
Results in Physics 19 (2020) 103629

Available online 19 November 2020
2211-3797/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Microarticle 

Mechanical and microstructural aspects of the hybrid joint of PP-C30S and 
2219 aluminum alloy 

S. Memon a, M. Paidar b,*, S. Sadreddini c, K. Cooke d,*, B. Babaei e, O.O. Ojo f 

a Department of Mechanical Engineering, Wichita State University, Wichita, United States 
b Department of Material Engineering, South Tehran Branch, Islamic Azad University, Tehran 1459853849, Iran 
c Young Researchers and Elites Club, Science and Research Branch, Islamic Azad University, Tehran, Iran 
d Faculty of Engineering and Informatics, University of Bradford, Richmond Road, BD7 1DP Bradford, West Yorkshire, UK 
e School of Mechanical and Manufacturing Engineering, University of New South Wales, Sydney, NSW 2052, Australia 
f Department of Industrial and Production Engineering, The Federal University of Technology Akure, Nigeria   

A R T I C L E  I N F O   

Keywords: 
2219 aluminum alloy 
Weld strength 
Reaction layer 
Polymers 

A B S T R A C T   

In this work, 2219 aluminum alloy and PP-C30S sheets are welded using Threaded-hole Friction Stir Spot 
Welding (THFSSW) and Probeless Friction Stir Spot Welding (PFSSW). The results revealed that the reaction 
layers were produced between the aluminum and polymer, irrespective of the process type. However, a larger 
reaction layer was formed in the THFSSW joint (37 µm) as compared to that of the PFSSW joint (24 µm), and this 
consequently in conjunction with the induced mechanical interlocking resulted in the increment of the weld 
strength from 290 N to 436 N. This implies that various frictional heat and adhesion force was generated during 
processes.   

Introduction 

The production of sound welds between metals (like aluminum and 
magnesium) and plastic materials such as polymers components has 
received urgent attention towards achieving lightweight structures in 
various industries ranging from aerospace and automotive industries. To 
this day, various welding processes such as Friction stir welding [1], 
ultrasonic welding [2], friction stir spot welding [3], and friction spot 
riveting [4] which are friction-based joining processes have been used to 
weld hybrid metal-polymer structures. Liu et al. [5] reported that con-
ventional adhesive bonding processes require long curing time, and the 
adhesives are susceptible to environmentally induced degradation for 
some applications. As a result, owing to process simplicity and easiness 
in achieving automation for high-volume production [5], the usage of 
friction stir based joining technology is still the most eligible for the 
joining Polymer-Metal hybrid structures [3]. Shahmiri et al. [6] inves-
tigated the joining of the polypropylene (PP) to AA5052 aluminum alloy 
sheets using Friction Stir Lap joining (FSLJ) to achieve a sound joint. It 
was concluded that the growth in the reaction layer’s thickness was 
enhanced by heat-input at a higher tool rotational rate. In this investi-
gation, a new process called Threaded-hole Friction Stir Spot Welding 
(THFSSW) was introduced with the intention of improving the 

mechanical properties of the joints and to equally compare it with a less 
drudgery process, the probeless friction stir spot welding (PFSSW) under 
the same conditions. The mechanical properties and the formation 
mechanism of reaction layers were studied. 

Materials and methods 

Sheets of PP-C30S and AA2219 with a thickness of 2 mm and 1.7 mm 
were employed as base alloys for this study. Tables 1 and 2 indicates the 
chemical compositions and physical properties of the materials utilized 
in this work. A pre-threaded hole (4 mm diameter and threaded by M4 
reamer) was created in the AA2219 sheet and the PP-C30S sheet was 
placed beneath the AA2219 sheet to establish an overlapped setup. 
Fig. 1a depicts the schematic of the THFSSW process. As obvious, a 
rotation tool (probeless tool, made from AISI H13 tool steel) composed 
of a concave shoulder with a diameter of 15 mm was utilized for both 
processes (THFSSW and PFSSW). It is imperative to mention that 
regarding the results of the previous study [3], the tool rational speed, 
the stirring time, and the plunge depth of the shoulder were kept con-
stant as 1800 rpm, 5 s, and 0.1 mm, respectively. The microstructural 
features and the fracture surfaces of the joint were characterized using a 
scanning electron microscopy (SEM). Cross-tension test and Tensile/ 
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shear tests were carried out with the strain rate of 1 mm/min (see Fig. 1). 

Results and discussion 

The macro and microstructures of the THFSSW and PFSSW joints are 
displayed in Fig. 2 a-j. As observed in Fig. 2a, the upward movement of 
the softened polymer led to the filling of the pre-drilled (threaded) hole 
during the THFSSW process. The inflowing of the softened (molten) 
polymer into the upper sheet (AA2219) resulted in a significant inter-
locking between the substrates (owing to the presence of threads inside 
the hole) under the penetration of the rotating probeless tool, which 
induces the heat input required for melting the PP polymer [4]. On the 
contrary, during the PFSSW process, there was no observed interlocking 
between the dissimilar materials due to the absence of a pre-drilled hole 
in the 2219 alloy. It can be seen from Fig. 2b that there is an adhesion- 
induced bonding (due to adhesion force) and mechanical interlocking 
between the re-solidified polymer and the aluminum alloy, while the 
interlocking between materials is restricted during PFSSW. This reflects 
the considerable role of the pre-threaded hole on the amount of adhesion 
and interlocking, which will affect the reaction layer’s thickness created 
between the PP and Al, and the resultant joint strength. 

The reaction layers of the joints made using the THFSSW and PFSSW 
processes are shown in Fig. 2c-e and Fig. 2g-j respectively. It can be 
observed from these figures that cracks were formed in the reaction 
layers (see the red arrows in Fig. 2d and blue arrows in Fig. 2h). A very 
fascinating observation is that comparatively small cracks were formed 
at the reaction layer of the joint obtained by the THFSSW process as 
compared to the joint produced by the PFSSW process. The probable 
reason for the occurrence of these cracks is the disparity in the coeffi-
cient of thermal expansion (CTE) between the PP and Al alloy [3,6]. It is 
noteworthy that no visible cracks occurred at the interface of the 
interaction layer and aluminum alloy, as shown in Figs. 2c, d, and e. 

On the other hand, cracks were formed in the joint produced by 
PFSSW as can be seen from Fig. 2g-j. This implies that the adhesion force 
produced during the process was relatively negligible. To further 
analyze the joints, the EDS line scanning was conducted to evaluate the 
amount of Al, C, and O in the joints. The obtained data (see Fig. 2k and l) 
indicates the presence of C, Al, and O as the main compositions of the 
reaction layers. It also confirms that a more extensive reaction layer is 
generated in the THFSSW joint in comparison to that of the joint pro-
duced by the PFSSW process. This can be ascribed to the higher heat 
input and, in fact, more collision of molten PP-C30S with the walls of the 
aluminum alloy before the re-solidification of the polymer. The erosion 
effect of the molten PP-C30S at the wall of the Al alloy (due to the 
inherent hole) favors the formation of a wider area fraction of the re-
action layer in the THFSSW joint as against the PFSSW joint with only an 
interfacial flow of the molten PP-C30S polymer. Paidar et al. [3] stated 
that the existence of O in the Al/polymer joint was due to the impact of 
polymer degradation [7]. Moreover, Liu et al. [5] reported that the 

development of Aluminum-Oxygen-Carbon bonds at the joint interface 
was the main reason for improving the fracture load of the joint. The 
mechanism of joining of the Al and PP-C30S sheets includes the presence 
of Al-O-C bonds at the reaction layer, the adhesion bonding caused by 
the thermally-assisted wettability (at the interface of the Al and PP- 
C30S), and the mechanical interlocking of the base materials. 

The fracture loads and fracture surfaces of the hybrid joints, achieved 
by using THFSSW and PFSSW processes under tensile/shear loading and 
cross-tension loading, are indicated in Fig. 3. A higher fracture load is 
gained by the THFSSW technique as compared with the PFSSW process. 
For the PFSSW process, the fracture started from the interface of the 
upper and the lower sheets to produce an interfacial fracture path be-
tween the dissimilar materials (see Fig. 3b). Delamination of the adhe-
sion bonded interfacial zone (through the reaction layer) in the PFSSW 
joint is caused by the loading process. In return, for the weld made by the 
THFSSW process, the fracture commenced from the interface of the 
upper and lower sheet (adhesion bonded zone) and then propagated 
along the outer region around the pre-threaded hole (Al-polymer 
interlocked zone), as shown in Fig. 3a. The interlocked zone offers some 
resistance to loading before the fracture initiation and propagation at 
the root of the re-solidified polymer locked with the Al alloy. The 
improved strength in the THFSSW joint is thus primarily due to the 
growth of the reaction layer (responsible for Al-O-C bonds), wettability- 
induced interfacial adhesion bonding, and better mechanical inter-
locking within the threaded hole and the re-solidified polymer. Sup-
plementary to this, the formation of cracks within the reaction layer and 
substrates can reduce the joint strength. This implies that cracks formed 
in the reaction layer played another role in determining the fracture load 
of the hybrid polymer/metal joints. The stress concentration attributed 
to the cracks within the reaction layer in the PFSSW joint could be 
responsible for the weaker strength of the PFSSW joint while the addi-
tional mechanical interlocking improves the THFSSW joint. SEM images 
of the failed samples (surfaces) under tensile/shear and cross-tension 
loading processes have been examined but that of the tensile/shear is 
presented in Fig. 3d. As it was expected, it can be seen that owing to a 
higher fracture load of the specimen welded by the THFSSW technique, 
elongated polymers (PP-C30S) have been produced in the periphery of 
the hole (see the yellow square in Fig. 3d), which indicates a ductile 
fracture appearance. Furthermore, the presence of the fine dimples at 
the edges of the hole is indicative of the start of ductile fracture. This 
observation is a positive loadbearing attribute of the THFSSW joint that 
corroborates the improvement in the weld strength of the joint over the 
PFSSW counterpart. However, the fracture surface of the cross-tensile 
specimens has evidence of brittle fracture while delamination-induced 
brittle failure is predominant in the PFSSW joint. 

Conclusion 

A determined and specified reaction layer was created around the 
threaded hole and between the substrates. The width of the reaction 
layer illustrated a gradual increase, from 24 µm to 37 µm, with changing 
the welding process from PFSSW to THFSSW. This can be ascribed to the 
process disparity and a more collision of molten PP-C30S with the walls 
of the aluminum alloy before the final re-solidification process during 
the THFSSW process. Maximum Tensile/shear strength of 436 N and 
Cross-tension strength of 148 N have been gained from the THFSSW 
process due to the larger reaction layer and dominant mechanical 
interlocking between the polymer and the threaded hole within the 
aluminum plate. 
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Table 2 
Physical properties of PP-C30S.  

CTE (10− 6/ 
◦C) 

Heat distortion 
temperature (◦C) 

Melting Temperature 
(◦C) 

Density (gr/ 
cm3) 

89 119 160  0.9  

Table 1 
AA2219 aluminum alloy chemical compositions.  

Cu Fe Zn Zr Si Al Mn  

6.33  0.18  0.087  0.21  0.13 Bal.  0.31  
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Fig. 1. (a) Illustration of stages of THFSSW process. Top view of Tensile/shear sample, (b) before welding, (c) After welding. Cross-tension sample, (d) Top view, (e) 
Bottom view. 
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Fig. 2. SEM images from the PP-C30S/AA2219 interface for weld produced by, (a-e) THFSSW and (f-j) PFSSW. The elemental line scan of the weld produced by (k) 
THFSSW and (l) PFSSW. 
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Fig. 3. (a) Tensile/shear and cross tension load of joints, (b), (c) Schematic of the crack propagation. (d), (e) SEM images from the fracture surface of tensile/shear 
and cross-tension samples, respectively. 
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