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A B S T R A C T   

Polypropylene (PP) and its composites are one of the hardest to directly join with metals due to their inherent 
chemical incompatibility. This paper presents a simple, efficient, and cost-effective method for joining PP 
composite to aluminum alloy in spot welding configuration by seeding the functional groups via an insert layer of 
PA6 thin film without requiring surface or material pre-treatment. The resulting joint loading capacity is shown 
to be sufficiently high to consistently develop failures in PP substrates in lap shear tensile tests away from the 
bonded area. Joint interface microstructure features are examined in detail. Bonding mechanisms are then 
described based on the detailed observations obtained in this study.   

1. Introduction 

Concerns for environmental sustainability and demands for vehicle 
performance continue to drive major vehicle manufacturers to pursue 
more advanced lightweight structure solutions [1,2]. Most recent 
studies have shown that multi-material structures are the most effective 
way of achieving structural lightweighting in transportation vehicular 
systems by “using the right material at the right place” [3,4]. Cost- 
effective manufacture of reliable multi-material structures, e.g., made 
of lightweight metals and polymer composites, has been considered one 
of the major challenges for realizing the benefits of these advanced 
lightweight vehicular structures [3,5]. These multi-material structural 
design scenarios often require combining steels, and aluminum alloys 
with various polymeric composites through either direct or indirect 
welding and joining methods. 

One of the key challenges in manufacturing multi-material structures 
in a mass-production environment is how to cost-effectively achieve 
strong bonding between metal and polymer composite. Traditionally, 
metals and polymers were typically joined together using adhesives 
and/or mechanical fastening methods. Adhesive joining requires sig
nificant curing time under the support of special fixtures, and its 
byproducts sometimes can be hazardous to the environment [7]. Me
chanical fastening using rivets, nuts, bolts, and mechanical engraving, 
adds additional weight to the hybrid structure, creates stress 

concentration sites that are prone to fatigue failures, and cannot attain 
hermetic sealing [8,9]. These issues can be addressed to a large degree 
by developing robust welding methods capable of joining metal and 
polymer composites directly [10–12]. In the past decade, some 
advanced welding concepts were investigated for joining metals and 
polymer/polymer composites, such as friction lap welding (FLW) 
[13–17], ultrasonic welding [18,19], laser direct welding [20–23], in
duction welding [24], and resistance spot welding [25]. Among these 
newly developed welding methods, FLW has the advantages of high 
welding speed, good bonding strength, fewer process parameters to 
control, low material and mechanical property losses, and the absence of 
environmental hazards [13,14]. It should be noted that some of these 
welding methods mentioned above have been demonstrated to be able 
to produce considerable high bonding strength between metal and 
polyamide (PA) based materials without special preprocessing or surface 
modifications [13,26,27]. However, to our best knowledge, none of 
them can be used successfully for joining metal and polypropylene (PP) 
based composite materials which are widely used in auto-body closures 
[16,28]. 

The major difficulty can be attributed to the PP polymer's molecular 
structure [27]. It has been shown that various metals can be welded 
directly to polymethylmethacrylate (PMMA) [29], polycarbonate (PC) 
[30], polyethylene terephthalate (PET) [20,31], PA [13,18,25,32–35], 
polyether ether ketone (PEEK) [24,36–39], and polyetherimide (PEI) 
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[19]. All these polymers contain carbonyl functional groups (C––O). Liu 
et al. [27] demonstrated that the carbonyl group on the thermoplastic 
surface reacted with aluminum atoms on the surface of aluminum alloys 
once an intimate contact can be created during the welding, leading to 
the formation of strong C–O–Al chemical bonds at the bonding inter
face. Liu et al. [27] also concluded that it is difficult to directly weld 
metals to thermoplastics that do not contain polar functional groups, 
such as polypropylene, and polyethylene without any surface or mate
rial modifications. 

To overcome the difficulties associated with the lack of polar func
tional groups, special surface modifications of metal and/or PP sides, 
therefore, have been explored for increasing their weldability. Addi
tional physical and chemical treatments have also been examined to 
introduce geometrical features at a microscopic scale on the metal sur
face to promote micro-mechanical interlocking between metals and PP 
under different welding conditions [28,40]. Along this line, the appli
cation of a silane coupling agent on the metal surface has been proven 
beneficial for enabling the bonding between the metal and PP [25]. 
Surface modification of PP by plasma treatment [41] and bulk polymer 
modification by maleic anhydride grafting [42,40] have also been useful 
for joining PP with metals. These promising outcomes were attributed to 
the contributions of plasma treatment which generated transient func
tional groups on the PP surface and maleic anhydride grafting that 
contains carbonyl functional groups [44,45]. On the other hand, micro- 
mechanical anchoring provided by laser texturing has also become a 
suitable means to provide the joining through a mechanical interlocking 
mechanism when the functional groups are absent in the polymer [28] 
or when to fulfill the requirement of joint strength improvement [36]. 

PP has the lowest polymer density and its composites have been very 
cost-effective among other available thermoplastic composites [46–48]. 
Demands for PP-based composites for producing metal-polymer hybrid 
structures have been surging in recent years in the automotive industry 
due to the significant advancements in thermoplastic composite 
manufacturing [49,50]. Even though the surface modification methods 
mentioned above have shown their efficiency in enhancing the bonding 
strength between metals and PP, these methods are still less attractive 
for the mass-production industry for which low manufacturing cost and 
production throughput are the main drivers. 

To address some of the challenges mentioned above, this study is 
focused on the development of a robust and direct PP to metal joining 
method. Specifically, here we consider the combination of 6061 
aluminum alloy (AA6061) and PP-based glass fiber reinforced polymer 
composite (GFRP-PP) through a spot weld configuration. Through a 
simple and inexpensive carbonyl group seeding technique, it can be 
shown that strong chemical bonding at the GFRP-PP and AA6061 
interface can be consistently established, resulting in strong bonding 
strengths. Both mechanical and interfacial microstructure character
izations are then performed for characterizing the resulting bonding 
interface quality and effects of various process parameters. The under
pinning bond formation mechanisms at the joint interface between 
AA6061 and PP-based GFRP-PP are also discussed. 

2. Materials and methods 

AA6061 and GFRP-PP containing 40 % glass fibers were used in this 
study. The physical and mechanical properties of both materials are 
listed in Table 1. As a point of reference, the conventional friction- 
assisted joining process is demonstrated in Fig. 2(a) and a non- 
consumable heat-treated flat head steel tool of 20 mm diameter used 
is shown in Fig. 2(b). Corresponding forge force and forge depth vari
ations as a function of weld time are shown in Fig. 2(c). A modified 
version of the friction-assisted spot joining schematic is shown in Fig. 3 
(a), in which an off-the-shelf 50-μm thin PA6 film was placed for seeding 
the functional group as an inter-layer between AA6061 and GFRP-PP 
(Fig. 3b and c). Note that the color of the PA6 film is chosen only for 
providing a sufficient contrast in subsequent bonding surface 

examination. The physical and thermal properties of the PA6 film are 
listed in Table 1 and the chemical composition of AA6061-T6 is listed in 
Table 2. The dimensions of the specimen used are shown in Fig. 4(b–c). 
The aluminum sheet was polished with P400 sandpaper and then 
degreased with ethanol before joining. No special surface or bulk ma
terial modification was performed on the GFRP-PP composite. 

Sandwich assembly using PA6 inter-layer was prepared as shown in 
Fig. 3(a–b) and an initial force of 150 N using the said flat head tool was 
applied to maintain close contact between metal and composite sheets. 
Friction-assisted spot joining was then performed at a constant tool 
rotation rate of 1800 rpm under displacement control mode. Forge depth 
was varied from 0.05 to 0.15 mm and spot weld times of 3, 6, and 12 s 
were used. 

Three K-type thermocouples were used to measure the interface 
temperatures and their embedded arrangements are shown in Fig. 9 
(a–b). Lap shear tensile experiments were performed to obtain the joint 
strength in an MTS load frame at a displacement rate of 1 mm/min 
(Fig. 4a). Cross-sectional analyses at macro and microscopic levels were 
performed along the section BB′ (Fig. 9a) using Nikon DIC optical mi
croscope (OM) and a JEOL IT500 scanning electron microscope (SEM). 
SEM observations were carried out at 5 kV–15 kV accelerating voltage 
under secondary electron detector (SED) mode and at 15 kV accelerating 
voltage under back electron detector (BED) mode. The lengths of the 
bonding regions were measured along the aluminum surface at the 
cross-sections and the depths of the melting region were measured under 
the nugget center (Fig. 6a–b). 

3. Results 

As stated in the previous section, due to its non-polar nature 
(Fig. 1a), low surface energy, and hydrophobicity, PP-based composite 
does not join with any metal without any special surface or material pre- 
treatment. After the initial polishing and degreasing, several welding 
trials were conducted to join AA6061 and GFRP-PP using the reference 
welding parameter variation as shown in Fig. 2(c), and the resulting 
scenarios are presented in Table 3. As can be seen in Table 3, none of the 
welding parameter combinations could produce the joining between 
AA6061 and GFRP-PP, and sheets of both materials fell apart (Fig. 2d) as 
soon as the tool was lifted from the metal surface. Consequently, no 
significant polymer residue was observed on the metal side (Fig. 2d). 

3.1. Bonding enabled by carbonyl group seeding 

Fig. 3(d–f) illustrate a strongly bonded joint between AA6061 and 
GFRP-PP composite substrates, in contrast to Fig. 2(d) which shows no 
signs of bonding at all. The inter-layer of PA6 thin film enabled the 
formation of a strong bond between these two materials without 
requiring any special surface or material modifications either on the 
metal or GFRP-PP side. Fig. 3(d–f) represent a specimen produced at 
1800 rpm, 12-s spot weld time, and 0.10 mm forge depth before and 
after the lap shear tensile experiment. Except for the plastically 
deformed region under the tool impression, no noticeable thermo- 
mechanical distortion was seen on either side of the specimens 

Table 1 
Mechanical and physical properties of AA6061-T6, 40GFRP-PP, and PA6.   

AA6061- 
T6 

40GFRP- 
PP 

PA6 

Ultimate tensile strength (MPa) 310 115 85 
Yield strength (MPa) 242 – – 
Elastic modulus (GPa) 68.9 8.66 3.30 
Elongation at break (%) 12.50 4.50 40 
Melting temperature (◦C) 476–660 165 230 
Thermal conductivity (W m−1 K−1) 167 0.30 0.25 
Coefficient of thermal expansion (μm m−1 

K−1) 
23.6 45 90  
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(Fig. 3d–f). Fig. 3(f) shows the base material failure, suggesting a much 
stronger joint than the base GFRP-PP composite material. 

The failure location is at some distance away from the tool center, 
indicating a sufficiently developed interfacial bonding between both 
materials, which offers sufficient joint strength. It should be emphasized 
here that the joining method demonstrated here requires no special bulk 
or surface modifications on either material side, unlike the existing 
methods either using surface treatments [28] or bulk material modifi
cation methods [42,44,51]. It should be pointed out that maximum 
loads at failure not the joint strengths are compared to determine the 
maximum load capacity of the joints. For deriving joint strength in terms 
of stress at failure for comparing with other specimen types (e.g., cross- 
tension [52,53]) or structural applications, the mesh-insensitive struc
tural stress methods [54–56] can be used, which is beyond the scope of 
this study. 

3.2. Joint strengths, failure modes, and key welding parameters 

Joint strengths were evaluated using lap-shear specimen design 

configuration (see Fig. 4a through c) typical of those used for spot 
welded specimens [28,37] under different welding conditions in terms 
of friction tool forge depth and welding time. The results are shown in 
Fig. 4(d) corresponding to a constant tool rotation rate of 1800 rpm. Two 
important observations can be made from the lap shear tensile test re
sults obtained in Fig. 4(d). First, the spot weld time has significant effects 
on the joint load capacity (measured as the load at failure). The load at 
failure increases with spot weld time and reaches its maximum value 
when the weld time reaches about 12 s, when tensile failure within the 
PP substrate at some distance away from the spot weld area occurs, 
hereafter referred to as base material failure mode. The apparent lower 
failure loads with weld time of less than about 12 s can be related to 
insufficient bond formation at the interface, leading to the interfacial 
failure mode, i.e., failure along the interface between the aluminum and 
PP substrates, as shown in Fig. 5(a) through (f). Second, welding forge 
depth within the range considered did not influence the joint load ca
pacity in any significant manner. As can be observed from Fig. 4(d), all 
three forge-depths resulted in similar levels of loads at failure in all 
cases. Also, as stated in Section 2, an initial contact force of around 150 
N was used to keep both material sheets in close contact to avoid any gap 
between the joining surfaces before starting the process. This suggests 
that the forge depth does not affect the joint formation significantly as 
long as an initial minimum contact force is maintained between both the 

Table 2 
Elemental composition of AA6061-T6 sheet (wt%).   

Al Si Zn Fe Cu Mg Ni Mn Ag Cr Others 

AA6061 Balance 0.17 0.11 0.11 0.10 0.08 0.03 0.03 0.01 0.05 <0.025  

Fig. 1. Chemical structure of (a) polypropylene (PP) without any functional 
group, (b) nylon-6 (PA6) containing carbonyl functional group. 

Fig. 2. (a) Schematic of a friction spot joining method, (b) non-consumable steel tool, (c) forge force and depth variation during the main phase of friction assisted 
joining process, (d) non-joinable AA6061 and GFRP-PP by conventional method. 

Table 3 
Summary of welding trials to join AA6061 and GFRP-PP without PA6 thin film 
inter-layer and any special surface or material pre-treatment.  

Spot weld time (s) 900 rpm 
0.10 mm 

1800 rpm 
0.10 mm 

1800 rpm 
0.15 mm 

3 No joining No joining No joining 
6 No joining No joining No joining 
12 No joining No joining No joining 
25 No joining No joining No joining  
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materials. 
As substantiated in Fig. 5(a) through (f), within the cases exhibiting 

interface failure mode corresponding to weld time being <12 s, the in
crease in failure loads shown in Fig. 4(d) can be attributed to the in
crease in interfacial bonding area indicated by the overall increased area 
size of PP composite residues sticking to the aluminum substrates. As the 
weld time reaches about 12 s, the failure mode transitions to base ma
terial failure in PP composite substrates (Fig. 5g through i) in all cases 
resulting in the maximum joint load capacity given in Fig. 4(d). 

3.3. Interfacial microstructure characterization 

SEM micrographs of the cross-section in Fig. 6(a–b) further elucidate 
the bonding interface and bond-line microstructure features of the joint 
developed between AA6061 and GFRP-PP at 1800 rpm, 12 s spot weld 

time and 0.10 mm forge depth. A mixed network of polymers and 
randomly distributed glass fibers across the composite side can be seen 
in Fig. 6(a) without any fiber penetration through or across the 
aluminum surface. Since the peak process temperature is above 350 ◦C 
(Fig. 9c), both polymers must generate various chemical compounds 
through pyrolysis at elevated temperatures. Consequently, gases and 
bubbles form in the viscous polymer melt and migrate away from the 
aluminum surface under high pressure. These bubbles become cavities 
during polymer re-solidification and are encircled in Fig. 6(a). 

An intimately bonded interface between AA6061 and PA6 near the 
aluminum surface and a significant amount of PA6 dispersion toward 
the GFRP-PP composite side can be further observed in Fig. 6(b). A 
network of PP matrix, glass fibers, and PA6 wrapping the glass fibers in 
the re-solidified polymer melt are highly pronounced below the 
aluminum surface (Fig. 6b). It suggests that frictional heat melted the 

Fig. 3. (a) Schematic of friction spot joining method using thin film insert, (b) detailed view of material placement during joining, (c) 50 μm thin PA6 insert film, (d) 
top view of the AA6061/GFRP-PP joint produced using thin PA6 film [1800 rpm, 12 s and, 0.10 mm] before the lap shear tensile test, (e) bottom view of the joint 
produced before the lap shear tensile test and, (f) bottom view and base material failure of the joint produced after the lap shear tensile test. 

Fig. 4. (a) Lap shear tensile test schematic, (b) & (c) major dimensions of the specimen used, (d) summary of the peak loads at failure during lap shear tensile test.  
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Fig. 5. (a–i) Failure patterns after lap shear tensile test of AA6061/GFRP-PP joints produced using PA6 thin film inter-layer [1800 rpm, various forge depth and spot 
weld time], (j) comparison of the bonding region lengths measured as the outer diameters of the melting zone (MZ). 

Fig. 6. Cross-sectional SEM images of AA6061/GFRP-PP joint [1800 rpm, 12 s and 0.10 mm], (a) low magnification SEM micrograph with visible cavities, (b) high 
magnification SEM micrograph depicting bonding interface and PA6-fibers-PP network. 

Fig. 7. SEM images of bonding interfaces in AA6061/GFRP-PP joint [1800 rpm, 0.10 mm and 12 s], (a–c) Al-PA6 interface, (d–f) PA6-fiber interface.  
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PA6 and PP matrix, and glass fibers were physically inter-mixed again 
between these polymers. The system then re-solidified as a multi- 
material composite network near the aluminum surface. 

Fig. 7(a–c) show a tightly bonded AA6061 and PA6 interface. The 
boundaries are non-distinguishable at the nanoscale and can be seen 
intimately fused (Fig. 7c). Fused boundaries suggest intimate bonding 
between both materials without any significant mechanical interlocking 
features. The intimate bonding between the AA6061 and PA6 consis
tently prevails for most of the joint bond-line (Fig. 6a–b), although the 
spread of PA6 varies with respect to the nugget center location (Figs. 6b 
and 12). 

Fig. 7(d) shows a glass fiber surrounded by the PA6 and another 400 
nm thick layer of unidentifiable material which is further observed in 
Fig. 7(e–f) between PA6 and the glass fiber. Since PP was reinforced by 
40 % glass fibers in GFRP-PP, the residual layer may be a layer of PP 
matrix that remained on the fiber during the melting and re- 
solidification of polymers. It suggests that despite a thin layer of resid
ual material on the glass fiber, PA6 is surrounding the glass fibers inti
mately, and formulates a strong multi-material composite network with 
GFRP-PP. A further molecular level adhesion characterization of this 
interface is beyond the scope of this article. 

Fig. 8(a–c) illustrate a noteworthy feature between PA6 and PP 
matrix materials. In general, PA6 and PP polymers are incompatible to 
mix and do not interact chemically due to their significantly opposite 
polar characteristics [43,57]. PA6 is polar in nature (Fig. 1a) due to the 
presence of oxygen and nitrogen as electronegative species, whereas PP 
does not have any such electronegative species in its chemical structure 
(Fig. 1b), making these two polymers chemically incompatible with 
each other [57]. However, we can observe an undefined interaction 
between both polymers at the nano-scale level and three-dimensional 
fibrillar linkages of PA6 can be seen diffusing in the PP matrix 
(Fig. 8b–c). Probable molecular chain entanglement either at a physical 
level or chemical mixing of both the polymers under high temperature 
and pressure conditions can be attributed to this phenomenon and, a 
comprehensive physical and chemical analysis is necessary to provide 
more meaningful insights further in the future. 

Interfacial temperature histories are examined, as shown in Fig. 9. 
Fig. 9(a–b) show the embedded thermocouple placements during spot 
welding corresponding to 1800 rpm friction tool rotation, 12-s spot weld 
time, and 0.10 mm forge depth. Fig. 9(c) shows the interfacial temper
ature history measurement data corresponding to the three interfacial 
positions described in Fig. 9(b). As can be seen in Fig. 9(b), 
thermocouple-1 (TC1) was placed at the centerline of the nugget, TC2 
was placed underneath and adjacent to the tool boundary (tool diameter 
20 mm) and, TC3 was placed where the through-thickness failure 
initiation of GFRP-PP was observed (just before 23.50 mm from the 
nugget center). TC1 provided the temperature profile under the nugget 
center and reached a maximum of 394 ◦C representing the overall peak 
process temperature (Fig. 9c). This indicates a high frictional heat 
diffusion radially inwards increasing the temperature at the center 
higher than in other locations. TC2 and TC3 registered maximum tem
peratures of 336 ◦C and 185 ◦C respectively (Fig. 9c). Also, TC1 main
tained a comparatively higher temperature than TC2 and TC3 

throughout the process. This can be attributed to the farther positions of 
TC2 and TC3 from the nugget center and unavoidable losses of frictional 
heat while diffusing radially outwards from the center. 

As can be seen in Fig. 9(c) that all the thermocouples maintain 
temperatures higher than 165 ◦C after a 6-s spot weld time where 165 ◦C 
represents the melting point of the PP matrix. The thermal decomposi
tion of pristine PP and PA6 starts above 355 ◦C and 398 ◦C respectively 
and glass fiber reinforcement can increase the decomposition tempera
ture for GFRP-PP further beyond 425 ◦C [58,59]. Additionally, as shown 
in Fig. 9(c), the peak process temperature measured (TC1 peak) is near 
400 ◦C, and the TC1 temperature profile is above 350 ◦C for most of the 
joining process duration. This indicates a reasonable possibility of par
tial thermal decomposition of both the polymers near the tool center. 
However, TC2 and TC3 temperature profiles are well below the 
decomposition temperatures, suggesting no significant thermal decom
position of both the polymers away from the tool center. Corresponding 
melting zone (MZ) diameter from Fig. 5(j) and decomposition zone (DZ) 
diameters are further used to obtain MZ/DZ and are shown in Fig. 9(d). 
It can be observed that the 12-s spot welding significantly increases the 
MZ/DZ corresponding to the stabilized temperature regime in Fig. 9(c) 
beyond 6-s spot weld time. 

3.4. Fracture surface analysis 

Posterior analyses of fracture feature further elucidate the bonding 
phenomenon between AA6061 and GFRP-PP due to the thin PA6 insert 
layer and are shown in Fig. 10(a–d). Joints developed at 1800 rpm and 
0.10 mm forge depth were selected owing to the reasons stated in earlier 
sections. Fig. 10(a) and (b) show the interfacial fracture features of 3-s 
and 6-s spot-welded joints respectively. Due to their different failure 
surface morphologies, three distinct bonding regions can be observed. 
Region-1 (R1) contains the area with a noticeable tool impression under 
the aluminum sheet and receives the highest amount of heat during the 
joining process to attain the peak process temperature (Fig. 10b). 
Region-2 (R2) is the shiny area beyond R1 with a significant amount of 
PA6 residue on both aluminum and PP composite sides (Fig. 10b). 
Region-3 (R3) is the outermost thick ring of re-solidified PP and PA6 
residues surrounding R2 (Fig. 10b). All the regions are shown in Fig. 10 
(b) and can be seen evolving with spot weld time conforming with Fig. 5. 
Other researchers [13,28,60] have used different terminologies for such 
regions responsible for bonding based on similar thermomechanical and 
adhesion characteristics. 

Furthermore, Fig. 10(a) shows a spread of PP residue (blackened 
area) and fibers in R1 starting at a 3-s spot weld time. PP residue and 
fibers' density increase for the 6-s spot weld time in R1 on the aluminum 
side as shown in Fig. 10(b) and are expected to increase further for the 
12-s spot weld time. Due to high heat input, a large amount of polymer 
must melt in R1 and flow outside the R1 under high tool pressure, 
leaving a shiny saddle transition surface surrounding R1 (Fig. 10b). 
Similarly, due to high heat, the density of gaseous bubbles must be high 
in R1 compared to surrounding areas. Consequently, R1 shows interface 
failure features, and the fracture surfaces on the aluminum side depict 
the morphology of intermittently broken bubbles, cavities, and polymer 

Fig. 8. SEM images showing possible PA6-PP interface in AA6061/GFRP-PP joint [1800 rpm, 12 s and 0.10 mm].  
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network tearing (Fig. 10c). Dominated by high bubble and cavity con
centrations and resultant failure features, R1 alone cannot provide high 
joint strength. 

On the other hand, R2 has a different correlation with spot weld time 
compared to R1. As can be seen in Figs. 5 and 10(a–b), the width of R2 
increased significantly both in aluminum and PP composite sides with 
spot weld time. R2 has an opaque residue of PA6 material which in
creases both on aluminum and PP composite sides with increasing spot 
weld time. The PA6 residue in R2 is not consistently uniform and spots of 

shiny aluminum surface also appear in R2 on the aluminum side 
(Fig. 10d). Its mixed spread on both aluminum and GFRP-PP sides 
suggests that R2 has both adhesive and cohesive failure features as can 
be seen in Fig. 10(b & d). Furthermore, R2 has only minute traces of 
glass fibers as can be seen in Fig. 10(d). The absence of fibers in R2 at the 
aluminum side, suggests that PA6 film melted and resolidified with glass 
fibers of GFRP-PP to form a strong multi-material composite network in 
R2. The fiber network between PA6 and glass fibers is significantly 
stronger than the PA6 and aluminum bonding in R2 and does not break 

Fig. 9. Interfacial temperature measurement, (a–b) schematic of thermocouple (TC) placement, (c) temperature measurements for AA6061/GFRP-PP joint [1800 
rpm, 12 s, 0.10 mm] and, (d) ratios of MZ to DZ for various process parameters. 

Fig. 10. Failure features of the produced joints [1800 rpm, 0.10 mm] at, (a) 3-s spot weld time, (b) 6-s spot weld time, (c) SEM micrograph of R1 on aluminum side, 
(d) SEM micrograph of R2 on aluminum side. 
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in PP composite (Fig. 10d). The absence of any cavity-breaking features 
in R2 implies that bubbles if formed, should be very few in R2. A further 
increase in spot weld time from 6 s must melt and resolidify a higher 
amount of PA6 and PP matrix in R2 and further increase the bonding 
strength. Owing to the low possibility of bubbles and a combination of 
adhesive-cohesive failure features, R2 should provide a high contribu
tion toward overall joint strength. This fact is more pronounced in the 
12-s spot-welded joint (Fig. 11) which failed in the base PP composite 
material. 

The outermost region R3 has a different morphology compared to R1 
and R2 as shown in Fig. 10(b). The outer diameter of R3 increases 
significantly with spot weld time as can be seen in Fig. 10(a) and (b). It 
has a thick blackened ring of re-solidified material when spot weld time 
is 3 s (Fig. 10a), and it partially diffuses with PA6 when spot weld time 
increases to 6 s (Fig. 10b). The outer edge of R3 for the 12-s spot-welded 
specimen suggests that it has ridge patterns (Fig. 11b–d). Ridges form 
due to the squeezing action of molten viscous polymers away from the 
nugget center during the joining process. These ridges further formulate 
bulk material waviness in R3 when re-solidified, causing material dis
continuities. Such melt flow and re-solidification caused material dis
continuities in R3 must increase the stress concentration significantly 
near the outer edge of R3 (Fig. 11b–d). Consequently, the fracture 
location appears near the edge of R3 as shown in Fig. 11(b). It further 
follows from the morphologies and failure features that; qualitatively, 
bonding regions should follow a ranking of R2 > R1 > R3 toward the 
joint strength contribution. In other words, the boundary of the R1 
corresponds to the DZ and the boundary of the R3 corresponds to the 
MZ. As shown in Figs. 5 and 9(d), the fracture mode transitions from the 
interfacial failure mode for the 3 and 6-s spot weld time, to BM failure 
for the 12-s spot weld time when the MZ/DZ increases to the maximum 
attainable value. 

4. Discussions 

4.1. Bonding mechanisms 

It is worth noting that all AA6061 aluminum substrates used in this 
study were subjected to polishing using P400 sandpaper and degreasing 
with alcohol. The polishing process with P400 sandpaper typically 
provides surface roughness of around 30 μm without any significant 
depth and is not sufficient to achieve a strong micro-mechanical inter
locking effect [28]. AA6061 and GFRP-PP did not join without the PA6 
inter-layer (Fig. 2d and Table 3) after AA6061 surface polishing and 
degreasing using P400 sandpaper. However, using the same surface 
degreasing process, strong joining between AA6061 and GFRP-PP 
(Figs. 3d–f and 5) was achieved when using the PA6 inter-layer, and, 
joining can be solely attributed to the application of functional group 
seeding inter-layer via PA6 thin film. The temperature profile due to the 
frictional heating in Fig. 9(c) suggested that all the joining regions were 
either at the melting temperature of the PP matrix or higher and TC1 and 
TC2 remained above the melting temperature of PA6 throughout the 
joining process suggesting sufficient melting of both PA6 and PP matrix 
and mixing with the glass fibers to formulate the multi-material com
posite network. This multi-material composite network initiated at the 
AA6061 surface with the PA6 formulated an intimate interface with the 
AA6061. 

Due to the presence of functional groups, PA6 must react strongly 
with metals and should be the major contributor to the strongly bonded 
interface between aluminum alloy and PA6 [14,27]. Liu et al. [27] 
proved that the formation of the C-O-Al type of chemical bond is a highly 
probable cause for providing intimate bonding between aluminum and 
PA6 type polymers. In addition, other researchers have suggested other 
possibilities of different chemical interactions between PA6 and metals 
[61,62]. AA6061 is an alloy containing various compositional elements 
and is always prone to have oxide and hydroxide layers when exposed to 
atmospheric conditions. In addition, hydrocarbon contaminations are 

Fig. 11. Resolidified PA6 near fracture origin in the joint [1800 rpm, 0.10 mm and 12 s], (a) global view, (b) local view of PA6 + PP reconsolidation near through 
crack fracture region, (c) SEM micrograph of crack front location and ridges, (d) ridges pattern on the aluminum side. 
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likely to be present before and during the welding process, suggesting 
various combinations of chemical interactions between aluminum sur
face and PA6. On the other end, both PA6 and PP matrices are found to 
have a strong network via the glass fibers and form a strong interface at 
the AA6061. The boundaries of AA6061 and PA6 are indistinguishable 
in Fig. 7(c), suggesting a strong and intimate bonding between both 
materials at the molecular level. Further quantification of chemical and 
physical bonding types at an atomic or molecular level is out of the scope 
of this study. 

Another important feature of bonded regions observed in Fig. 5 is 
further illustrated in detail in Fig. 10. All these bonded regions are 
predominantly circular and are found to be playing a significant role in 
joint quality. The placement of the friction tool and the distances from 
all the joint boundaries were maintained to keep the joint geometry 
symmetric with respect to the tool center and tool surface area. Edges of 
the joint were maintained square of 70 mm × 70 mm and a minimum 
one-tool diameter distance was maintained between the tool edge and 
the joint's outer edges providing a significant space to contain the 
pressure generated during the tool plunging and polymer melting during 
the joining process. Additionally, the spread of the melting zone in
creases more compared to the concentration of the decomposition zone 
around the tool impression (Figs. 5 a–j and 9d) which signifies a fully 
developed joint under the 12-s spot weld condition for the said material 
combination. This can potentially happen when the interfacial contact 
regions have reached the melting point of both the PA6 and the PP 
matrix material, as can be seen from the corresponding temperature 
profiles in Fig. 9(c) for an approximately stable thermal regime beyond 
6-s spot weld time. Further analysis to understand the effect of pressure 
containment and optimization corresponding to the tool and joint sizing 
and tool placement will be considered in future studies. 

Based on the macro and microscopic observations discussed above, 
the bond formation process can be described as illustrated in Fig. 12, 
starting from polymer melting, to melt flow and melt re-solidification, 
leading to a multi-material composite network at the joint interface 
(see Fig. 12a–b). As seen in the previous sections, spot weld time plays a 
vital role in forming a strong joint. With a sufficient spot weld time, e.g., 
12 s (see Section 3.2), the general characteristics of the bonded region 
and its development process follow as those shown in Fig. 12(a) and (b). 
As such, cavity-rich volume in R1, wide spread of PA6 forming a com
posite with glass fibers of GFRP-PP in R2, and evolution of ridges in R3 

are shown in Fig. 12(a). Fully developed bonding regions on aluminum 
and GFRP-PP sides along with ridges in R3 are shown in Fig. 12(b). 

4.2. Process characteristics 

The proposed friction spot joining process for achieving metal- 
polymer joining has only four process parameters to control (tool 
dimension, rpm, forge depth, and spot weld time). It can be directly 
extended for performing friction lap seam welding which can be used to 
achieve metal-polymer continuous joints and has numerous advantages 
[11,13]. The process offers several major advantages over existing 
joining processes, including (i) direct control of the bonded region 
through friction heating tool dimension, (ii) high welding speed without 
requiring special surface or bulk material treatments, (iii) energy-saving 
and environmentally friendliness due to the absence of filler or masking 
gas, voltage sparks, and minimal material loss during friction heat 
generation. In addition, the application of an inexpensive and readily 
available PA6 thin film interlayer makes the process highly cost- 
effective. Note that PA6 thin film cost only around 1.50 cents per 
square inch of the joint produced between AA6061 and GFRP-PP in the 
laboratory which is significantly lower than other surface and material 
modification methods necessary to join said materials for load-bearing 
structural applications. After achieving the high quality joining under 
the current sample and material conditions, another future study of 
process parameter optimization is underway and is expected to bring 
forth an optimally short processing time aptly suited for automotive 
applications through the acquisition of a dedicated machine and control 
system. 

5. Conclusions 

A simple and reliable process for joining nonpolar polymer com
posite to metal is presented and has been successfully demonstrated for 
joining AA6061 and GFRP-PP in a spot weld configuration by seeding 
functional groups through a readily available PA6 thin film as an 
interlayer. The major conclusions of the presented work can be sum
marized as follows.  

1. Reliable joining between AA6061 and GFRP-PP, which traditionally 
cannot be accomplished without special surface or material 

Fig. 12. (a) Schematic representation of multi-material composite network formation at the cross-section of AA6061/GFRP-PP joint (T = 12 s), (b) schematic 
representation of the fully developed bonding regions for a 12-s spot-welded joint. 
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modifications, can now be achieved through a simple functional 
group seeding technique using a PA6 thin film. The joint failure load 
increases from zero (no joining condition), without the PA6 film 
insert, to 11.52 kN (BM failure) when using the PA6 film insert. The 
new process proves to be simple and cost-effective, particularly in a 
high-volume production environment.  

2. Although this study was not intended to develop a detailed process 
parameter window for a specific application, the experimental re
sults show that the proposed joining process possesses just a few 
parameters to control for ensuring bond quality consistency. Chief 
among them are weld time (12 s for the material combination used) 
which governs the final interfacial bonding area, and preset forge 
depth (corresponding to the 150 N preset force) which ensures initial 
intimate contact at the joint interface. As a result, the process can be 
readily adapted to various applications for joining nonpolar poly
meric composites to metals.  

3. The application of PA6 provided the necessary interfacial bridging 
between the non-joinable AA6061 and the GFRP-PP. The interfacial 
bonding mechanisms observed can be attributed to (1) direct 
bonding between aluminum and PA6 (resulting from PA6 film) 
through previously proven C-O-Al type chemical bonding and; (2) 
the formation of a strong multi-material composite network of PA6, 
glass fibers, and PP matrix, leading to a strong AA6061/GFRP PP 
joint. 
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