding method to realize the connection
of aluminum and CF-PA66. K. Nagatsuka [17] used resistance spot welding to connect
SUS304 stainless steel and CFRP. However, all of the above studies were focused on lap
joints, and it is well-established that the lap joint easily causes stress concentration, resulting
in a poor fatigue performance [18].

Some scholars have studied the fatigue performance of CFRP and CFRP/metal joints.
R Nobile [19] conducted non-destructive thermographic and ultrasonic testing regularly
during the fatigue life and found that CFRP was prone to internal delamination during
fatigue. Jia Huang [20] combined the theory of fracture fatigue entropy and statistical
knowledge, and, considering the confidence level and reliability of CFRP laminates, pro-
posed the y-p-5-N curve to more conservatively estimate the CFRP fatigue life. Zongkai
He [21] obtained the relationship between the stress level and damage accumulation
time, stiffness degradation rate, crack growth rate by studying the fatigue performance of
CFRP/aluminum alloy bonded joints, and also gave two failure modes of adhesive failure
and cohesive failure. Kapidzi¢ [22] analyzed the fatigue performance of six different types
of CFRP riveted joints and found the optimal riveted joint type. However, few scholars
have studied the fatigue properties of CFRP /aluminum alloy welded joints.

During the motion of the high-speed train, the key components of the train body are
subjected to complex multiaxial loading and cyclic loading, which is detrimental to the
structural integrity of the train body. Therefore, the fatigue performance of CFRP/metal
joint structure is critical in structural design and reliability evaluation. Only when the
fatigue performance of CFRP /metal joint reaches the level of conventional welded structure,
can the CFRP/metal lightweight structure be used in mass production.

In the present work, induction brazing was used to joint CFRP plate and 5083 alu-
minum alloy plate to form a butt lap joint. The optimal process parameters were determined
by the control variable method, and the interface connection mechanism was discussed.
Through high-cycle fatigue testing of the CFRP /5083 joint, the fatigue limit and the fatigue
fracture mechanism of the joint were also obtained and analyzed. Figure 2 shows the flow
chart of joining process and mechanical property characterization.
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Figure 2. Flow chart of the joining process and investigation of bonding strength.

2. Materials and Methods
2.1. Raw Materials Preparation

Thermoplastic carbon fiber reinforced polymer (CFRP) plates with a thickness of 3 mm
and 5083P-O aluminum alloy plates were used as raw materials in the present work. The
CFRP materials consist of 70% T700 carbon fiber and 30% PA6 resin, and each carbon fiber
prepreg was a unidirectional tape layer with a thickness of 0.3 mm, 10 layers of carbon fiber
prepreg, totally. Moreover, the stacking direction of CFRP between the two consecutive
layers was kept at 90°. The microscopic morphologies and structure of CFRP materials are
shown in Figure 3. 5083P-O aluminum alloy is widely used to manufacture the train body
of the high-speed train, and its chemical composition is shown in Table 1.

Figure 3. (a) Macro-morphology of CFRP; (b) micro-morphology of CFRP; (c) enlarged view in (b).

Table 1. Chemical composition of 5083P-O aluminum (wt.%).

Si

Cu

Mg Zn Mn Ti Cr Fe Al

<0.40

<0.10

4.0-4.9 <0.25 0.40-1.0 <0.15 0.05-0.25 0-0.4 Bal.

Before induction brazing, all the aluminum alloy samples were anodized after being
ground, polished, alkali washed, and pickled. The anodization processes were carried
out under a solution temperature of 10-15 °C and a voltage of 20 V for 20 min. Figure 4
shows a schematic of the anodization device, and Table 2 lists the composition of the
anodizing solution.
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Figure 4. Schematic diagram of the anodizing device.

Table 2. Chemical composition of the anodizing solution.

Scheme 2. H,S0,4 H3;PO4 H3BO3 H,0
Concentration 120 g/L 60g/L 3g/L Bal.

2.2. Induction Brazing

By applying an alternating magnetic field around the aluminum alloy sample, the
CFRP plate and aluminum plate were connected through the induction brazing method
(Figure 5). Meanwhile, a normal pressure was applied on the top of the CFRP plate during
the induction brazing process to obtain a robust bonding between the CFRP plate and the
5083 P-O plate. Since the tensile strength of CFRP (550 MPa) is higher than that of 5083 P-O
aluminum alloy (270 MPa), a groove with a width of 1 mm and a length of 30 mm was
opened on the end plane of the CFRP plate (Figure 5c) to increase the contact area, thus
increasing the bonding strength of the joint.

-

CFRP Q Al

120 120

Figure 5. (a) Induction brazing apparatus; (b) Schematic diagram of brazing process; (¢) Dimensions
of the CFRP plate and 5083 P-O plate.

2.3. Tensile Performance Test

In order to obtain the tensile properties and the optimum process parameters of
CFRP/5083 aluminum alloy induction brazing joints, DNS300 electronic universal testing
tensile machine was used to conduct static tensile tests on the samples. The tensile speed
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was 1 mm/min, the tensile strength calculated based on the sectional area of the specimen,
and the elongation was measured based on the gauge length of 150 mm with the joint as
the center. Three specimens were used for the tensile test of each parameter to ensure the
accuracy of the experiment.

2.4. High-Cycle Fatigue Testing

High-cycle fatigue (HCF) testing was carried out using a QBG-100 type high-frequency
fatigue tester at room temperature and air condition, with a stress ratio of 0.1 and a
frequency range of 60-85 Hz. The relationship between applied maximum stress and
fatigue life (5-N curve) was obtained using the following formula: [23]

O = Omax ; Tmin 1)

0, = Omax ; Tmin @)
0" .

R = Jmin 3

Omax ®)

S:a~(lgN)—|—b 4)

a and b are the coefficients obtained from linear fitting.

3. Results
3.1. The Effect of Processing Parameters on Forming Quality

The initial welding pressures during the induction brazing process were set to be
0 kPa, 50 kPa, 100 kPa, 150 kPa, 200 kPa, and 250 kPa, respectively. Afterwards, the welding
pressure decreased slowly due to the melting and flow of the resin during induction brazing.
The specific parameters are listed in Table 3, and the surfaces of all the aluminum alloy
samples were anodized.

Table 3. Processing parameters with different pressure.

No. TI°Cl t[s] P, [kPal P, [kPal
1 0 0
2 50 5
3 100 16.7
4 290 5 150 40
5 200 433
6 250 833

Note: Py is the pressure before welding, P, is the residual pressure after welding.

Figure 6 shows the tensile property of the CFRP /5083 joints with different weld-
ing pressure. It can be observed that the tensile strength of CFRP /5083 joints increased
with the increase of welding pressure. When the pressure reached 200 kPa, the tensile
strength of the joint reached the maximum value of 176.5 MPa. Figure 7 shows the cross-
sectional morphologies of the joints. It can be observed from Figure 7a that the CFRP and
5083 aluminum alloy could hardly be connected when no normal pressure was applied. As
the pressure increased, the forming quality of the joint became better and the pore size in
CFRP decreased gradually. When the pressure reached 200 kPa, the porosity defect near the
interface disappeared completely. At the same time, the tensile strength of the joint reached
the maximum value. Based on the test results, the optimum initial welding pressure was
determined to be 200 kPa.
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Figure 6. Tensile property of CFRP/5083 joints with different welding pressures.

(a) Stress—

displacement curves; (b) tensile strength of CFRP /5083 joints.

c¢) 100 kPa

Figure 7. Interface morphologies of joints with different welding pressures. (a) 0 kPa; (b) 50 kPa;

(c) 100 kPa; (d) 150 kPa; (e) 200 kPa; () 250 kPa.

Similarly, in order to study the effect of welding holding time on the tensile strength
of the joint, induction brazing trials with different holding time were carried out, and the
specific parameters are listed in Table 4.

Table 4. Processing parameters with different holding time.

No.

T[°C]

P [kPal] t[s]

U= WDN =

290

0
5
10
15
20
25

200

Figure 8 shows the tensile property of the CFRP /5083 joints with different holding
time. It is obvious that the tensile strength of the joint prepared under a holding time of
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5 s is the highest (176.5 MPa). Afterwards, with the increase of holding time, the tensile
strength of the joints decreased slowly. The bonding between CFRP and 5083 aluminum
may be ascribed to the melted PA6, which filled the voids of the anodized film to increase
the bonding strength at the early stage of the induction brazing process. However, when
the holding time exceeded 5 s, the melted PA6 lost continuously, resulting in less interfacial
resin and reduced bonding strength.

D/mm

Figure 8. Tensile property of the joints with different holding time. (a) Stress—displacement curves;
(b) tensile strength of CFRP /5083 joints.

Subsequently, 5083 plates with different surface treatments (unpolished, polished,
pickled, and anodized) were connected with CFRP plates to investigate the effect of surface
states on the bonding behavior of the composite joints. The pickling was the last procedure
of the anodizing pre-treatment process. In addition, the other processing parameters
during the induction brazing process were fixed with an induction temperature of 290 °C, a
holding time of 5 s, and a normal pressure of 200 kPa. Figure 9 shows the tensile property of
the CFRP /5083 joints with different surface treatments. The tensile strength of joints with
unpolished and polished 5083 plates was only about 90 MPa, while the tensile strength of
CFRP /pickled 5083 plate and CFRP/anodized 5083 plate reached 148.2 MPa and 176.8 MPa,
respectively. Therefore, anodization is an effective method to enhance the bonding strength
of the CFRP /5083 joint.

05

1.0

200
— Polished b) 176.8
— Pickled 180 !
— Anodized «
— Unpolished A 160 14?.2
E 140
= 120
{=Th]
5100 895 92.7
=
3 80
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z
= 40
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0
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W 2 W h e Different surface treatments
D/mm

Figure 9. Tensile property of CFRP/5083 joints with different surface treatments. (a) Stress—
displacement curves; (b) tensile strength of CFRP /5083 joints.
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Figure 10 shows the interface morphologies of the CFRP /5083 joints with different
surface treatments under a scanning electron microscope. It can be observed that there are
no defects such as pores, cracks, and interface delamination in the CRFR layer, indicating
that the induction brazing method can effectively protect the integrity of CFRP. Specifically,
the resin at the interface could hardly be connected to the polished 5083 plate, and cracks
could be clearly observed in Figure 10a. On the other hand, the bonding between the CFRP
plate and the pickled 5083 plate was better due to the hackly surface of the acid-pickled
5083 plate [24], which was treated with alkaline etching and pickling. However, there were
still some microcracks at the interface. After anodic oxidation, an oxide film was formed on
the surface of the 5083 plate, and the anodized 5083 plate was firmly connected with the
resin. Meanwhile, there were no microcracks or pores at the interface, which indicated that
a sound bonding was achieved between the CFRP plate and the 5083 plate.

Figure 10. Interface morphologies of CFRP /5083 joints with different surface treatments. (a) CFRP
and polished 5083 plate; (b) CFRP and pickled 5083 plate; (c) CFRP and anodized 5083 plate.

3.2. High Cycle Fatigue Performance

High-cycle fatigue (HCF) testing was carried out with a stress ratio of 0.1 and a
frequency range of 60-85 Hz at room temperature and air condition. The number of fatigue
cycles experienced by each CFRP/5083 induction brazed joint at different stress levels
before fatigue fracture is shown in Figure 11. The S-N curve of CFRP/5083P-O induction
brazed joint under this condition is obtained by linear fitting the points in the figure. The
formula of the fitted S-N curve is expressed as:

S =101.22 — 4.221g(N) (5)

When the fatigue life of the joint reaches 10 million cycles, it can be considered that
the fatigue life of the joint approaches to infinite under this stress level, and this stress
level is also called the fatigue limit of the joint. Under the condition that the fatigue life is
10 million cycles, the corresponding stress level is 71.68 MPa calculated by Formula 4. It
is the fatigue limit of CFRP /5083 induction brazing joint under this fatigue environment.
The joint will not occur fatigue fracture under the fatigue environment below this stress
level. The fatigue fracture morphology of the CFRP /5083 joint at 80 MPa stress level is
shown in Figure 12. It can be observed that the fracture position was located at the interface
between CFRP and 5083 aluminum alloy. The oxide film on one side of the aluminum
alloy surface was cracked and peeled off, and a large piece of CFRP remained on the other
side of the aluminum alloy surface. Although the oxide film fell off under the influence of
circulating force, most of it still remained connected with CFRP. It can be seen that it had a
high bonding strength with CFRP.
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Figure 11. S-N curve of the CFRP /5083 joints.
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Figure 12. Fatigue fracture morphology of the CFRP /5083 joint.

4. Discussion

4.1. CFRP/5083 Connection Mechanism

7.5

Oxide film

Figure 13 shows the surface morphology of the anodic oxide film on the surface of
the 5083 plate under a scanning electron microscope. At the micrometer scale, the surface
morphology of the anodic oxide film presents an undulating cellular structure. At the
nanometer scale, the surface morphology of anodic oxide film presents a hexagonal porous
structure with uniform distribution. Meanwhile, the chemical composition of the fracture
morphology of the CFRP /5083 joint after static tensile test is shown in Figure 14. It could
be observed that the C element in CFRP was evenly distributed in the pores on the surface
of the oxide film, which was in accordance with the previous interface morphology. It
is proved that the loose and porous structure of the anodic oxide film is conducive to
the formation of robust bonding between CFRP plate and 5083 plate, thus enhancing the
mechanical properties of the CFRP /5083 joint.
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250pm

Figure 14. Micro-morphology of the fractured surface of CFRP/5083 joint after tensile testing.
(a) Electronic image; (b) element distribution.

In order to further understand the effect of anodization on the bonding behavior
and strength of the CFRP /5083 joint, X-ray photoelectron spectroscopy (XPS) [25,26] was
performed on the interface of the CFRP /5083 joint, and the results are shown in Figure 15.
Figure 16a is the fitting diagram of O (1 s) peaks at the interface without anodization before
induction brazing. The bond energy of 531.79 eV, 532.39 eV, and 534.19 eV corresponded to
PA6 (C=0), Al,O3 (Al-O), and PA6 (C-0O), respectively. Figure 15b is the fitting diagram
of the O (1 s) peaks of the interface of CFRP /5083 joint with anodization. It can be clearly
observed that the interface contained not only the diffraction peaks of C-O, C=0, and
Al-O, but also a new bond energy, which was neither CFRP nor anodized Al. Similarly,
by comparing the diffraction peaks in Figure 15¢,d, it could be concluded that a new
bonding was formed after the 5083 plate was anodized. According to the variation of the
bond energy of the CFRP /5083 interface before and after anodization, and the chemical
formula structure of PA6 (-[NH—(CH2)5—CO]n-) [8,27], it can be inferred that Al-O-C
chemical bonds were formed at the interface [27]. Therefore, the interface of the CFRP /5083
joint without anodizing treatment only presents mechanical bonding. After the surface of
the 5083 aluminum alloy was anodized, the loose and porous structure of the oxide film
not only increased the mechanical bonding strength of the interface, but also led to the
formation of a new bond at the CFRP /5083 interface, which enhanced the bonding strength
of the joint.
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Figure 15. XPS results on the interface of CFRP /5083 joints. (a) the bond energy of O at the interface
of un-anodized joints; (b) bond energy of O at the interface of anodized joints; (c) bond energy of Al
at the interface of un-anodized joints; (d) bond energy of Al at the interface of anodized joints.
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Figure 16. Fatigue fracture morphology of CFRP /5083 joints under a maximum stress of 80 MPa.

(a) Fatigue crack source; (b) Crack growth area; (c) Final fracture area.
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4.2. Fatigue Fracture Mechanism

Figure 16 shows SEM images of the fracture surface of CFRP /5083 joint after the HCF
test at 80 MPa stress levels. The figure shows the whole process of fatigue crack, including
crack initiation stage, crack growth stage, and the final instant fracture. In Figure 16a,
the location of the fatigue source (a hole in the oxide film) can be found through fatigue
striations and river patterns, which are unique fracture morphology features during the
fatigue process [28,29]. The fatigue source is mostly located in the position of pores or
inclusions, as cracks are prone to initiate from defects area due to stress concentration.
Similarly, the fatigue cracks of this sample also originated from the holes on the surface
of the anodic oxide film. Figure 16b shows the fatigue propagation region. It can be seen
that fatigue striations extend along the oxide film section and the aluminum alloy surface.
It can be inferred that fatigue cracks grow along the oxide film section. Figure 16¢c shows
the fatigue final rupture region. The fatigue striation stopped extending here. At the same
time, the remaining oxide film section in the field of vision exhibited the characteristics of
brittle fracture. It can be inferred that instant fracture occurred in this region.

In general, fatigue crack initiated from the hole of the oxide film, and under the
influence of cyclic load, the crack slowly propagated along the section of the anodic oxide
film. After the crack reached a certain length, it extended rapidly along the oxide film
section, and finally fatigue fracture occurred along the oxide film section. Therefore, a part
of the oxide film peeled off from the aluminum alloy base metal.

In order to further demonstrate the jointing mechanism and fatigue fracture process of
CFRP/5083 joints, Figure 17 illustrates the connection mechanism and fracture process of
the joint. For CFRP/polished 5083 joint, it was difficult to remove the remaining impurities
in the grooves since the surface was only physically treated. The impurities between CFRP
and 5083 aluminum base metal hindered the connection between CFRP and aluminum
alloy, resulting in a low interfacial bonding strength. However, the pickling process (etched
by NaOH and HNOj3) not only effectively removed the original oxide film and impurities
on the surface of the 5083 plate, but also refined the surface micro-structures, leading to
the formation of a stronger mechanical interlocking structure and increasing the interface
bonding strength of CFRP /5083 joint. After the surface of the 5083 plate was anodized, a
layer of regular loose and porous structure was formed on the surface of the 5083 plant
(Figure 17b). During the brazing process between CFRP and aluminum alloy, the melted
resin flows into the loose holes of the oxide film under the pressure, forming a strong
mechanical bond (Figure 17d). At the same time, XPS analysis showed that a new chemical
bond was formed between the resin and the anodized film (Figure 17¢e), which further
enhanced the bonding strength of the interface between CFRP and aluminum alloy.

During the fatigue process of the joint under axial tensile stress, shear stress was
continuously loaded on the interface of the CFRP /5083 joint. Since the anodic oxide film
exhibited a loose porous structure, stress concentration was prone to occur at the interface.
Therefore, fatigue micro-cracks initiated from the interface between CFRP and anodic film
(Figure 17f). Under the influence of cyclic force, fatigue microcracks continuously grow
through adjacent holes or matrix interfaces (Figure 17g). Eventually, the anodic oxide film
was separated from the base metal under shear stress, leading to the final fracture of the
CFRP/5083 joint (Figure 17h). The fracture mechanism agreed well with the macroscopic
fracture morphology of the CFRP /5083 joint (Figure 12).
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Figure 17. Connection mechanism and fracture process of CFRP /5083 joint fabricated by induction
brazing. (a) 5083P-O aluminum plate; (b) Structure diagram of anodic oxide film; (c) CFRP plate;
(d) Schematic diagram of joint structure; (e) Interfacial chemical bond; (f) Fatigue crack initiation;
(g) Fatigue crack initiation; (h) Fatigue fracture.

5. Conclusions

In the present work, thermoplastic carbon fiber reinforced plastics (CFRP) plates and
5083P-O aluminum plates were successfully connected by the induction brazing method.
The interfacial microstructure of the CFRP /5083 joint was observed and the interface
bonding characteristics were analyzed. In the meantime, the effect of processing parameters
on the bonding behavior of the CFRP /5083 joint was investigated. Subsequently, the high-
cycle fatigue (HCF) performance of the CFRP /5083 joint was tested and the fatigue limit
of the CFRP /5083 composite joint was obtained. The following conclusions can be drawn
based on the experiments:

(1) The optimum processing parameters of the induction brazing are as follows: an
induction temperature of 290 °C, a normal pressure of 200 kPa, and a holding time of 5 s.

(2) The preliminary surface treatments of the 5083 aluminum plate have a great impact
on the interface bonding behavior of the CFRP /5083 joint. The tensile strength of the joint
can reach the highest value of 176.5 MPa after the 5083 aluminum plate was pre-anodized.

(3) The anodization process introduced an anodic oxide film with a loose and porous
structure on the surface of the 5083 plate and refined the surface micro-structures, both
of which contributed to a more robust bonding between the CFRP layer and 5083 base
metal. In addition, a new chemical bond, Al-O-C, was also formed at the interface of the
CFRP /5083 joint and led to an enhanced tensile strength.

(4) The S-N curve of the CFRP /5083 joint was obtained and the fatigue limit was
71.68 MPa. During the HCF process of the CFRP /5083 joint, micro-cracks were initiated
from the hole of oxide film and then penetrated the oxide film under axial loading. Finally,
the oxide film peeled off from the 5083 metal under shear stress, leading to the fracture of
the CFRP /5083 joint.

6. Expectation

The above conclusions provide an innovative idea for the connection method and joint
performance of CFRP and aluminum alloy in high-speed trains or other fields. However,
there are still some limitations to achieve industrial application, such as joint connec-
tion form, continuous welding equipment, pressure equipment, etc. Therefore, further
exploration is needed.
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Nomenclature

CFRP - Carbon fiber reinforced polymer
HCF - High-cycle fatigue

Om MPa  Mean normal stress

Tmax MPa  Maximum normal stress

Omin MPa  Minimum normal stress

Oa MPa  Alternating stress amplitude

R - Stress ratio

S MPa  Stress level

N cycle  Number of cycles to failure

XPS - X-ray photoelectron spectroscopy
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