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23 Abstract

In this work, a micro-texture through laser ablation pre-treatment on aluminum alloy surface was
28 designed, which successfully induced high bonding strength of aluminum alloy-polymer friction stir
31 welding joints. The bonding mechanism of aluminum alloy-polymer was attributed to the large
34 mechanical interlocking from the geometric grooves in micro-textures and the formation of C-O-Al bond
at the interfaces. This study provides new insight of friction stir welding of metal and polymer through
39 controllable surface pre-treatments.

42 Keywords: Metals and alloys; Polymers; Laser processing; Welding.

45 1. Introduction

The development of a wide range of lightweight materials and corresponding joining techniques are
S0 driven by the compelling need for energy-efficient and environment-friendly engineering [1]. Known for
53 the advantages of high specific strength and low density, aluminum (Al) alloy and polymer have become
56 potential candidates for automobile and aerospace devices [2]. Thus, the reliable joining of Al alloy and

59 polymer has been considered as a key issue for lightweight design and manufacturing.
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Importantly, laser welding processes were considered to develop reliable joining of metals and

polymers [3], but the high volume of bubbles at bonding interfaces were regarded as major defects, which

limited practical engineering applications [4]. As a solid-state welding technique, friction stir welding

(FSW) shows huge advantages to join Al alloy and polymer due to lower heat input and real time tracking

pressure [5]. F Yusof et al. utilized friction spot welding process to join Al alloy and PET, and the

maximum tensile load of 900N was obtained [6]. Furthermore, for the purpose of increasing the

mechanical interlocking of Al alloy-polymer joints, numerous works were conducted on the novel design

of welding tool. For instance, Yongxian huang et al. designed a taper-screwed pin with triple facets which

could enhance material flow and improve mechanical performance of metal-polymer joints efficiently

[7]. Nevertheless, these methods draw on the characteristics of mechanical fastening and undermined the

integrity of base materials. Additionally, F.C. Liu presented a friction lap welding technique for direct

joining of polymer to Al alloy, and the joints with superior integrity but lower mechanical interlocking

were produced [8]. With the aim of increasing joint strength, functionalization of base material surfaces

is of vital importance, and laser ablation process could introduce micro-patterning structure on Al alloy

surface to enhance interfacial bonding effectively [9]. However, few studies are explored on the enhanced

metal-polymer FSW joints through laser ablation pre-treatment, so as the underlying bonding mechanism.

Accordingly, in this work, a rotation tool with an ultra-short rotational pin was designed to ensure the

joint integrity. In addition, laser ablation process was conducted on Al alloy surface, and FSW process

was proposed to join Al alloy and polymer. Ablation micro-morphology, interface characterization and

bonding mechanism were investigated in detail.

2. Experimental procedures

The polyamide 6 (PA6) and 6061 aluminum alloy sheets with the thickness of 1.5 mm were used as
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base materials. The dimensions of specimens and welding tool are shown in Fig. 1(a). The micro-textures

on A6061 surface were built by a fiber nanosecond pulsed laser (SP-050P-A-EP-Z-F-Y, SPI Lasers, UK).

The confocal scanning microscope LEXT OLS3000 was used to observe the 3D view of the micro-

textures. Micro-morphology of the grooves and the interfaces of joints were observed by scanning

electron microscopy (SEM, TESCANVEGA3). The interfacial chemical bonds were characterized by X-

ray photoelectron spectroscopy (XPS, ESCALAB 250 spectrometer). Shear-tensile tests of joints were

conducted on the electro-hydraulic servo testing machine (MST 810) with the constant speed of 1

mm/min, and each data point of tensile-shear tests was the average value of five specimens under the

same conditions.

3. Results and discussion

The design of ultra-short stir pin can not only improve the stability of rotational welding tool to ensure

the superior formability of joints, as shown in Fig. 1(b), but also provide bending force to enhance the

joint performance. As revealed in Fig. 1(c), under the thermal-mechanical behavior of FSW process, the

embedded PAG6 in the grooves provided strong mechanical interlocking. Fig. 1(d) shows 3D view of

micro-patterning structure produced on A6061, it can be clearly seen that the processed grooves had

certain regularity and controllability. Moreover, the geometric features of grooves can be easily adjusted

by varying the parameters of laser ablation, which was able to affect the joint performance significantly.
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Fig.1 Schematic of the FSW process: (a) illustration of welding tool and specimen dimensions; (b) the

top view of weld; (c) illustration of thermal-mechanical behavior in FSW; (d) 3D view of micro-
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Fig.2 (a)-(c) Spacing between grooves under different laser ablation parameters; (d)-(f) micro-

morphology of grooves showing the variation in geometry; (g)-(i) radar chart of the geometric features

The

20 mm/s) and scanning spacing (200 um, 500 um, 1000 pm) were chosen as variables of the laser ablation

process, and a Lg(3%) orthogonal test was carried out in this work. As shown in Fig.2, the laser power P,

versus mechanical properties; (j) illustration of typical morphology of grooves.

laser power (10 W, 15 W, 20 W), scanning times (1, 5, 10), scanning speed (10 mm/s, 15 mm/s,
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scanning times n, scanning speed v which could affect the geometry of the grooves directly were set as

X, ¥, Z axes, and scanning spacing h was set as the external axis to construct an orthogonal space.

Furthermore, the three levels of each factor were marked as “1, 2, 3” from low to high, for instance, (1,

1, 1) represented laser power of 10 W, scanning times of 1 and scanning speed of 10 mm/s. Each point

in the space represented a group of parameters, and 9 independent groups out of whole 81 (3*) groups

were chosen in the orthogonal experiment, as reflected in Fig. 2(d)-(f). Furthermore, the morphology of

grooves was mainly divided into three types (U-shaped, V-shaped and I-shaped), which were determined

by aspect ratio (groove depth d / groove width w) [10], as shown in Fig.2 (j). In order to verify whether

the groove geometry has an effect on joint performance, radar charts of the geometric features versus

mechanical properties were established. The U-shaped grooves can be identified with small aspect ratio

(<2), and it is easy to be completely peeled off during the tensile test due to a small contact area between

grooves and embedded PA6. The I-shaped grooves can be identified with large aspect ratio (>4), so the

grooves were easily closed due to the cold shrinkage of metals, which caused the poor performance of

joints. The balanced shear and tensile capabilities of embedded PA6 was obtained owing to the moderate

aspect ratio (2~4) of V-shaped grooves, indicating enhanced bonding of A6061-PA6 joints. In addition,

the groove density was determined by scanning spacing and the joint strength increased notably with

larger groove density. Enhanced interfacial bonding can be achieved with the scanning space of 200 um,

but increasing groove density with prolonging consuming time does not yield a further significant

increase of joint strength.



OCoO~NOUITAWNE

—— Without ablation (d) A6061
— (L 1,1)-U —(2,3,2)8V
00F —@3,2,3)1

Yield strength of PA6
kb R

* Necking
phenomena

e L
20 30
Distance (mm)

o
7/ Ae061

Line scan

Intensity(counts/s)

286.1eV
B T L] 288.5eV N
b= - | Cc=0

- &

 Enhaniced =
- bonding L

¢  zone

286

Bonding encrgy(eV)

Fig.3 (a) Force-distance curve of A6061-PAG6 joints; (b) complete separation of U-shaped grooves;

(c)closure phenomenon of I-shaped grooves; (d)illustration of fracture mechanism; (e) semi-extracted

state of V-shaped grooves;(f) morphology of the groove interface and line scan results; (g) XPS

analysis of fracture surface on A6061 side; (h) schematic illustrations of C-O-Al bond formation.

In order to further investigate the effects of groove geometry on bonding and fracture mechanism of

joints, the tensile curves of (1, 1, 1) specimen (U-shaped grooves), (2, 3, 2) specimen (V-shaped grooves),

(3, 2, 3) specimen (I-shaped grooves) and specimen without laser ablation pre-treatment are exhibited in

Fig. 3(a). For joints obtained with V-shaped grooves, the PA6 substrate underwent severe plastic

deformation and then broke on the PA6 substrate with the maximum shear-tensile load of 1194 N which

has reached the yield strength of PA6 base material (the cross-sectional dimension of PA6 was 20 mm X

1.5 mm), indicating the feasibility of the surface pre-treatments to promote the performance of metal-

polymer joints. In addition, U-shaped grooves with poor tensile load resistance showed complete

separation, while 1-shaped grooves with tiny width led to the reduce of embedded PA6 and even the

occurrence of closure phenomenon, which degraded the mechanical interlocking effect, as shown in Fig.
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3(b)-(c). Fig. 3(d)-(e) shows the fracture mechanism of joints with V-shaped grooves, it can be seen that

PA6 gradually elongated with the decrease of thickness, and the stress state of forefront grooves was

reflected in the red circle. Notably, it can be seen that the embedded PA6 could not be pulled out by

normal stress o (Fig. 3d1), resulting in a semi-extracted state with necking phenomenon, which proved

that a relatively strong bonding was achieved in the grooves. As reflected in Fig. 3(f), the edge of grooves

was identified with enhanced bonding zone, while the untreated smooth surface was considered as weak

bonding zone which induced the crack initiation and propagation. Additionally, the line scan analysis of

the groove interface revealed a transition layer with the thickness of 3.6um, indicating the occurrence of

element diffusion between A6061 and PA6. Furthermore, residual PA6 can also be found on fracture

surface in Fig. 3(g), which was contrary to what some scholars have claimed that mainly mechanical

interlocking existed between Al alloy and polymer [11]. In order to explore the existence of chemical

bonding, XPS analysis was performed on the fracture surface of A6061. In addition to the C-C, C-N

(14.25 at. %) and C=0 (2.09 at. %) bonds contained in PA6 substrate, the C-O-Al (8.08 at. %) peaks

were also found from the XPS results, proving that covalent bonds can be formed between the PA6 and

A6061. P. Hirchenhahn et al. also discovered the existence of this bond, and believed that the formation

of C-O-Al bond was most likely related to carbonyl group in PA6 molecule and Al,O3 on Al alloy surface

[12]. In this work, the content of C-O-Al bond was similar to that of C-N bond, so it can be proposed

that the single-section PA6 molecule may produce more than one C-O-Al bond. Moreover, owing to the

coupling effect of uneven oxide film on the surface of processed grooves and the thermal-mechanical

behavior during the FSW process, the C=0 bond and Al=0 bond broke and recombined to form a long

chain structure, as reflected in Fig. 3 (h).

Conclusion
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The robust A6061-PA6 FSW joints were obtained successfully through laser ablation pre-treatment on

A6061 surface. The processed grooves with certain regularity and controllability improved the

mechanical interlocking of joints significantly. Additionally, the coupling effect of oxide film on the

surface of A6061 grooves and the thermal-mechanical behavior during the FSW process promoted the

formation of C-O-Al bond, and the fracture occurred at PA6 substrates, indicating enhanced interfacial

bonding.
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