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A carbon fiber-reinforced thermosetting plastic and stainless steel were joined by the fiber laser. The

surface texture effect on the joint was investigated. The abrasive paper scratching is shown to form

single directional striae on stainless steel with intermittent ridges. Laser texture processing creates

uniformly distributed microdimples and ridges, which forms a rectangular cellular structure. This

processing can improve the fluidity of molten polyphenylene sulfite during laser joining. Laser scanning

on stainless steel results in the formation of fusion and heat-affected zones. In the heat-affected zone,

lathy ferrite is located along the boundary, while in the fusion zone, ferrite forms the skeletal structure

and separates austenite into a cellular structure. The surface texture modification can contribute to the

adhesive strength between stainless steel and polyphenylene sulfite through on enlarged contact

surface area by forming striae, microdimples, and ridges. As compared to the abrasive paper scratching,

the stainless steel/plastic joint with laser texture processing exhibits a higher shear strength.

Keywords: laser joining, carbon fiber-reinforced thermosetting plastic (CFRTP), stainless

steel, microstructure, surface texture.

Introduction. Recently, the carbon fiber reinforced polymer (CFRP) has received a

great attention, because of its advantages, such as high specific stiffness, excellent

corrosion resistance, high strength to weight ratios and good environmental degradation

etc. [1]. Therefore, it has been applied as the structural material in many fields, such as

aerospace, automotive, concrete structure and so on [2, 3]. However, during the application

of CFRP, it is inevitable to encounter the problem how to join CFRP with metal based

components. The mechanical joining is a convenient way with high efficiency [4]. However,

due to the characteristics of the CFRP, the conventional mechanical joining could not join

the CFRP on metal without the damage on carbon fiber [5]. The research on the double-lap

joints of aluminum and CFRP laminate by rivets arrays exhibited that the initial delamination

near the CFRP hole edge could promote the propagation of crack or delamination [6]. The

previous research [7] showed that the adhesive bonding could join the CFRP and metal

without any damage on the CFRP, but the long cure processing, high cost, low bonding

strength restricted its application. Therefore, it is necessary to develop the processing

technology without damage on carbon fiber and polymer.

The polyphenylene sulfite (PPS) based carbon fiber reinforced thermoplastic (CFRTP)

is a kind of carbon fiber reinforced polymer with good thermo-process feature and the main

advantages of CFRP, so it can be joined with the metal by thermal processing. The recent

study exhibited the CFRTP and metal could be joined together by friction stir method,

which took use of heat from the friction stirring metal to melt the CFRTP and fix metal and

CFRTP [8]. Though the friction stir could decrease the damage of the CFRTP, the stress

would concentrate along the friction stirred hole and then lead to the failure of the CFRTP.

Therefore, a kind of processing method is needed to join the CFRTP and metal with less

effect on the joint. Katayama and Kawahito [9] exhibited that the direct laser irradiate on

stainless steel could generate a Cr2O3 transition layer on interface of plastic/stainless steel.
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Moreover, the research of Tan et al. [10] revealed that the existence of Cr layer on the steel

surface enhanced the shear strength of the CFRP/steel joint by the Cr-O-PA6T bonding

along joint interface. In addition, the recent research demonstrated that the machined

microgrooves on the metal surface increased the strength of laser joining plastic/aluminum

joint to 24 MPa [11]. However, the plastic without strengthening fiber could not represent

the typical CFRTP, since the presence of carbon fiber influenced the heat transfer. Moreover,

the microdimples on metal surface might lead to the formation of air bubbles in the joint. It

was necessary to investigate the effect of surface morphology on laser joining of CFRTP

and metal. Therefore, the stainless with different surface morphology was fabricated and

joined with CFRTP by fiber laser in the present research. Moreover, microstructure and

morphology of stainless steel, joint interface and shear strength of the joint were investigate.

1. Experimental Procedures. In the present study, the CFRTP panels with PPS

matrix reinforced by T700 carbon fibers were cut into the size of 50 30 3� � mm. The

CFRTP is composed by PPS matrix and 15 layers T700 carbon fibers, which is weaved

with intersected structure. The carbon fiber is wrapped by the PPS and the average

thickness of single layer is 200 �m. The 304 stainless steel specimens with size of

50 30 2� � mm were prepared. Some stainless steel plates were scratched by the 400#

abrasive paper to increase the roughness, and some stainless steel plates were processed by

laser to form the surface texture. Table 1 presents the chemical composition of the 304

stainless steel.

The joining of stainless steel and CFRTP was conducted by a fiber laser welding

system. This system comprises 1410RABB robot, 500 W fiber laser (continuous wave laser

machine and the wavelength is 1080 nm), laser processing head (the focal length is 120 mm),

air-actuated clamp and cooling system [12]. Firstly, the CFRTP overlaid with PPS additive

on surface was placed on the laser welding system and the stainless steel plate was placed

above the PPS additive. After then, the stainless steel, PPS additive and CFRTP were

clamped by the air-actuated clamp which had a groove with size of 60 10 5� � mm in the

upper one. The clamping pressure could be adjusted by controlling the air-actuator. During

the laser joining, the laser beam would scan on the surface of stainless steel in the groove

with the argon gas flow velocity of 30 l/min. The laser power, laser scanning speed,

clamping pressure, and thickness of PPS additive were 320 W, 5 mm/s, 0.5 MPa, and

200 �m, respectively. The defocusing distance was �20 mm and the laser beam diameter

was 500 �m.

The specimen for cross-sectional observation was cut from the stainless steel and

CFRTP joint and polished by the conventional metallographic method. The KEYENCE

VX-X200 CLSM was employed to analyze the surface of the stainless steel. The Phenom

Pro SEM was employed to observe the microstructure of laser scanned stainless steel and

the morphology of joint interface. In the present research, the tensile test was performed on

the UTM4304 electronic universal testing machine to obtain the shear strength. The shear

strength test was referred to the GB/T7124-86 and ASTM F2255-2005(2010) standards.

The tensile tests were carried out in air with the initial strain rate of 2 10 3
�

� s�1 at room

temperature. Three specimens were tested under the same conditions to obtain the shear

strength data. The Stemi 2000 OM was applied to observe the debonding surface of tensile

specimens.
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T a b l e 1

Chemical Composition of the 304 Stainless Steel (wt.%)

C Mn Si Ni Cr S P Fe

0.07 0.78 0.56 8.10 18.33 0.006 0.032 Balanced



2. Results and Discussion. The morphology of the stainless steel scratched by the

abrasive paper is shown in Fig. 1. It can be found that the short-time processing by abrasive

paper has formed the furrows with the same directions, as shown in Fig. 1a. Moreover, the

furrows are stopped by the promontory intermittently. The surface morphology analyzed by

the CLSM exhibits that the furrows and promontory distribute irregularly, as shown in Fig. 1b.

The calculated roughness of the abrasive paper scratch stainless steel is about 0.7 �m.

Further observations on the stainless steel scratched by abrasive paper reveal that the size

of the furrow differs greatly, as shown in Fig. 1c, d. It can be found that the stainless steel

surface has experienced obvious deformation. There are rheology features along the ridge

and stripping pits also demonstrate the crack failure with high stress concentration. The

surface topography analysis also exhibits existence of promontory and the difference of the

furrows.

The observation results of the laser-processed stainless steel are visualized in Fig. 2.

Clearly, the laser processing has generated uniform texture on the stainless steel surface, as

shown in Fig. 2a. The microdimples and ridges distribute uniformly and exhibit rectangular

array structure. The size of the microdimple ranges from 5 10� to 15 25� �m. The surface

topography analysis confirms the existence of regular distribution of microdimples and

ridges, as shown in Fig. 2b. The calculated roughness of the laser processed stainless steel

is about 6 �m. The further observation on the laser processed stainless steel reveals that

there is obvious metallurgical behavior, as shown in Fig. 2c. The lath-like microstructure on

the surface of ridges demonstrates the happening of phase transformation, which may be

attributed to the rapid solidification during the laser processing. According to previous

researches [13], the rapid solidification could result in the formation of martensitic phase.

The surface topography analysis reveals that the depths of the microdimples are quite

similar, as shown in Fig. 2d.

The typical microstructures of PPS based CFRTP and PPS additive are shown in Fig. 3.

Clearly, the PPS-based CFRTP is mainly composed of black-grey carbon fibers and

white-grey PPS matrix, as shown in Fig. 3a. The carbon fibers are overlapped layer-by-

layer, while most carbon fibers are packed and bonded together by PPS. Based on the
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Fig. 1. Morphology of the stainless steel surface scratched by abrasive paper: (a) low magnification;

(b) surface topography analysis of (a); (c) high magnification; (d) surface topography analysis of (c).



macroscopic observation, carbon fibers are weaved as decussate structure. The layer of

carbon fiber is about 200 �m in thickness. The observation on the layer of carbon fiber

shows that they have the average size of 6 �m in diameter. The observation on the torn PPS

based CFRTP exhibits that the carbon fiber has good integrity with regular arrangement. The

SEM observation on the PPS additive reveals that the wires of PPS are overlapped

randomly and there is relative high porosity, as shown in Fig. 3b. Based on the SEM image,

the PPS wire has the size of 20–30 �m in diameter.

The macrograph of the laser-processed stainless steel/CFRTP joint is shown in Fig. 4.

Clearly, the laser scanning results in the ignited feature in the stainless steel which has

obvious oxidation on the track of laser scanning, as shown in Fig. 4a. The observation on

the interface of the laser-joined CFRTP and stainless steel reveals that the morphology of

stainless steel could exert some influence on the fluidity of PPS additive. The abrasive

paper scratched stainless steel contributes little on the fluidity of PPS additive, as shown in

Fig. 4b. Such a phenomenon may be attributed to the small size and single direction of the

furrow on the stainless steel. The texture processed by laser on the stainless steel improves
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Fig. 2. Morphology of the stainless steel surface texture processed by laser: (a) low magnification;

(b) surface topography analysis of (a); (c) high magnification; (d) surface topography analysis of (c).

Fig. 3. Morphology of the PPS based CFRTP and PPS additive: (a) morphology of the CFRTP with

the overlapping of carbon fibers; (b) morphology of the PPS additive.



the fluidity of PPS additive, as shown Fig. 4c. It can be seen that some melted PPS additive

has flowed out of the gap and spread on the adjacent stainless steel, which may be

attributed to the rectangular array structure formed by the microdimples and ridges.

According to the recent research [12], the laser scanned surface of the steel would reach

1800 �m and the interface of the stainless steel and CFRTP would reach 400 �m. That

indicates the heat from the laser scanning would be exceeded for the melting of the PPS

additive. Then it can ensure the PPS additive and the surface of the CFRTP would be

merged with each other and then bonded with the stainless steel. Therefore, the roughness

of the stainless steel surface is helpful to increase the bonding surface and improve the

bonding strength.

The observation on the laser scanned stainless steel reveals that the laser scanning

influences the microstructure greatly, as shown in Fig. 5. It can be seen that there are fusion

zone and heat-affect zone in the steel, which exhibits hemi-ellipsoidal shape, as shown in

Fig. 5a. The fusion zone is marked by the blue dash line and has the width of about 370 �m

and the depth of about 430 �m. The heat-affected zone embraces the fusion zone and has

the width of 60–140 �m, which is marked between the red dash line and blue dash line.

Such morphologies of fusion and heat-affected zones should be attributed to the focus

position of laser. Based on the microstructure analysis, it can be found that the stainless

steel exhibits homogeneous grain structure with the average size of 20 �m, but the laser

scanning changes the microstructure, as shown in Fig. 5b, c. In the heat-affected zone, the

lathy ferrite mainly precipitates along the original grain boundary or twin boundary, which

separates the original grain and refines the structure. With the observation proceeding to the

fusion zone, the ferrite becomes coarse and increases, which forms the skeletal structure. In

the fusion zone, the skeletal ferrite and cellular austenite is the main characteristic, as

shown in Fig. 5d. Based on the researches [14–16], the microstructure of the fusion zone

and heat-affect zone could be influenced by cooling rate. The higher cooling rate results in

the formation of cellular structure. In the present research, the relative high Cr content and

rapid laser scanning speed would promote the formation of ferrite with intercellular or

interdentritic structure. Therefore, one can see the skeletal ferrite separates the austenite

into small cells. Such a refined structure could contribute to the improvement of strength

[17, 18].

In order to investigate the effect of stainless steel surface morphology on the bonding

force of stainless steel/CFRTP joint, the shear strength of the joints were tested, as shown in

Fig. 6. The stainless steel/CFRTP joint with abrasive paper scratching processing obtains

the shear strength of 14.6 MPa, which is a little higher than that without any surface

treatment [12]. While the laser texture processing increase the shear strength of the

stainless steel/CFRTP joint to 20.6 MPa. The increased shear strength should be attributed

the furrows, microdimples, and ridges formed on the stainless steel surface, because these

microstructures increase the amount of contact surface area. Higher contact surface area
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Fig. 4. (a) Macrophotograph of the stainless steel/CFRTP joint; (b) morphology of the joint interface

with scratched surface by abrasive paper; (c) morphology of the joint interface with surface texture.



between stainless steel and PPS additive means higher adhesive strength. Compared with

the abrasive paper scratching, the laser texture processing could increase the contact surface

area obviously by adjusting the depth of microdimple. Therefore, the stainless steel/CFRTP

joint treated by laser texture processing has a higher shear strength.

The observations on the debonding surface of stainless steel/CFRTP joints show that

the fracture mainly extend along the interface of PPS and carbon fiber layer, as shown in

Fig. 7. However, the stainless steel surface morphology influences the fraction of carbon
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Fig. 5. Microstructure of the laser-scanned stainless steel: (a) macrophotograph of heat-affected zone

and fusion zone; (b) lathy ferrite along the interface of matrix and heat-affected zone (A position);

(c) skeletal ferrite along the fusion zone boundary (B position); (d) skeletal ferrite and cellular

austenite in fusion zone (C position).

Fig. 6. The shear strength of the stainless steel/CFRTP joints with different stainless steel surface

morphology.



fiber exfoliated from the CFRTP. As shown in the figure, on the debonding surface of joint

with abrasive paper scratching only few carbon fiber is torn from the CFRTP, but on the on

the debonding surface of joint with laser processing texture the bulk carbon fiber layer is

torn from the CFRTP. Such a feature indicates the laser processing texture has increased the

adhesion between stainless steel and CFRTP by the well coalesced PPS additive.

According the recent studies [19–21], the joining between the dissimilar materials is

mainly depended on the initial mechanical bonding. In the present paper, the initial

interface bonding of stainless steel/CFRTP joint includes the PPS/CFRTP and PPS/stainless

steel. Then the surface morphology of stainless steel would play an important role, which

determines the contact surface area and adhesion between stainless steel and PPS additive.

Moreover, the research [6] also reveals that the thermal joining would promote the metal

element diffusion from the stainless steel to melted PPS, which forms the new ion bond

with the molecular bond of PPS and improves the bonding strength between the stainless

steel and CFRTP. To achieve such a objective, the melted PPS should be attached to the

stainless steel closely and cooperated with some additive. Therefore the contact surface

area between the stainless steel and PPS become so important, which could determine the

interface adhesive strength and influence the shear strength. The laser texture processing

treatment could increase the contact surface area and increase the adhesive strength

between stainless steel and PPS. Moreover, the increased contact surface area also

promotes the increase of ion bond. Therefore, the laser texture processing could improve

the shear strength of the stainless steel/CFRTP joint. Furthermore, the laser texture

processing forms the cross-linking structure, which is beneficial to the flow of melted PPS

and help the uniform distribution of PPS additive. The well-distributed melted PPS additive

between the stainless steel and CFRTP also contributes to the improvement of the shear

strength. Therefore, the stainless steel/CFRTP joint with laser texture processing treatment

obtains a better shear strength value.

C o n c l u s i o n s

1. The abrasive paper scratching could generate the single directional furrows on the

stainless steel with intermittent break by promontories. The laser texture processing forms

the uniformly distributed microdimples and ridges. The laser texture processing could

improve the fluidity of the melted PPS during laser joining.

2. The laser scanning on the stainless steel forms the fusion zone and heat-affected

zone. In the heat-affected zone, the lathy ferrite precipitates along the boundary, while in

the fusion zone, the ferrite forms the skeletal structure and separates the austenite into small

cellular structure.
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Fig. 7. Debonding surface of the stainless steel/CFRTP joints with different stainless steel surface

morphology: (a) scratched by abrasive paper; (b) surface texture processed by laser.



3. The abrasive paper scratching and laser texture processing could improve the shear

strength of the stainless steel/CFRTP joint, which should be ascribed to the increased

contact surface area by forming furrow, microdimple and ridge. Compared with the

abrasive paper scratching, the stainless steel/CFRTP joint with laser texture processing

obtains a better shear strength.
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