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A B S T R A C T   

In the present study, single-lap joints of polycarbonate (PC) and laser-textured aluminum alloy AA6061 were 
manufactured by injection overmolding (IOM) and characterized in terms of the microstructure, quasi-static and 
long-term mechanical performance and hygrothermal stability. The injection overmolding parameters were 
optimized through design of experiments and analysis of variance, which showed that the parameters of barrel 
temperature, injection speed and holding pressure positively affected the ultimate lap-shear force (ULSF). PC/ 
AA6061 injection overmolded hybrid joints exhibited outstanding joining strength of 7.2 ± 0.5 MPa. Under 
fatigue cyclic loading, hybrid joints produced with optimized IOM processing conditions showed a fatigue life of 
35 % ULSF at 106 cycles, demonstrating excellent mechanical durability. Moreover, PC/AA6061 injection 
overmolded hybrid joints showed good hygrothermal stability, with no significant variations in joining strength 
after aging in water at 80 ◦C for 30 days.   

1. Introduction 

Engineering polymers have gained ground in structural applications 
in the automotive and aeronautic sectors [1]. On the one hand, this 
pattern is brought by the low density, simple processing requirements, 
design flexibility and strong chemical resistance of engineering poly
mers. On the other hand, although heavier, metals have greater stiffness 
and strength than polymers, making them more suitable for 
load-bearing applications [2]. In this regard, the development of 
polymer-metal hybrid (PMH) structures, which can synergistically 
combine the capabilities of both materials and fill specific deficiencies of 
each class, has eased this dichotomy between choosing polymer or metal 
materials [3,4]. Indeed, PMH structures have been widely studied and 
employed in the transport industry to reduce vehicle weight, fuel/e
nergy consumption, and CO2 emissions [4–6]. Among the materials of 
great interest in the production of PMHs are polycarbonate (PC) and 
aluminum alloys. These materials are widely used as adjacent compo
nents in vehicles [7]. PC is frequently employed for lenses and can even 
replace vehicle windshields. AA6061 is one of the most commonly used 
aluminum alloys in automotive components, including vehicle bodies 

and engine parts [8]. 
Injection overmolding offers great advantages in manufacturing 

structures, as it allows molding polymer components and joining with 
the metal part in a single step through a fast, precise, efficient and 
automated process [9,10]. In the direct-adhesion injection overmolding 
method, a metal insert or profile is surface treated to produce micro- or 
nano-scale features that, when filled with the molded polymer, provide 
adhesive forces between the polymer and metal parts and thus lead to 
strong joints [11,12]. PMH joints produced via injection overmolding 
with laser surface textured metals have been the subject of several 
studies [13–20]. The laser ablates a metal layer to create microcavities 
on the metal surface, and the resulting pattern can be controlled by the 
scan configuration and proper laser parameter selection [17–19]. These 
studies have focused on evaluating the effects of different materials, 
metal surface patterns, and occasionally processing conditions on the 
lap-shear strength of joints. Gebauer et al. [18] used continuous wave 
(cw) laser to structure the metal surface in single-lap joints of polyamide 
66 (PA66) and 6082-T6 aluminum alloy, producing trench patterns with 
hatch distances of 150 μm and depth of 158 ± 17 μm. The injection 
overmolding parameters were kept constant (barrel temperature, Tb of 
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285 ◦C, mold temperature, Tmd of 80 ◦C and flow rate, Rf of 15 cm3 s− 1). 
Metal trenches were almost completely filled with PA66, resulting in a 
joining strength of 11.9 MPa. Huang et al. [19] produced periodic holes 
on the metal surface of glass-fiber reinforced polyamide (PA-35GF) and 
steel (grade 340/590 DP) single-lap joints using nanosecond pulsed laser 
treatment. The spacing between adjacent holes varied between 50 μm 
and 300 μm. The conditions for injection overmolding were kept con
stant (Tb of 285 ◦C, Tmd of 90 ◦C and Rf of 12 cm3 s− 1). Using a line-point 
pattern analysis (the ratio of the hole diameter to the distance between 
adjacent holes), the joining strength increased with increasing surface 
roughness and spacing between adjacent holes, reaching a maximum of 
27.8 MPa for a 1:3 line-point pattern. Zhao et al. [13] investigated the 
effects of packing and holding pressures as well as polymer melt tem
perature on the lap-shear strength of PBT-30GF/AA5052 single-lap 
joints. Micrometric dimples with a fixed aspect ratio (depth/diameter) 
of 1.5 were placed in a square pattern on metal substrates using a 
nanosecond pulsed laser. Two groups of molding conditions were eval
uated: one with varying packing pressures from 20 MPa to 100 MPa and 
polymer temperatures from 220 ◦C to 245 ◦C, and other group with 
changing holding pressure from 0 to 50 MPa and melt temperatures from 
230 ◦C to 245 ◦C, with constant packing pressure of 100 MPa. Hybrid 
joint strength increased with packing pressure. Only at 20 MPa packing 
pressure did joint strength increase significantly with increasing tem
perature. The authors demonstrated that the increase of packing pres
sure and melt temperature enhanced polymer filling into the dimples 
and thus, the mechanical interlocking effect. Zhao et al. [15] investi
gated overlap joints of amorphous polycarbonate (PC) and poly(methyl 
methacrylate) (PMMA) with laser-textured aluminum alloy AA5052. 
Holes of 50 μm in diameter, 100 μm in-depth, and spaced 60 μm apart 
were laser ablated into the surface of the metal. The injection speed 
varied between 10 mm/s and 100 mm/s, the packing pressure varied 
between 20 MPa and 80 MPa, while the holding pressure varied between 
15 MPa and 60 MPa. The authors found that higher packing pressure and 
injection speed values are required for obtaining greater polymer filling 
into the metal holes and, thus, high shear strength. Moreover, a linear 
increase between polymer filling depth and ultimate lap-shear strength 
was observed. For a packing/holding pressure of 80/60 MPa, the shear 
strength increased from 7.5 MPa to 5.5 MPa at 10 mm/s to 30 MPa and 
20 MPa at 100 mm/s for PC and PMMA, respectively. 

This study aims to better understand injection overmolding condi
tions on the lap-shear strength and gain new insights into the fatigue 
behavior and hygrothermal stability of overlap joints between poly
carbonate (PC) and laser-textured aluminum alloy 6061. Optimization 
of injection overmolding parameters through the design of experiments 
and analysis of variance based on the quasi-static lap-shear strength of 
joints, the behaviors of the PC/AA6061 joints under fatigue testing and 
hygrothermal aging are addressed. 

2. Materials and methods 

2.1. Materials 

The polymer component was a commercial grade polycarbonate, PC 
(commercial grade LEXAN™ 103) with a melt flow rate of 7 g/10 min 
(ASTM 1238: 300 ◦C, 1.2 kg) supplied by SABIC Innovative Plastics, 
Brazil. PC is an amorphous engineering thermoplastic widely used in 
injection-molded parts for automotive and household appliances 
requiring high stiffness, strength and toughness, good dimensional sta
bility, and optical transparency. 

6 mm-thick 6061-T6 aluminum alloy rolled sheets (AA6061) pro
duced by Alcoa, USA were used. This alloy combines good workability, 
relatively high mechanical strength and corrosion resistance [21] with a 
wide use for engineering and structural applications in boats, furniture, 
and automobiles. 

2.2. Metal surface treatment 

AA6061 metal inserts are one symmetrical side of a half-lap splice 
joint with dimensions shown in Fig. 1a, which were cut and machined 
from the rolled sheets. The recessed area of the AA6061 insert was 
texturized by laser to promote better adhesion with PC. A pulsed Nd- 
YAG laser (Trotec SpeedMarker 50, Austria) with 20 W of average 
power, wavelength of 1064 nm and laser spot diameter of 45 μm was 
used. A pattern of micron-scale grooves spaced (center to center) of 100 
μm each and oriented in the direction transverse to the length axis of the 
AA6061 insert was produced, as shown in Fig. 1b. Additional studies 
(not addressed in this publication) have shown ductile failure in the PC 
component with the highest ULSF value of 2210 ± 55 N (+6 %) for 
joints produced in the optimized injection molding condition with 
AA6061 inserts containing deeper grooves (65 μm). Therefore, delami
nation failure was induced for produced specimens in this study by 
adjusting the laser texturing conditions of the metal surface, which 
produced a groove depth of slightly less than 65 μm. Laser scanning 
conditions were: frequency 20 kHz, laser scan speed 500 mm/s and four 
scans. The parameters used were selected from the laser texturing pa
rameters surveyed in the literature and preliminary testing [17–20]. The 
laser was scanned line by line, back and forth, four times, resulting in 
grooves with a width of 45 ± 1 μm and depth of 55 ± 5 μm, as sche
matically shown in Fig. 1b. Metal inserts were cleaned in an ultrasonic 
bath with isopropyl alcohol for 10 min and at 30 ◦C, followed by 
cleaning with pressurized air before and after laser texturing. This 
cleaning procedure was applied to remove grease and debris that do not 
adhere to the textured metal surface and can act as a weak boundary 
layer. 

2.3. Injection overmolding 

PC/AA6061 joints with half-lap splice configuration (Fig. 2) were 
prepared using an Arburg Allrounder 270V injection molding machine 
(Arburg, Germany) operated in semi-automatic mode, with the metal 
inserts being manually positioned into the mold cavity before each 
molding cycle. The dimensions of the joint and overlap region were 
adapted from the ASTM D1002 standard - a guideline for testing the 
strength of adhesives for joining metals - which has been widely used for 
evaluating the lap-shear strength of PMHs. Fig. 3 shows a photograph of 
an injection overmolded PC/AA6061 hybrid joint specimen containing 
the sprue, runner and gate. 

A 23-full factorial design of experiments (DoE) with one center point 
(CP) and five replicate specimens for each condition was used to un
derstand and optimize the injection overmolding of PC/AA6061 joints. 
The injection overmolding parameter range of values was selected based 
on the PC processing window. Additionally, the molding conditions 
were chosen to yield high-strength joints, ensuring the polymer 
component is free from volumetric or surface defects. The DoE factors, 
namely, barrel temperature, injection speed and holding pressure, were 
varied by two levels each, as shown in Table 1. Other injection over
molding conditions were kept constant as follows: holding time of 6 s, 
mold temperature of 110 ◦C taking as reference the heat distortion 
temperature (HDT) of 132 ◦C (ASTM D648 @ 1.82 MPa) [22], and 
cooling time of 25 s. According to published studies [23–28], the tem
perature of the metal insert, which can be controlled by insert 
pre-heating and mold temperature, is one of influencing factors on the 
joining strength of PMHs produced by injection overmolding. As the 
temperature of the metal insert increases, the thickness of the polymer 
frozen skin layer decreases, allowing for easier penetration of the 
polymer into the metal microcavities, providing a larger contact area 
between the polymer and metal and thus, higher joining strength. For 
this reason, the AA6061 substrates were pre-heated to 110 ◦C in an oven 
and manually positioned inside the mold cavity to shorten the heating of 
the metal substrate inside the mold before polymer injection. A waiting 
time of 60 s was applied before each molding cycle to ensure 
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temperature equalization of the metal insert with the mold cavity. It is 
worth mentioning that pre-heating time can be optimized in future ap
plications, for instance, by modifying the injection molding hardware. 
However, this has not been the focus of the current research. 

The investigative response to the DoE was the joint ultimate lap- 
shear force (ULSF). The displacement at break was not evaluated as a 
response in this study, on the one hand, because of its direct propor
tionality with ULSF, and on the other hand, due to the fact that single lap 

shear specimens are known to induce secondary bending (i.e., out-of- 
plane stresses) [29,30] which would mask the evaluation of specimens 
damage tolerance. The study of fracture energy and fatigue damage 
tolerance of the current injection-overmolded specimens - which is out 
of the scope of this work - would require other testing specimen geom
etries, such as the single-leg bending specimen (SLB) [31,32]. SLB 
specimens are used to characterize interlaminar fracture of composites 
and adhesively bonded joints, accounting for a mixed-loading mode I/II 
adequate for metal-polymer hybrid joints [33]. ANOVA with a confi
dence level of 95 % was used to estimate the influence of each injection 
overmolding parameter and its interactions. Minitab 21 software (USA) 
was used for the statistical evaluation. 

2.4. Lap-shear testing 

The joining strength of the PC/AA6061 joints were evaluated by lap- 
shear testing, following an adaptation of the ASTM 1002 standard [34] 
using an Instron 5569 universal testing machine (Instron, USA) with a 
load cell of 50 kN and a distance between grips of 60 mm at a crosshead 
speed of 1.27 mm/min (0.05 inch/min). The specimens were condi
tioned at 23 ◦C ± 1 ◦C and 50 % ± 5 % relative humidity prior to tests, 
which were conducted at the same ambient conditions. Five replicate 
specimens were tested for each condition. 

2.5. Confocal laser scanning microscopy 

The surfaces of the machined and laser-textured AA6061 inserts and 
the polymer fracture surfaces of joints subjected to lap-shear testing 
were examined using a LEXT OLS 4100 confocal laser microscopy 
(Olympus, Japan) with a wavelength of 405 nm. The surface roughness, 
area and volume calculations were performed using the OLS4100 
software. 

Fig. 1. Geometry and dimensions (in mm) of the AA6061 insert (a) and laser texturing micron-scale design (b).  

Fig. 2. Geometry and dimensions (in mm) of the injection overmolded PC/ 
AA6061 hybrid joint specimen. AA6061 in light gray. 

Fig. 3. Photograph of an injection overmolded PC/AA6061 joint specimen 
containing the sprue, runner and gate. 

Table 1 
Conditions of the 23 full factorial design of experiments used to produce PC/ 
AA6061 hybrid joints via injection overmolding.  

Condition Barrel temperature 
[◦C] 

Injection speed 
[cm3/s] 

Holding pressure 
[bar] 

C1 280 40 600 
C2 330 40 600 
C3 280 80 600 
C4 330 80 1000 
C5 280 40 1000 
C6 330 40 1000 
C7 280 80 1000 
C8 330 80 600 
Center 

Point 
305 60 800  
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The cross-section of the PC/AA6061 joints was examined through 
optical images captured with the confocal laser microscope to measure 
the penetration of the polymer into the grooves formed on the metal 
surface. 

2.6. Scanning electron microscopy (SEM) 

The polymer and metal fracture surfaces of joints subjected to lap- 
shear testing were examined using an FEI Inspect S50 scanning elec
tron microscope (FEI, USA) equipped with secondary and backscattered 
electron detectors operated at an accelerating voltage of 15 kV, work 
distance of 10 mm and vacuum atmosphere. The analyzed samples were 
placed on carbon tapes and covered with gold before analysis. 

2.7. Capillary rheometry 

The melt shear viscosity of the PC at temperatures and rates similar 
to those applied in the injection overmolding of the joints was evaluated 
using a capillary rheometer SR50 (Instron, USA), with a capillary with a 
diameter of 1 mm and length to diameter (L/D) ratio of 30. The analyses 
were performed in the 10 s− 1 to 10000 s− 1 shear rate range at three 
different temperatures: 280 ◦C, 305 ◦C and 330 ◦C. The Rabinowitsch 
correction was employed to determine the shear rates at the inner wall 
of the capillary according to Equation (1) [35]: 

γ̇w = γ̇A

(
3 + b

4

)

(1)  

Where: γ̇w is the shear rate at the wall, γ̇A is the apparent shear rate at the 
wall, b = 1/n and n is the power law index. 

2.8. Fatigue testing 

The mechanical durability of the PC/AA6061 hybrid joint produced 
with optimized injection overmolding parameters (condition C4, 
Table 1) was estimated through dynamic fatigue testing using a MTS 
Bionix® universal testing machine (MTS, USA), operated under the 
following conditions: sinusoidal tensile mode (R = 0.1); frequency 5 Hz; 
and 4 load levels of 30 %, 40 %, 50 %, and 70 % ULSF [36,37]. The 
specimens were conditioned at 23 ◦C ± 1 ◦C and 50 % ± 5 % relative 
humidity prior to tests, which were conducted at the same ambient 
conditions. Three replicates were tested for each condition. The tem
perature measurement during the fatigue test was manually performed 
with a laser thermometer on the surface of the overlap area. No relevant 
variation in temperature was detected (25 ◦C ± 3 ◦C). The 
two-parameter Weibull distribution was selected to predict the fatigue 
life of the PC/AA6061 joints with two cycle levels (105 cycles and 106 

cycles) and reliability of 90 %, 95 % and 99 %. These reliabilities values 
indicate that the probability of failure is between 1 % and 10 % [38]. 
The detailed steps for calculating the Weibull curves can be found in 
Refs. [39,40] for other different joining techniques and materials. 

2.9. Hygrothermal aging 

The hygrothermal stability of the PC/AA6061 hybrid joint produced 
with optimized injection overmolding parameters (condition C4, 
Table 1) was estimated based on the ASTM D1151. The joints were 
immersed in a deionized water bath at 80 ◦C for different periods; 1 day, 
7 days, and 30 days, and then subjected to lap-shear testing. The weight 
of the joints was measured before and after aging to evaluate the water 
uptake. Five replicates specimens were tested for each condition. 

2.10. Differential scanning calorimetry (DSC) 

The glass transition temperatures (Tg) of the PC in unaged (control) 
and hydrothermal aged joints were measured by differential scanning 

calorimetry (DSC) using a Q2000 instrument (TA Instruments, USA). PC 
samples weighing 8.5 ± 0.2 mg extracted from the inner of the overlap 
region of joints were placed in aluminum crucibles and heated from 
23 ◦C to 330 ◦C at 10 ◦C/min, under nitrogen atmosphere (50 mL/min). 
These analyses were performed in duplicate. 

3. Results and discussion 

3.1. Surface analysis of laser-textured AA6061 inserts 

Fig. 4 shows images and height profiles obtained by laser scanning 
confocal microscopy of the machined and laser-textured surfaces of the 
overlap area of AA6061 inserts. The machined surface (Fig. 4a) showed 
surface crevices with an average depth of 0.8 ± 0.2 μm and roughness Ra 
and Rz values of 0.1 ± 0.01 μm and 0.4 ± 0.3 μm, respectively. The 
laser-textured surface (Fig. 4b) showed grooves with a depth of 55 ± 5 
μm and roughness Ra and Rz values of 8 ± 0.5 μm and 27 ± 1 μm, 
respectively. Moreover, resolidified material can be observed on the 
laser-textured surface (Fig. 4b). During the laser scanning, the heated 
material is expelled from the radiated spot and displaced onto the sur
face and/or in the grooves next to it, thereby solidifying in place [41]. 
Resolidified material, commonly termed as recast material, can aid in 
the micro-anchoring of the polymer on the metal surface when properly 
attached to the metal surface [42]. The center-to-center distance be
tween grooves remained constant at 100 μm as programmed, and the 
average groove width was 47 μm ± 2 μm, close to the diameter of the 
laser beam. Overall, the degree of uniformity of the grooves produced on 
the metal surface is within the expected range for the laser texturing 
technique [17–20]. 

The areas and the feature volumes of the analyzed surfaces (640 ×
640 μm2) were determined using the laser confocal microscope software 
and extrapolated to the nominal area of the insert recess (12.7 × 24.8 
mm2). Thus, the surface areas for the machined and laser-textured 
samples were 315 mm2 and 715 mm2, respectively. Analogously, the 
feature volumes for the surface of the machined and laser-textured 
samples were 0.22 mm3 and 10.6 mm3, respectively. Therefore, laser 
texturing produces a huge increase (approx. 4800 %) in the volume 
available for filling of the polymer into the metal surface grooves. 
However, it is worth mentioning that laser texturing and groove design 
parameters on the AA6061 inserts were chosen to induce failure by 
delamination (interfacial fracture) of PC/AA6061 joints on the lap shear 
testing in order to explore the effects of injection overmolding condi
tions on the joining strength. 

3.2. Effects of injection overmolding conditions on the joining strength 
and interfacial structure of PC/AA6061 joints 

Fig. 5 shows the mean values and respective standard deviations for 
the ultimate lap-shear forces (ULSF) of the PC/AA6061 joints produced 
by injection overmolding at different processing conditions (Table 1). 
ULSF values ranged from 191 ± 58 N to 2149 ± 127 N. All specimens 
failed by delamination, i.e., shear fracture at the metal-polymer inter
face. As mentioned before, this failure was intentionally induced. In 
other words, ductile failure of PC was avoided so that the effects of the 
injection overmolding conditions on the ULSF of joints could be 
evaluated. 

According to the Pareto chart (Fig. 6) with a significance level (α) of 
0.05, the factors barrel temperature, injection speed, and holding pres
sure exert significant influences on the ULSF of the PC/AA6061 joints, 
with the barrel temperature being the most significant factor, followed 
by the holding pressure, and the injection speed. Moreover, the Pareto 
chart showed that interactions between these factors are not statistically 
significant for the examined response. 

Analysis of variance (ANOVA) with a 95 % confidence level was used 
to estimate the influence of the factors on the analyzed response. The 
ANOVA for the ULSF of PC/AA6061 joints is summarized in Table 2. The 
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F-values for the main effects and their interactions are calculated by 
dividing the mean square of the effect of interest by the mean square of 
the error. The barrel temperature showed the highest effect on the sta
tistical model with an F-ratio of 214.33, followed by the holding pres
sure with an F-value of 160.21 and injection speed with a minor 
significant value of 16.18. Furthermore, the p-value indicates if the 
parameter or interaction is significant to the model when α is lower than 
0.05 (see Table 3). 

The "mean of means" plot for ULSF in Fig. 7, which compares the 
arithmetic mean of the response ULSF for minimum (− 1) and maximum 
(+1) levels of the factors with the total arithmetic mean of all samples, 
indicates that the three factors (barrel temperature, injection speed and 

holding pressure) have a positive effect on the ULSF of the PC/AA6061 
joints. The statistical model produced an adjusted R2 equal to 81 %. The 
regression model equation is given in Equation (2) [43], where the first 
term is the total variation in the response y, the second is the variation in 
the mean response, and the last is the residual value. Moreover, it should 
be noted in Fig. 7 that the center point is above the minimum (− 1) and 
maximum (+1) factor levels. This suggests that relationships between 
the factors (barrel temperature, injection speed and holding pressure) 
and response (ULSF) are not linear in the 23 full factorial design of ex
periments used in this study. However, it is impossible to predict the 
curvature for predictor values that were not included in the design 
because there is no single surface that suits all model points. This may 
indicate that the use of a more complex statistical DoE with additional 
axial points able to model the curvature through a response surface 
design may be more suitable to accurately represent the dependence of 
the processing conditions. Furthermore, in injection molding, there is a 

Fig. 4. Laser scanning confocal image and height profile of the machined (a) and laser textured (b) AA6061 surfaces.  

Fig. 5. Ultimate lap-shear force of PC/AA6061 joints for the selected injection 
overmolding conditions (see Table 1). 

Fig. 6. Pareto chart of standardized effects for the ultimate lap-shear force of 
PC/AA6061 hybrid joints. 
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complex interdependence of temperature, flow rate and pressure on the 
viscosity and shrinkage parameters that govern the filling of the polymer 
in the cavities of the metal surface and resulting residual stresses in the 
polymer component [10,44]. Therefore, the explanation of the deviation 
of the center point from the linearity is a complex matter; a detailed 
statistical evaluation of the correlation of the injection overmolding 
conditions on the joining strength of hybrid joints is out of the scope of 
this manuscript. This topic will be addressed in future work. 

The response ULSF was maximized for "higher is better" using Min

itab 21 and thus the condition C4 (Table 1) was selected as the optimized 
condition for further experiments, with the following parameters: barrel 
temperature 330 ◦C, injection speed 80 cm3/s and holding pressure 
1000 bar. 
∑

(yi − y)2
=

∑
(ŷi − y)2

+
∑

(yi − ŷi)
2 (2) 

The degree of filling of the PC into the grooves of the AA6061 surface 
was dependent on the injection overmolding conditions. Increasing the 
factors that exert a positive influence on the ULSF, i.e., barrel temper
ature, injection speed, and holding pressure, resulted in greater filling of 
the PC into the grooves of the AA6061 surface, as shown in Fig. 8a–c, 
respectively, for the polymer fracture surfaces and cross-sections of PC/ 
AA6061 joints injection overmolded in the conditions C1, CP and C4 
(see Table 1). The joint that presented the lowest ULSF value (condition 
C1) exhibited the lowest filling depth of the polymer into the metal 
grooves of 25 μm ± 1 μm, which corresponds to approximately 50 % of 
the average groove depth (55 μm ± 5 μm). Condition CP resulted in a 
polymer filling depth of 41 μm ± 3 μm, corresponding to approximately 
75 % of the average groove depth. Condition C4, with the highest ULSF 
value, resulted in filling depth of 55 μm ± 5 μm corresponding to 
complete filling of the PC into the grooves on the metal surface. 

The ultimate lap-shear force (ULSF) of the PC/AA6061 joints pre
sented a linear increase with the filling depth of the PC into the grooves 
of the AA6061 surface (Fig. 9). Increasing the filling depth of the PC into 
the grooves of the AA6061 increases the interference volume between 
the polymer and metal components, resulting in PC/AA6061 joints that 
are mechanically stronger. 

Effects of injection overmolding conditions on the joining strength of 
injection overmolded PMH joints have been explored in the literature for 
other combinations of materials and with various types of metal surface 
preparation. In general, proportionality has been between the mechan
ical strength of the joints and the polymer filling degree into the metal 
surface microcavities [13,25–27,45]. Zhao et al. [13] studied overlap 
joints of 30 wt% glass fiber reinforced poly(butylene terephthalate) 
(PBT-30GF) and laser-textured AA5052 and found that the filling degree 
and joining strength increased with packing and holding pressures, 
whereas the barrel temperature only positively affected the joining 
strength for low packing pressure. Lucchetta et al. [45] observed a 
positive effect of injection speed on the filling degree and mechanical 

Table 2 
Analysis of variance (ANOVA) of the ULSF for PC/AA6061 hybrid joints.  

Source DF Adj SS Adj MS F- 
Value 

p- 
Value 

Model 8 10952755 1369094 56.61 0.001 
Linear 
Barrel temperature 1 5183600 5183600 214.33 0.001 
Injection speed 1 391408 391408 16.18 0.001 
Holding pressure 1 3874731 3874731 160.21 0.001 
2-Way Interactions 
Barrel temperature*Injection 

speed 
1 52311 52311 2.16 0.159 

Barrel temperature*Holding 
pressure 

1 60697 60697 2.51 0.131 

Injection speed*Holding 
pressure 

1 112039 112039 4.63 0.055 

3-Way Interactions 
Barrel temperature*Injection 

speed*Holding pressure 
1 94368 94368 3.90 0.064 

Error 18 435327 24185   
Total 26 11388082     

Table 3 
Fatigue life of PC/AA6061 joints predicted at two cycle levels by the two- 
parameter Weibull model with reliability of 90 %, 95 % and 99 %.  

Model At 105 cycles At 106 cycles 

Force [N] ULSF [%] Force [N] ULSF [%] 

Weibull (R: 90 %) 1271 59 740 34 
Weibull (R: 95 %) 1250 58 746 35 
Weibull (R: 99 %) 1208 56 756 35  

Fig. 7. Main effect plots illustrating the influence of the injection overmolding parameters (barrel temperature, injection speed, and holding pressure) on the ULSF of 
PC/AA6061 joints. 
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strength of joints of 40 wt% glass fiber reinforced poly(phenylene sul
fide) (PPS-40GF) with sand-blasted AA6082 inserts. 

The degree of filling of the PC into AA6061 surface grooves depends 
ultimately on the rheology of the molten polymer. It should be noted no 
rheological approaches are currently available in the scientific literature 
for predicting polymer filling in microcavities on the metal surface in 
polymer-metal joints. Nevertheless, capillary rheometry can provide 
valuable qualitative data on the viscosity of the molten polymer under 
conditions similar to those experienced in the injection overmolding of 
PC/AA6061 joints. The shear viscosity curves for the PC at 280 ◦C, 
300 ◦C and 330 ◦C are shown in Fig. 10. The range of shear rate to which 
the polymer was exposed in the polymer-metal joining zone during in
jection overmolding is depicted as a light gray area. For this estimation, 
Equation (3) was used, assuming that the PC melt flow in the overlap 
area (W = 24.8 mm and H = 1.6 mm) is similar to a pressure-driven 
isothermal flow of a power law fluid in between parallel plates, where 
Q is the flow rate (injection speed), W is the width and H is the thickness 
of the channel [46]. The grooves structures on the metal surface were 
not considered for simplification purposes. 

γ̇w =

(
2n + 1

n

)
2Q

W.H2 (3) 

As expected, the melt shear viscosity of PC decreases with temper
ature and shear rate applied. The increase in the temperature increases 

Fig. 8. On the left-hand side laser confocal microscopy images of polymer fracture surfaces and the right-hand side images obtained in the laser confocal microscope 
of the cross-section of PC/AA6061 joints injection overmolded under the following conditions: a) C1 (minimum levels); b) (center point - CP); and c) C4 (maximum 
levels). In the cross-section images, metal and polymer parts appear as light and dark, respectively. 

Fig. 9. Ultimate lap-shear force of PC/AA6061 joints injection overmolded 
under different conditions as a function of the filling depth of the PC into the 
AA6061 grooves. 
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the mobility of polymer chains and the higher free volume between 
polymer chains generates less friction, decreasing viscosity. The vis
cosity lowers as shear rates increase because, at high shear rates, the 
polymer chains tend to align in the flow direction, reducing the degree of 
entanglement and flow resistance [46,47]. By examining the viscosity 
curves and the shear rate estimated for the joining region, melt viscos
ities ranging from 215 Pa s to 50 Pa s are obtained, depending on the 
injection molding conditions. Moreover, when the molten polymer hits 
the surface of the metal insert at lower temperature (such as the injec
tion molding conditions used in this study), a thin frozen skin layer is 
formed; the magnitude of the thickness, depending on the injection 
overmolding conditions, will restrict the further penetration of the 
polymer into the grooves of the metal. Thus, increasing barrel temper
ature decreases the viscosity of the polymer during the cavity filling, 
reducing the thickness of the frozen layer and facilitating the penetra
tion of the polymer into the metal grooves. Increasing injection speed 
results in a higher shear rate at the polymer-metal interface and a shorter 
filling time, which reduces the viscosity of the polymer melt and the 
thickness of the frozen layer, improving the penetration of polymer into 
metal grooves. Increased holding pressure leads to increased deforma
tion of the frozen layer during the packing process, allowing for higher 
polymer penetration into the metal grooves. Therefore, the maximum 
values of these parameters (barrel temperature, injection speed and 
holding pressure) assist in filling the polymer into the grooves on the 
metal surface, as shown in Fig. 8c for condition C4 (Table 1). Further
more, holding pressure compensates for the polymer thermal contrac
tion during the solidification in the mold cavity, helping to keep the 
polymer filled into the metal grooves. Still, PC is an amorphous polymer, 
so its volumetric shrinkage during injection molding is considerably 
low, allowing the metal grooves to remain completely filled with PC 
after joint cooling. 

The lap shear strength (ULSS) of the PC/AA6061 joint injection 
overmolded in the optimized condition (C4), which resulted in complete 
filling of the PC in the grooves of the AA6061 (Fig. 8c) was estimated to 
be equal to 7.2 ± 0.5 MPa, based on the ULSF of 2149 ± 127 N (Fig. 9) 
and the nominal overlap area of 12.7 × 24.8 mm2. It should be noted 
that the side wall of the AA6061 cannot be considered as part of the 
contact area. Preliminary injection overmolding studies on joints pre
pared with non-textured AA6061 parts have indicated a lack of adhesion 
in the overlap area. This magnitude of joining strength is comparable to 

other PMH joints produced by injection overmolding with metal inserts 
structured by laser-texturing [13–15,17–20], as well as those with metal 
inserts structured by sand-blasting [23–25,45,48–51], anodizing 
[52–55], additive manufacturing [56], electron beam surface struc
turing [16], chemical treatments [51,57–61] and silanization [62–65]. 

3.3. Fracture analysis of PC/AA6061 joints 

Fig. 11 shows photographs of the fracture surfaces after lap-shear 
testing on PC/AA6061 joints produced under C1, CP and C4 injection 
overmolding conditions. As mentioned before, all joints failed macro
scopically by delamination. However, at microscopic level, the fracture 
mechanism depended on the injection molding conditions and therefore 
on the degree of filling of the polymer into the grooves on the metal 
surface. The joint produced with condition C1 failed locally with ad
hesive fracture (Fig. 11a); the lower penetration of polymer into the 
metal laser-formed grooves led to lower level of micro-anchoring of the 
polymer on the metal surface and thus lower ULSF. The joint produced 
with the center point condition (CP) with intermediate polymer filling 
level exhibits signs of cohesive metal fracture, which remained bonded 
to the polymer side (Fig. 11b, red squares). Under the optimized injec
tion overmolding condition (C4) with complete filling of polymer into 
the metal grooves, the cohesive fracture of the metal covered a larger 
area (shown by the red squares, Fig. 11c). 

Fig. 12a–c shows SEM images of the fracture surface on the metal 
part of the PC/AA6061 joint produced with the optimized injection 
overmolding condition (C4). There are signs of metal cohesive fracture. 
It is possible to observe that a portion of the metal strips in between the 
grooves formed by laser texturing has been displaced in the load di
rection (Fig. 12b) and that another portion of the strips has been pulled 
from the metal (Fig. 12c). 

Fig. 13a–c shows the fractured surface on the polymer side of the PC/ 
AA6061 joint produced with the optimized injection overmolding con
dition (C4) viewed by SEM images with backscattered electrons (BSE) 
and energy-dispersive X-ray spectroscopy (EDX) mapping. Pieces of 
strips detached from the metal surface adhered on the polymer side can 
be seen in the zone of cohesive fracture (Fig. 13a and b). At higher 
magnification (Fig. 13c and d), one can also observe metal fragments 
adhered on the polymer side, which can be attributed to the recast 
material formed during laser texturing (Section 3.1, Fig. 4b). 

Therefore, it seems that the main adhesion mechanism of the PC/ 
AA6061 injection-overmolded joints is the mechanical interlocking of 
the polymer into the metal grooves. This s has been reported in the 
literature for injection overmolded PMH joints with different material 
combinations. Rodríguez-Vidal et al. [42] observed a dependency be
tween the density and aspect ratio (depth/diameter) of laser-formed 
grooves as well as the recast material height on lap-shear strength of 
joints with laser-textured low-alloy steel HC420 substrate and glass fiber 
reinforced polyamide 6. Byskov-Nielsen [17] observed increased 
lap-shear strength with a higher density of dimples formed on the metal 
surface by laser texturing for joints of stainless steel (DIN 1.4301) and a 
composite of polyphenylene sulfide (PPS) reinforced with 40 wt% glass 
fiber. Xu et al. [14] observed that a higher density of grid-shaped 
laser-structured grooves increases the lap-shear strength of AA5052 
and PBT-30GF joints. Furthermore, one can speculate that the carbonyl 
groups on the PC chains form Al–O–C chemical (covalent) bonds with 
the alumina layer on the surface of AA6061, as suggested by the studies 
of Li et al. [66] and Goushegir et al. [67]. However, the analysis of the 
chemical bond formation as an adhesion mechanism is out of the scope 
of this work and will be addressed in future publications. 

3.4. Fatigue behavior of PC/AA6061 joints 

The force-life (F–N) curves are shown in Fig. 14 along with two- 
parameter Weibull model fitting. Joints subjected to 70 %, 50 %, and 
40 % ULSF failed after 70 ± 7 (x103), 256 ± 17 (x103), 464 ± 11 (x103) 

Fig. 10. Capillary rheometer viscosity curves of PC (LEXAN 103) at tempera
tures similar to that employed in the injection overmolding of the joints (see 
Table 1). Viscosity data at 280 ◦C were measured at shear rates below 2 x 103 

s− 1 since the upper limit of the rheometer load cell was reached. The range of 
shear rate to which the polymer is exposed in the polymer-metal joining zone 
during injection overmolding is depicted as a light gray area. 
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Fig. 11. Fracture surface photographs of PC/AA6061 joints produced under injection overmolding conditions C1, CP and C4 (see Table 1). Red squares indicate a 
fracture of the strips formed on the metal surface. 

Fig. 12. Scanning electron microscopy (SEM) images (secondary electrons) of the metal fracture surface of the PC/AA6061 joint produced with optimized injection 
overmolding condition (C4). a) Image with indications of cohesive fracture; b) Magnification of the region marked with red square where the strips were displaced; c) 
Magnification of the region marked with blue square where the strips were pulled out. 

Fig. 13. Scanning electron microscopy (SEM) images with backscatter electrons (BSE) (left side) and energy-dispersive X-ray spectroscopy (EDS) mapping of 
aluminum (right side) of the fracture surface on the polymer side of a PC/AA6061 joint produced with optimized injection overmolding condition (C4). Low (a and b) 
and high (c and d) magnifications. 

G.H.M. Oliveira et al.                                                                                                                                                                                                                          



International Journal of Adhesion and Adhesives 130 (2024) 103617

10

cycles, respectively, by net-tension fracture of the PC part near the end 
of the AA6061 insert (Fig. 15), whereas joints subjected to 30 % ULSF 
endured 106 cycles without failure (the so-called run-out specimens and 
represented by the arrows in Fig. 14), but with a visual onset of a 
transverse crack nucleating in the PC part near the end of the AA6061 
insert. On the other hand, for all loading levels applied, the polymer- 
metal interface of the joints remained intact, which attests to 
outstanding interfacial mechanical durability under cyclic loading. 

The region where PC underwent fracture during fatigue testing is 
subjected to a combined tensile (principal) and bending (secondary) 
stress, typical of single-lap joints [68–70]. If one makes an approxima
tion that this region, with a cross-sectional area of 24.8 × 1.6 mm2 

(width x thickness), is subjected to uniaxial tensile stress, then stresses of 
approximately 38 MPa, 27 MPa, 22 MPa, and 16 MPa would be devel
oped, respectively, for 70 %, 50 %, 40 %, and 30 % ULSF loading. 
Although the fatigue behavior of PC is enhanced by the high degree of 
chain orientation resulting from injection overmolding [71], under 
these fatigue-loading conditions PC is found to undergo brittle fracture 
[72,73], and this has been attributed to the plastic deformation mech
anisms of PC - shear bands and crazing – which do not develop suffi
ciently under these cyclic loading levels; they rather act as stress 

concentrators through which a crack nucleates and propagates in a 
brittle manner [74]. Fig. 16 shows details of the brittle fracture of the PC 
part. Two distinctive regions can be observed in the global image of the 
fracture surface in Fig. 16a. A characteristic crack initiation surface 
(Fig. 16b) and a crack propagation surface delineated by fatigue 
beachmarks (Fig. 16c) can be observed on the region marked with a red 
rectangle. On the region marked with a yellow rectangle, there are signs 
of the formation of crazes along with crack propagation (Fig. 16d and e). 

Based on the Weibull analysis, the fatigue lives of the PC/AA6061 
joints for 105 and 106 cycles with reliability of 99 % were, respectively, 
1208 N (56 % of the ULSF) and 756 N (35 % ULSF). For the sake of 
comparison, these fatigue lives are over the aviation requirements for 
structural safety which demands a minimum fatigue life of 30 % of the 
ULSF [75]. 

It should be noted that the joints subjected to a cyclic loading of 640 
N (30 % of ULSF), below the predicted using Weibull analysis with 
reliability of 99 % at 106 cycles, that is, 756 N (35 % of ULSF), did not 
fracture in the fatigue test. These run-out joints were subsequently 
subjected to quasi-static lap-shear testing resulting in a 61 % residual 
strength. These results indicate that fatigue damage was introduced and 
accumulated during cyclic loading at the selected level of 30 % of the 
ULSF. 

Fatigue strength studies on polymer-metal joints produced by in
jection overmolding are scarce in the literature. Nevertheless, the fa
tigue behavior of the PC/AA6061 joints is comparable or superior to 
those reported in the literature for similar systems. For instance, Zhao 
et al. [61] evaluated the fatigue strength of injection overmolded joints 
of PBT-30GF with AA5052 nanostructured by chemical and hot water 
treatment. They observed that optimized joints reached 105 cycles when 
subjected to milder conditions than those employed in this study, with 
cycling at 2 Hz and a cyclic tensile load of 15 % of the ULSF. 

3.5. Hygrothermal aging of PC/AA6061 joints 

The PC/AA6061 results after hygrothermal aging are shown in 
Fig. 17. The ULSF showed a 10 % decrease after 1 day, which were 
recovered for longer times of hygrothermal aging. After 7 days of 
hygrothermal aging, the PC/AA6061 joint attained saturation (0.19 %) 
for water uptake. Like unaged joints, hygrothermal aged joints exhibited 
delamination with mixed failure (adhesive-cohesive) after the lap-shear 
testing. 

The hygrothermal aging conditions employed in this study are ex
pected to influence more significantly the PC component, i.e., water 
absorption is negligible. Accordingly, PC samples extracted from unaged 
and aged joints were further investigated. The glass transition temper
atures (Tg) of these samples are shown in Fig. 18. The Tg of all PC 
samples, defined by an endothermic inflection of the heat flow curve at 
about 150 ◦C, are not significantly affected by the hygrothermal aging. 
However, the unaged PC sample exhibits an endothermic event imme
diately above Tg (black arrow, Fig. 18), which does not appear for the 
aged samples. The observed endothermic phenomenon is a distinctive 
feature associated with the relaxation of polymer chains. These chains, 
initially in a glassy state, exhibit increased mobility upon heating above 
Tg. The endothermic response is attributed to the loss of polymer chain 
orientation induced by the injection molding process, which subjects the 
material to high shear and rapid cooling rates [76–78]. Therefore, in 
addition to water absorption the hygrothermal aging of the PC/AA6061 
joints resulted in the relaxation of the PC chains, which can lead to 
physical aging. Indeed, these two phenomena are observed when an 
amorphous, glassy polymer such as PC is exposed to extended hygro
thermal aging, particularly around its glass transition temperature [79]. 
While water diffusion causes the polymer to expand and consequently 
reduce its stiffness, physical aging does the opposite, causing the poly
mer to reduce this volume (densification) and increase its stiffness. The 
net effect will depend on the balance of these two opposite phenomena. 

Thus, a possible explanation for the decrease in the residual ULSF of 

Fig. 14. Force-life (F–N) curve in tensile mode (R = 0.1) at 5 Hz at load levels 
of 30 %, 40 %, 50 %, and 70 % ULSF for PC/AA6061 joints produced in the 
optimized injection overmolding condition (C4). The experimental data were 
fitted by two-parameter Weibull models with reliability of 90 %, 95 % and 
99 %. 

Fig. 15. Photograph exemplifying the failure mode of the PC/AA6061 joints 
injection overmolded in the optimized condition (C4) subjected to fatigue 
(tensile; R = 0.1; 5 Hz) testing at loading levels of 40 %, 50 % and 70 % of the 
ULSF. Detail of the transverse brittle fracture of PC near the end of the 
metal insert. 
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PC/AA6061 joints after 1 day and recovery after 7 days of hygrothermal 
aging (Fig. 18) may be related to the balance on the PC stiffness caused 
by water absorption and physical aging. This trend of decrease followed 
by recovery in the joining strength with the aging time has been 
observed in other studies. The study conducted by Borba et al. [80] 
investigated the behavior of friction riveted joints between Ti6Al4V and 
CF-PEEK materials. The joints were subjected to an aging process at a 

temperature of 71 ◦C and a relative humidity of 95 % for durations of 3, 
14, and 28 days. The researchers noted a decrease in residual ULSF after 
3 and 14 days, followed by an increase after 28 days. The decrease in 

Fig. 16. Details of the brittle fracture of the PC part. a) Photograph overview of the PC/AA6061 cross-section fracture surfaces; b-e) SEM images of the crack 
initiation spot (b), beachmarks (c) and crazing marks (d–e) of the crack propagation path. 

Fig. 17. Ultimate lap-shear force (ULSF) and water uptake of PC/AA6061 
joints injection overmolding with optimized condition (C4) subjected to 
accelerated hygrothermal aging through immersion in water bath at 80 ◦C for 
different periods. 

Fig. 18. DSC curves (heating at 10 ◦C/min) showing the Tg of PC samples 
extracted from PC/AA6061 joints subjected to hygrothermal aging by immer
sion in water at 80 ◦C for 1, 7 and 30 days. The data for unaged PC sample 
(control) is included for comparison. 
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residual strength was related to the phenomenon of water absorption, 
which resulted in the plasticization of the polymer chains. Furthermore, 
according to the authors, there is a correlation between the increase in 
residual strength after a period of 28 days and the corresponding in
crease in the degree of crystallinity or molecular rearrangement due to 
aging. 

4. Conclusions 

An in-depth study was carried out on the correlation between pro
cessing conditions, adhesion mechanisms, as well as short and long-term 
mechanical performances, and hygrothermal stability of injection 
overmolding hybrid overlap joints of polycarbonate (PC) and laser- 
textured aluminum alloy AA6061. 

Using design of experiments (DoE) and analysis of variance 
(ANOVA), it was shown that the injection overmolding parameters 
barrel temperature, holding pressure and injection speed played positive 
effects on the filling depth of polymer into the laser-textured grooves on 
the metal surface, which directly contributed to increase the ultimate 
lap-shear force (ULSF) of the joints. Under optimized injection over
molding conditions – barrel temperature 330 ◦C, holding pressure 1000 
bar, injection speed 80 cm3/s (with mold temperature fixed at 110 ◦C) – 
joints reached ULSF of 2149 N ± 53 N resulting in a lap-shear strength of 
7.2 ± 0.5 MPa (overlap area of 12.7 mm × 24.8 mm), which is com
parable to other related joints shown in the literature. PC/AA6061 joints 
exhibited mixed (adhesive and cohesive) failure with pull-out of the 
metal adhered to the polymer side in the lap-shear test. 

PC/AA6061 injection overmolded hybrid joints showed excellent 
mechanical durability in fatigue tests withstanding 106 cycles at 30 % 
ULSF. Based on the two-parameters Weibull analysis, the fatigue lives of 
the joints were estimated to be 56 % ULSF and 35 % ULSF for 105 and 
106 cycles, respectively, with 99 % of reliability. These are outstanding 
results because they conform to the severe test standards of industries, 
such as in aircraft. 

Moreover, injection overmolded hybrid joints also exhibited excel
lent hygrothermal stability after aging at 80 ◦C for 30 days, with no 
significant change in the ULSF. DSC studies on hygrothermal aged PC 
samples suggested two competing mechanisms during hygrothermal 
aging of joints - water absorption and physical aging of the polymer - 
which appear to balance the stiffness of the PC, with negligible effect on 
the joining strength of aged specimens. This is essential for ensuring 
component durability and efficacy under high temperature and hu
midity conditions for industries such as aerospace. 
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