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A B S T R A C T   

The work aims to identify the key factors (KFs) influencing the product quality in the Friction Assisted Joining 
process and how these depend on the process parameters. Experimental tests were performed under low and 
high-speed conditions. The tests were conducted on hybrid joints made of aluminum alloy AA7075 alloy and 
semicrystalline Polyamide PA66. Friction Assisted Joining experiments were conducted using an instrumented 
CNC machine equipped with load and position sensors. The temperature variation and distribution were 
measured through an Infrared Camera. The influence of plunging load, tool rotation speed, plunging rate and 
dwell time on the quality of the joints was investigated. Single lap shear tests were conducted to determine the 
mechanical behavior of the joints. The results indicated that the quality of the joints is mainly determined by the 
processing temperature reached during the joining process. The processability window along with the onset of 
main adverse phenomena affecting the mechanical behavior of the joints was determined.   

1. Introduction 

Thermomechanical-joining processes represent a suitable alternative 
to mechanical fastening and adhesive bonding to produce hybrid 
structures made of dissimilar materials [1]. These processes external 
heating sources and relatively low holding pressure. The polymer at the 
interface is heated below the melting/softening temperature and be-
comes highly “reactive”. Depending on the materials involved and the 
surface state, different joining mechanisms can develop including 
physical bonding (mainly van der Waals forces), chemical bonding [2], 
or even micromechanical interlocking (exploiting the natural or artifi-
cial asperities present on the metal surface) [3]. To this end, the metal 
and polymer surfaces can be processed using different treatments to 
enhance the mechanical behavior of the joints including, anodizing [4, 
5], surface modification [6], laser cleaning [7], micropatterning [8], 
plasma treatment [9], as well as laser texturing [10]. 

The joining processes may involve negligible plastic deformation 
(such as in Laser Direct joining [11–15], Induction heating [16], friction 
assisted joining [17,18], ultrasonic joining [19–25], hot-press joining 
[26,27], friction spot joining [28–30], friction lap welding [31–33]); 
thus, the joint is similar to an adhesive bond. On the other hand, other 
joining processes such as in Friction stir welding [34–36], Friction 
self-riveting [37–40], Friction based filling [41], friction assisted 

clinching [42], injection molding [43,44] involve heavier deformation. 
The process design and the selection of process conditions should 

guarantee to reach a sufficient temperature at the interface, which 
mainly depends on the thermal dependent characteristics of the ther-
moplastic) over a sufficiently large area. Besides, the temperature ho-
mogenization should be also pursued to maximize the strength of the 
joints. This can be faced by the adoption of the proper dimension of the 
heating tools (e.g. tool dimension in friction assisted joining or laser 
beam dimension in Laser direct joining [45]) as well as the correct po-
sition of the heating source to the metal edge, as reported in [45]. 

During thermomechanical processes, adverse phenomena affect the 
mechanical behavior of the joints including the formation of porosities, 
which are mainly due to moisture trapped in the polymer, and strongly 
affect the mechanical behavior of the joints. Besides, for semi-crystalline 
polymers, severe thermal cycles (and especially high cooling rates) may 
result in loss of crystallinity that consequently affects the mechanical 
behavior of the polymer (at the metal-polymer interface) and finally 
compromises the strength of the joints [26]. 

The present investigation is aimed at determining the key factors 
influencing the joints quality when joining aluminum and semi-
crystalline PA66. An instrumented machine characterized by high 
plunging load, power, and tool rotation speed capabilities was devel-
oped for this purpose. Experimental tests were conducted on the 
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Aluminum alloy AA7075 sheet with Polyamide 66. An experimental 
campaign was conducted by varying the plunging load, the tool rotation 
speed, and the dwell time. The variation of the plunging load, torque, 
and temperature during the process was measured. The quality of the 
joints was assessed through quasi-static single lap shear tests and optical 
observations of the fracture surfaces. Since the severe thermal cycles, the 
crystallinity of the polymer was expected to undergo serious reduction 
leading to worsening of the mechanical behavior. This was investigated 
through hardness tests on samples treated at different temperatures. 

2. Materials and methods 

2.1. Experimental details 

Joining experiments were conducted between aluminum alloy 
AA7075 sheets with a thickness of 3 mm and polyamide PA66 sheets 
with a thickness of 5 mm. The main mechanical and thermal charac-
teristics of involved materials are summarized in 

Table 1. The samples were cut into strips 25 mm wide and 80 mm 
long. The overlapping area was 25 × 25 mm2. Preliminary tests con-
ducted on as-received aluminum failed to join. Thus, the aluminum 
surface was treated using laser sculpturing in correspondence to the 
overlapping area to enable successful joining of the substrates. To this 
end, a 30 W fiber laser (YLP-RA30-1-50-20-20 by IPG) was used, and a 
square-net pathway was produced. The following parameters were used 
during the sculpturing process: the power of 30 W, pulse frequency of 30 
kHz, scanning speed of 1000 mm/s, the distance between two consec-
utive scans of 0.3 mm, and 20 repetitions for each path. The selection of 
the above-mentioned conditions was based on preliminary tests; how-
ever, a fine optimization of the laser texturing conditions is beyond the 
scope of the paper. 

During the experiments, the aluminum was placed on the upper side 
(in contact with the tool), while the polyamide was underlined the 

aluminum sheet. Friction joining experiments were conducted through 
an instrumented CNC machine under load control and the position of the 
tool was monitored during the process. The machine involved a high- 
power spindle with a maximum power of 13.5 kW and a maximum 
rotation speed of 8000 RPM. A high strength steel tool made of K720 by 
Bohler was used. The tool had a cylindrical geometry with a diameter of 
10 mm and a corner radius of 0.1 mm. The machine was equipped with 
two piezo-electric cells, model 9055-9063B by Kistler, and a multi-
channel charge amplifier Type 5017 by Kistler. The signals were ac-
quired employing an I/O acquisition board model USB6009 by National 
Instrument at a sample rate of 2.0 kHz. Hence, the plunging load (Fz) and 
the torque (Mz), were measured and controlled during the process. This 
enabled the evaluation of the variation of the power (P) during the 
process and the joining energy (E), according to Eqs. 1 and 2. 

P(t) = Mz(t) × ω (1)  

E =

∫ T

0
P(t)dt =ω ×

∫ T

0
Mz(t)dt (2) 

The samples were clamped to the load cells as depicted in Fig. 1. 
The temperature evolution during the joining experiments was 

measured using an Infrared Camera model E60 by FLIR. The maximum 
acquisition rate allowed by the camera (30 Hz) was selected to capture 
the variation of temperature during the process. The camera focused on 
the top surface of the aluminum sheet, which was previously covered by 
a graphite layer to increase its surface emissivity (to almost 0.8). A 
schematic of the camera and the observation window is also reported in 
Fig. 1. The joining process was subdivided into four separate phases. In 
the beginning, the tool started rotating at a prescribed speed (ω). Then, 
the tool plunged the underlying aluminum following a prescribed load 
rate Prate. As soon as the peak load was reached (Fmax), the dwell phase 

Fig. 1. Schematic of the equipment used to produce FAJ joints.  

Fig. 2. Sequence of main phases by which the FAJ process develops.  

Table 1 
Main mechanical and thermal characteristics of involved materials.  

Material Tensile Strength [MPa] Shear Strength [MPa] Density [kg/m3] Glass transition [◦C] Melting point [◦C] 

PA66 85 85 / ̅̅̅3
√

= 49 MPa  1150 47 258 

AA7075 572 572 / ̅̅̅3
√

= 330 MPa  2810 – 477 - 635 ◦C  

Table 2 
Levels of Dwell-Plunging load full factorial plan (bold font indicates fixed 
factor).  

Level Dwell Time, Dt [s] Plunging load, Pl [N] Tool Rotation speed, ω 
[RPM] 

I 0 600 8000 
II 2 800  
III 4 1000   

F. Lambiase et al.                                                                                                                                                                                                                               



Journal of Manufacturing Processes 62 (2021) 833–844

835

proceeded until the dwell time (Dt) was elapsed. During the dwell phase, 
the prescribed load Fmax held constant. Finally, the tool rapidly retrac-
ted, and the joint cooled down. A schematic of the phases sequence is 
reported in Fig. 2. 

The experimental plan consisted of a first analysis of the interaction 
between the plunging load and the dwell time. To this end, a full 
factorial plan 32 was designed, as summarized in Table 2. Then, a further 
32 full factorial plan was conducted by varying the tool rotation speed 
and the dwell time over three levels for each factor as reported in 
Table 3. The above-mentioned tests were conducted with a plunging rate 
Prate = 100 N/s 

The quality of the joints was assessed through quasi-static single lap 
shear tests. A universal testing machine model C43.504 by MTS, 
equipped with a load cell model LPS.504, was used for mechanical 
characterizations. Single lap shear tests were performed under 
displacement control at 1 mm/min. A schematic of the shear test sample 
is depotced in Fig. 3. 

Three repetitions were performed for each joining condition. Mean 
and standard deviation values were calculated. After mechanical tests, 
the samples were analyzed through optical microscopy. To this end, a 
stereoscope model M205 by LEICA and a metallographic microscope 
mode DMI5000 by LEICA were adopted. This enabled to quantify both 
the dimension of the bonding area as well as the penetration of the 
aluminum teeth within the polymer surface. Furthermore, defects 

Fig. 4. Schematic of different phases needed for sample joining (a) original aluminum sample; (b) tlaser texturized aluminum sample; (c) substrates overlapping and 
(d) shear sample after joining. 

Fig. 3. Schematic of the single lap shear test sample.  

Table 3 
Levels of Dwell-Tool rotation speed full factorial plan (bold font indicates fixed 
factor).  

Level Dwell Time, Dt [s] Plunging load, Pl [N] Tool Rotation speed, ω 
[RPM] 

I 0 1000 4000 
II 2  6000 
III 4  8000  

Fig. 5. Schematic of the experimental equipment used to characterize the variation of the PA66 hardness for specimens treated under different temperatures.  

F. Lambiase et al.                                                                                                                                                                                                                               



Journal of Manufacturing Processes 62 (2021) 833–844

836

developing at the metal-polymer interface were determined. A sche-
matic of the sample preparation is reported in Fig. 4. 

PA66 crystallinity can be affected by the thermal cycles experienced 
during the joining process. This directly alters the mechanical behavior 
of the polymer [26]. Shore’s hardness tests were conducted to determine 
the variation of the mechanical behavior of PA66 when the polymer is 
heated at given temperatures. A heating table was used to determine the 
influence of the temperature on the material crystallinity. A PA66 
sample was placed on the heating table until a prescribed temperature 
was reached (this was also measured using a K-type thermocouple). 
Then, the sample was still left on the table for further 30 min. This 
enabled the polymer heating over a relatively thick layer. Finally, the 
sample was removed from the heating table and rapidly cooled in air. 

The heating tests were performed at different temperatures (between 25 
◦C and 300 ◦C). Then, for each sample (treated with different temper-
atures) five Shore’s hardness tests were performed. A schematic of this 
procedure is reported in Fig. 5. 

3. Results 

3.1. Influence of process parameters on the quality of the joints 

All the joints showed a brittle behavior, as the load increased steeply 
until the peak load viz. Ultimate Shear Force (USF); then, failure 
occurred almost abruptly, as depicted in Fig. 6. 

The force-load curves of joints made with longer dwell time were 

Fig. 6. Force-displacement curves recorded during single lap shear test varying the joining conditions.  

Fig. 7. Influence of the plunging load and dwell time on quality parameters. (Tool Rotation speed, ω = 8000 RPM and Plunging rate).  
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characterized by higher peak load values as well as higher elongation at 
rupture. The analysis of the key quality parameters from the force- 
displacement curve was performed. The influence of the plunging load 
and the dwell time on quality parameters is depicted in Fig. 7. The trends 
indicate that the USF generally increased with the dwell time (Fig. 7a). 
The analysis of the dimension of the joining areas, which are reported in 
Fig. 7b, suggests that the increase of USF with the dwell time was mainly 

due to the increase of the joining area. Longer interaction time led to a 
higher temperature on the whole metal-polymer interface, as depicted in 
Fig. 7d. Consequently, larger regions reached the threshold temperature 
required to sink the aluminum teeth within the polymer. 

The USF showed a minor increase under higher values of the 
plunging load, as for Pl = 1000 N the key parameter values (for Dt = 0 s, 
2 s, and 4 s) were characterized by lower variability. On the other hand, 

Fig. 8. Influence of tool rotation speed and dwell time on quality parameters. (Plunging load, Pl = 1000 N).  

Fig. 9. Influence of peak temperature (measured on the top aluminum surface) on shear strength.  
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Fig. 10. Fracture surfaces and joined areas (highlighted with light brown color) from PA66 substrates after treatments under different processing conditions.  

Fig. 11. 3D reconstruction of Polyamide fracture surface of a joint made with short joining time (Dt = 0 s and Pl = 600 N, joining time = 6 s).  
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the influence of the plunging load was more marked at low levels of the 
dwell time. For Dt = 0, the adoption of higher plunging load Pl = 1000 N 
involved a severe increase of the USF as compared to lower Pl values of 
600 N and 800 N. This feature will be explained subsequently when the 
relationship between the key parameters and the peak temperature is 
discussed. The mean shear strength, which was calculated as the ratio of 
the USF by joined area, decreased with both the plunging load and the 
dwell time, as depicted in Fig. 7c. 

The influence of the tool rotation speed and dwell time on the 
characteristics of the joints are reported in Fig. 8. The trends confirmed 
the influence of the dwell time on the shear force of the previous 
experimental plan. The increase of the tool rotation speed involved 
higher values of the ultimate shear force. This was addressed to higher 
frictional power, which determined an increase in the peak and mean 
temperature of the metal-polymer interface. Therefore, the joined area 
enlarged when higher values of the tool rotation speed were adopted; 

this involved joints characterized by higher USF. However, processing 
conditions that involved higher peak temperatures also led to lower 
shear strength, except for ω = 4000 RPM and low dwell times Dt = 0 s 
and Dt = 2 s. The temperature reached under these conditions was not 
sufficient to adequately soften the polyamide and consequently sinking 
the aluminum teeth into the polymer. 

Fig. 9 summarizes the results from the two factorial plans and depicts 
the shear strength and joined area as a function of the peak temperature 
measured on the top surface of the aluminum sheet. The results indicate 
a negative correlation between the strength of the joints and the tem-
perature of the welds as soon as the joining mechanism was triggered 
(Tmax = 140 ◦C). Indeed, the strength steeply reduced with processing 
conditions involving higher peak temperatures (e.g. using long dwell 
time and/or high plunging loads). For processing conditions involving 
peak temperatures above 250 ◦C, the strength held almost constant at 7 
MPa. This strength was mainly due to the regions surrounding the pin 

Fig. 12. 3D surface reconstruction of the polymer substrate. Formation of porosities and convex surface.  
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projection area. In these regions, much lower temperatures were 
reached. The comparison of Fig. 9a and b suggests that the highest 
strength was achieved when the joined area corresponded to the area of 
the tool pin. Processing conditions involving peak strength (tempera-
tures between 140− 160 ◦C) involved a joined area of 65-75mm2, which 
was close to the area of the pin surface (78.5 mm2). Under processing 
conditions leading to higher peak temperatures, a larger portion of the 
overlapping area was heated above the threshold temperature. How-
ever, the area in correspondence with the pin projection experienced 
much higher temperatures. This led to the development of adverse 
phenomena, which will be treated in the following section, that affect 
the mechanical behavior of the joints. When processing conditions 
involved extremely high processing temperatures above the melting of 
the PA66 (258 ◦C) significant material reflow was observed. This char-
acteristic was due to the localized heating and the semi-crystalline na-
ture of PA66, which determined steep viscosity reduction as melting 
occurred. This material flowed towards peripherical regions leading to 
severe polymer thinning. Besides, this material, which has experienced 
steep alteration owing to the severe thermal cycle, formed a relatively 
thick layer (almost 400 μm) between the aluminum and underlying 

polyamide, as observed in Fig. 9e. 

3.2. Fracture surface analysis 

Fig. 10 shows the fracture surfaces of polyamide substrates. Under 
processing conditions leading to low temperatures, the joined area was 
circular, as shown in Fig. 10a and b. The joined area was surrounded by 
a slightly indented surface (low sinking), which was due to lower tem-
peratures experienced during joining. This can be better observed by the 
3D surface reconstruction showed in Fig. 11a. A virtual cross-section was 
performed to better observe the PA profile. Fig. 11b indicates that within 
the joined area the polymer shows relatively tall protrusions (up to 50 
μm) in correspondence with the aluminum texture grooves. On the other 
hand, outside this region, the polymer surface was negligibly imprinted 
by the aluminum teeth. 

As the joining time increased (owing to longer dwell times and/or 
plunging loads), porosities started to develop, as shown in Fig. 10c and 
g, and 3D surface reconstruction was performed on the rectangle area 
shown with higher magnification, as reported in Fig. 12. The polymer 
surface showed a pattern structure that followed the structure of the 

Fig. 13. Fracture surfaces and joined areas (highlighted with light brown color) from Aluminum substrates after treatments under different processing conditions.  
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texture made on the metal surface. However, the development of po-
rosities around the tool projection area and surface convexity (in cor-
respondence with the tool projection area) was also observable. The 
location of the porosities indicates that these result from high temper-
ature and low-pressure conditions. On the other hand, the region un-
derlying the tool, which is characterized by higher pressure, is almost 
exempt from porosities. However, this region was characterized by the 
surface convexity released from the deformation of the aluminum sheet. 
Indeed, under processing conditions leading to high temperatures, the 
polymer undergoes a severe reduction of load-carrying capability. Thus 
the polymer produces lower support to the aluminum that tends to 
become convex in correspondence with the tool. 

Processing conditions leading to higher temperatures (produced by 
longer joining time conditions) caused the saturation of the overlapping 
area. Higher temperatures led to some adverse phenomena, which 
included porosity development and coalescence (as reported in Fig. 10c) 

as well as material reflow. This second aspect was particularly evident as 
the joining time was higher than 10 s. A significant amount of polymer 
flowed outside the overlapping area leading to polymer thinning as well 
as material excess on the sample sides. 

On the opposite part of the joint, the aluminum samples showed the 
presence of PA covering the aluminum texture, as depicted in Fig. 13. 
The closer observation of the joints made under short joining time in-
dicates the presence of relatively tall polymer protrusions attached to 
the aluminum texture within the joined area. On the other hand, the 
surrounding region was completely free prom PA, and the original 
texture is observable. 

The samples joined under processing conditions leading to temper-
atures higher than 250 ◦C were characterized by a large amount of 
material reflow that also covered the aluminum texture, as shown in 
Fig. 13c and d. 

Fig. 14a shows a higher magnification micrograph of the three 

Fig. 14. Characteristic regions of material reflow observed on samples made under long joining times (Dt = 4 s, Pl = 600 N).  
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regions (joined, material reflow, unjoined region). The 3D reconstruc-
tion of the surface enables a better understanding of the behavior of the 
material reflow region. Both the unjoined region (where the polymer is 
only marginally indented by the aluminum teeth) and the joined region 
show a “regular pattern” resulting from the laser texturing of the metal 
surface. At the boundaries of the joined region, the polymer tended to 
accumulate leading to a transition zone, as depicted in Fig. 14b. The 
isometric 3D view of the aluminum surface, depicted in Fig. 14c and the 
cross-section reported in Fig. 14d indicates that a large amount of re- 
solidified material coming from the central region remains attached to 
the aluminum (rather than the polymer substrate). This seems to indi-
cate the poor adhesion of the material reflow to the polyamide, and 
consequently the reduction of the average shear strength of joints made 
under higher processing temperatures. 

3.3. Analysis of crystallinity variation with processing temperatures 

Semi-crystalline polymers such as polyamide can be deeply affected 
by thermal cycles. This is mainly due to a change in crystallinity that 
determines the mechanical behavior of the polymer. Thus, the variation 
of the polymer hardness subjected to thermal cycles performed at 
different temperatures represents an indicator of the reduction of load- 
bearing capability. The hardness variation of the PA66 treated under 
different temperatures is reported in Fig. 15. As can be inferred, the 
hardness of the PA66 shows a negligible variation up to 150 ◦C. The 
hardness of the supplied PA66 was 75 HD, while at 150 ◦C it reduced to 
74 HD (almost 1%). On the other hand, treatments performed at higher 
temperatures involved a deeper crystallinity variation as the hardness 
reduced to 40 HD (almost 47 %) for temperature treatments performed 
at 300 ◦C. 

4. Discussion 

Metal-polymer hybrid structures have been employed in a growing 
number of high-end products and now, they are rapidly spreading to 
produce mass production goods. The severe limitations involved in 
conventional joining processes (such as mechanical fastening and ad-
hesive bonding) and demand for higher productivity are driving towards 
the development of new manufacturing solutions. Friction assisted 
joining has been recently introduced and it has already demonstrated to 
be suitable for hybrid structures. However, being at a development 
stage, previous investigations mainly studied the feasibility of the pro-
cess and the performances of the joints. 

The joints made by friction assisted joining between different types 
of metals and polymers were characterized by high mechanical strength, 
as reported in [17,46,47]. However, the experiments were conducted 
using a low capacity machine (max load of 300 N). This required rela-
tively long joining times (up to 20 s), that promoted high amount of heat 
dissipation towards the clamping frame [48], leading to a large amount 
of energy required for the joints development (up to 5 kJ per joint). On 
the other hand, the reduction of the joining time can potentially involve 
different advantages, such as an increase of productiveness, the reduc-
tion of heat loss, the increase of the process efficiency, and even the 
improvement of the mechanical behavior of the connections by reducing 
the thermal degradation effects of the polymer in correspondence with 
the metal-polymer interface region. On the other hand, the reduction of 
the joining time (by increasing he joining power) intrinsically involves 
steeper temperature gradients in agreement with the results reported in 
[49]. 

The present investigation was aimed at determining the key factors 
influencing the strength of the joints between aluminum and polyamide 
components. The results indicated that the joining process is triggered 
by the achievement of a threshold temperature (for polyamide 66 this 
was almost 140 ◦C). However, owing to temperature inhomogeneity, 
processing conditions leading to a peak temperature that almost equaled 
the threshold temperature, the joined area was extremely small, leading 
to low values of the ultimate shear force. On the other hand, higher 
values of the peak processing temperature (e.g. by increasing the dwell 
time of the plunging load), produced larger joined areas leading to 
higher values of the ultimate shear force. However, this also comes with 
an overheated central region. Here, the strength rapidly reduced as the 
onset of different phenomena, which were related to higher processing 
temperatures. The reduction of polymer crystallinity, development and 
coalescence of porosities, material reflow, and polymer thinning were 
the main causes of the shear strength reduction of the joints with 
temperature. 

According to Fig. 9, the shear strength of the joints and the dimen-
sion of the joined area can be almost completely described based on the 
temperature, regardless of the other process parameters. This seems to 
indicate that, within the processing window analyzed, the force applied 

Fig. 16. Severe deformation of (a) aluminum and (b) PA66 when using high plunging loads (Pl = 1200 N).  

Fig. 15. Variation of PA66 Shore’s hardness with different tempera-
ture treatments. 
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by the tool on the underlying metal sheet showed a marginal influence 
on the mechanical behavior of the joint. The influence of the joining 
force was mainly related to the variation of the interaction time as 
higher joining forces required longer plunging phases. This represents a 
great advance of friction assisted joining as the joining forces can be kept 
relatively low leading to smaller and lighter machines and clamping 
equipment. Besides, the adoption of low plunging forces can be also 
exploited to avoid extremely large deformation of the metal and poly-
mer sheets, as shown in Fig. 16 (where a plunging load of 1200 N was 
adopted). 

Unfortunately, the strong “sensitivity” of the PA66 to temperature, 
and the steep gradients produced during the process highly affected the 
joints made with longer interaction time. As a result, the metal-polymer 
interface showed severe inhomogeneity. 

5. Conclusions 

Friction Assisted joining experiments were conducted using an 
instrumented prototypal machine under load control. The tool rotation 
speed, dwell time, and plunging load were varied. Mechanical charac-
terization tests were performed to determine the shear strength of the 
welds and how it is influenced by the process parameters. The main 
results of the study are summarized as follows:  

• The main adverse phenomena affecting the joint’s mechanical 
behavior were identified. Furthermore, the strong temperature 
sensitivity of the PA and the steep temperature gradients produced 
uneven joining conditions over the overlapping metal-polymer 
interface. This represents the main issue to be solved to efficiently 
improve the quality of these joints.  

• The variation of mechanical behavior of the samples measured 
through Shore’s hardness tests indicated that the variation of the 
crystallinity appeared for processing temperatures above 150 ◦C. 
Higher processing temperatures further decreased the hardness of 
the PA66 up to 47 % of the original hardness for temperatures of 300 
◦C.  

• Processing temperatures above the melting temperature of the 
polymer (almost 258 ◦C) led to the presence of a re-solidified layer of 
PA66 between the substrates with large porosities development. In 
addition this layer showed poor adhesion with the PA substrate 
leading to a reduction of the overall mechanical behavior of the joint.  

• The metal-polymer interface was characterized by an uneven 
morphology and mechanical behavior. This was caused by the 
inhomogeneous heating as well as pressure distribution.  

• The 3D surface reconstruction performed on tested PA66 samples 
indicated that the porosities mainly developed in regions charac-
terized by high temperature and low pressure.  

• the processing temperature represents the key factor affecting the 
strength of the joints. The highest joints strength was achieved for 
processing conditions leading to between 140− 160 ◦C. At tempera-
tures below 140 ◦C, the aluminum and polyamide do not join. Under 
these conditions, the aluminum teeth eventually produce low sinking 
that is unable to produce the micro interlocks between the substrates. 
Temperatures between 150 ◦C–170 ◦C produced the highest 
strength. The joints were characterized by the complete sinking of 
the aluminum teeth within the top polyamide surface. However, 
owing to the strong heating inhomogeneity during the process, the 
joined areas were relatively small. Temperatures exceeding 170 ◦C 
enabled to increase the area of the joined region. However, as the 
strong sensitivity of the PA66 to the temperature, these conditions 
involved different adverse phenomena including, reduction of crys-
tallinity, increase in porosity dimension, and even large material 
reflow. All these phenomena contributed to steeply reduce the 
strength of the joints. 
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