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Abstract 

The influence of the joining temperature history on the mechanical 

behavior of an Al alloy (A5052)/Polyamide-6 (PA6) lap joint was investigated. PA6 is a 

semi-crystalline thermoplastic and its mechanical behavior depends on its crystalline 

properties, which are affected by thermal processing. The A5052/PA6 joining process 

was carried out at 215 °C using a hydraulic hot-press. The temperature was decreased 

from 215 °C to various pre-set temperatures at a cooling rate of about 2 °C/s followed 

by air cooling under the application of pressure. The crystallinity of PA6 and strength of 

the lap joint increased with a decrease in the joining temperature from 215 to 190 °C 

and remained constant at temperatures below 190 °C. The thermoanalytical examination 

revealed that the crystallinity increase was caused by slow cooling. The results 

demonstrated that slow cooling is an effectual approach to improve the bonding strength. 

The fractography analysis results showed that the fracture mode of PA6 changed from 

ductile to brittle with an increase in its crystallinity. 
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1. Introduction 

To increase the fuel efficiency and reduce the CO2 emissions of vehicles, their 

body weight must be reduced. In order to develop light-weight vehicles, “the 

multi-material structures”, which are composed of light metals, carbon fiber-reinforced 

plastics (CFRP) and high tensile strength steel have been investigated. Pramanik et al. 

(2017) reviewed joining technologies of CFRP and aluminum alloys. The joining 

techniques are required for practical applications and significantly affect the design of 

hybrid structures.  

Several processes such as injection molded direct joining (IMDJ), ultrasonic 

welding (UW), friction assisted joining (FAJ), and laser-assisted joining (LAJ) utilizing 

mechanical interlocking have been developed to produce hybrid joints involving 

polymers and surface-modified metals. Taki et al. (2016) fabricated laser-textured 

aluminum and polymer hybrid joints by IMDJ. The bonding strength increased as a 

result of an increase in the temperatures of mold and nozzle. An increase in the 

temperatures reduces the viscosity of the polymer, facilitating its infiltration into the 

micro grid. Kimura et al. (2016) formed nano-structures on an aluminum substrate using 

a chemical method to mechanically interlock it with polybutylene terephthalate that 

contains glass fibers by IMDJ. High bonding strength is achieved at high molding 

pressures and low injection speeds. High pressure facilitates the infiltration of polymers 

and low injection speed decreases their viscous resistance during the infiltration. Li et al. 

(2018) utilized a sand-blasted metal substrate to fabricate single lap joints with 

polypropylene sulfide containing glass fiber by IMDJ. The temperature of the metal 

substrate was varied from 30 to 150 °C during the injection molding. The bonding 

strength increased with an increase in the temperature of the metal substrate. At lower 

substrate temperatures, the molten polymer solidified, forming a skin layer, which 

blocked the infiltration of the polymer into the surface dimples. Yeh and Hsu (2016) 

produced hybrid joints composed of acrylonitrile butadiene styrene and a laser-textured 

aluminum alloy by UW. During the joining process, an increase in the mold temperature 

resulted in a higher bonding strength. Lambiase et al. (2017) investigated the influence 

of the clamping frame material on a laser-textured Al alloy/polyvinyl chloride hybrid 

joint fabricated by FAJ. Wooden frames which show low thermal conductivity as 

compared to steel frames, reduce thermal loss and increase the mechanical strength of 

hybrid joints. Lambiase and Paoletti (2019) investigated the effect of the heating time 

(controlled by a tool rotating against the metal sheet) on the mechanical property of a 

laser-textured titanium/polyetheretherketone (PEEK) hybrid joint fabricated through 

FAJ. An increase in the heating time increased the shear force [N] by enlarging the 
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joined area on which the polymer interlocked with the metal surface. However, an 

increase in the heating time promoted the degradation and carbonization of PEEK, thus 

decreasing the shear strength [MPa] of the joint. Kondoh and Umeda (2018) carried out 

hot-press joining to produce pure titanium and polymers lap joints. The bonding 

strength was significantly enhanced when the joining temperature was higher than the 

melting point of each polymer. Functional groups in polymer materials had detrimental 

effect on the bonding strength. These studies used semi-crystalline polymers as joining 

partners and revealed that the joining process played an important role in enhancing the 

bonding strength of lap joints.  

The mechanical characteristics of semi-crystalline polymers depend on their 

crystalline properties, which are influenced by their fabrication process. Fornes and Paul 

(2003) investigated the crystallization behavior of Nylon-6, which is also called as 

Polyamide-6 (PA6), fabricated by injection molding. The degree of crystallinity and 

crystal form of injection molded samples changed with skin and core region due to the 

difference in cooling rate. Miri et al. (2009) carried out tensile tests with two crystalline 

( and PA6) and one amorphous (PA6) PA6 films. The PA6 and PA6 films 

exhibited the highest and lowest yield stress, respectively. Yang et al. (2017) utilized 3D 

printing to produce PEEK specimens. They reported that the tensile strength and elastic 

modulus improved with an increase of the degree of crystallinity. These findings can be 

applied in the case of metal/semi-crystalline polymer joints involving polymer melting 

process. When molten polymers solidify in the dimples formed on metal substrates, 

cooling conditions of the molten polymers such as the initial temperature and 

subsequent cooling rate of the metal substrate affect their crystalline properties in the 

vicinity of the metal surface. Pramanik et al. (2017) summarized welding process 

between CFRP with semi-crystalline polymer matrix and aluminum alloy. Localized 

melting at the interface is occurred during the welding process, resulting in the chemical 

bonding and mechanical interlocking to metal surface. The cooling conditions of the 

welding process will affect the crystalline properties of the polymer and mechanical 

behavior of welded CFRP/metal hybrid structures. Therefore, it is required to 

understand the effect of the thermal history of metal/polymer joining process on the 

crystalline properties of polymers and bonding strength of the joints.  

Recently, Kim et al. (2019) reported an approach to join an Al alloy (A5052) 

and PA6 sheets via a porous layer by hot-press joining. PA6 and A5052 sheets were 

successfully joined and formed an interpenetrating phase layer (IPL) between PA6 and 

the porous layer. Even though the joints were fabricated below the melting temperature 

of PA6, the joints showed cohesive failure, indicating that the porous layer induced the 
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mechanical interlocking efficiently. Hot-press joining can be easily done by overlapping 

the two materials and applying pressure at elevated temperatures. However, very few 

studies have been carried out and the joining process has not been optimized.  

In this study, focusing on joining temperature history as a process parameter, 

the A5052/PA6 single lap joints was produced by hot-press joining. Different cooling 

conditions were adopted and the changes in the crystalline properties were examined by 

X-ray diffraction (XRD) measurements and differential scanning calorimetry (DSC). 

The mechanical characteristics of the joints were analyzed in the view of the crystalline 

properties of PA6 and fractography. 

  

2. Experimental procedure 

2.1 Fabrication process of A5052/PA6 joints 

The porous layer fabrication process was developed by Kim et al. (2019). A 

wet mixing with ethanol was carried out with Al (<45 µm, 99.99%), Ti (<45 µm, 

99.9%) and C (average size 5 nm, 98%) powders in a molar ratio of 1:1:1. The powder 

mixture was laid on an A5052 alloy sheet in the form of a cuboid with the dimensions of 

15 mm × 5 mm × 50 m. A pulsed mode laser with the wavelength of 970 nm was used 

to produce the porous layer. The diameter of laser spot at the metal surface was about 

1.2 mm and the beam was applied across on the powder mixture for a length of 10 mm 

at a speed of 40 mm/s. The pulse duration and frequency were controlled to be 0.7 ms 

and 1 kHz, respectively. The laser power was about 400 W. The ultrasonic cleansing 

with water was carried out to get rid of remaining powder mixture. 

A hydraulic hot-press equipment AH-10TD was used to join the A5052 and 

PA6 sheets. The PA6 sheet was dried at 120 °C under a vacuum heater prior to joining. 

Fig. 1(a) illustrates the joining process. The A5052 sheet with the porous layer was 

placed on a heated sample stage (215 °C) of the hydraulic hot-press with the PA6 sheet. 

The initial temperature of 215 °C was selected because PA6 melted severely at 220 °C 

and collapsed by pressuring. The Al alloy and PA6 sheets were pressured by the upper 

plate and held for 1 min. The sample stage was cooled to the desired joining complete 

temperatures (TJC) (215, 210, 190, and 150 °C). When the temperature of the sample 

stage reached TJC, the A5052/PA6 joint was removed from the sample stage and was 

then rapidly air-cooled to room temperature (25 °C). The A5052 and PA6 sheets were 

pressed with 0.5 MPa until it was cooled to TJC. The lower pressure limit of the 

hydraulic hot-press machine was 0.5 MPa. Fig. 1(b) shows the temperature of sample 

stage and applied pressure. The temperature at the interface of the PA6 and A5052 

sheets was measured using a thermocouple. Fig. 1(c) shows the representative thermal 
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profiles of the interface during furnace and air cooling. It can be observed from the 

profile that the air and furnace cooling rates were about 2 and 90 °C/min, respectively.  

 

 

Fig. 1 (a) The forming process of A5052/PA6 joints, (b) sample stage 

temperature and applied pressure and (c) experimentally measured temperature 

profile at the interface of A5052/PA6. 

  

2.2 Mechanical characteristics of A5052/PA6 joints 

The lap shear tests were conducted with an AG-1 20kN universal testing 

machine to measure the lap shear strength of A5052/PA6 joints fabricated at different 

TJCs. The cross-head speed was 1 mm/min. Four A5052/PA6 joint specimens for each 

TJC were used and the average ultimate lap shear force was calculated. Fig. 2 shows the 

schematic of the A5052/PA6 joint and lap shear test configuration. A scanning electron 

microscope (SEM) was used to observe the fracture surfaces of the lap shear-tested 

joints. In addition, the lap shear test of the A5052/PA6 joint fabricated at TJC = 190 °C 

was stopped before rupture. The cross-section of the IPL was observed using the SEM 

to examine the crack propagation paths. 
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Fig. 2 Schematic of the lap joint and lap shear test configuration. 

 

2.3 Characterization of PA6 

The changes in the crystalline properties of PA6 with the temperature history 

were examined using a 30 m-thick PA6 film (Toray advanced film Co., Ltd.) in order 

to examine the effect of the joining temperature history on the characteristics of PA6. 

The PA6 film (6 mg) was placed onto the heated sample stage (215 °C) of the hydrualic 

hot-press. The temperature history applied to the PA6 film was the same as that used in 

the joining process mentioned in section 2.1. The crystalline structure of the lap joints 

were examined by carrying out their XRD measurements (Ultima-IV, Rigaku) using a 

Cu-K radiation at 40 kV and 40 mA over the 2 range of 10 - 30°. A scan of 1 °/min 

was used. Crystalline peaks corresponding to the - (1 and 2) and -forms were 

observed. The -form showed a broad diffraction peak. DSC (DSC-60A, Shimadzu 

Corporation) was carried out to evaluate the crystallinity of the PA6 film. The DSC 

heating curves were obtained by heating the PA6 films from 25 to 240°C at a rate of 

10 °C/min. The heat of fusion of the PA6 films was calculated by integrating their 

heating curves over the temperature range of 170 - 230 °C. The degree of crystallinity 

(𝑋c) of the joints were calculated by dividing their ∆𝐻f by the heat of fusion of their 

pure crystalline forms (∆𝐻f
0).  

𝑋c =
∆𝐻f

∆𝐻f
0 × 100                                 (1) 

According to Fornes and Paul (2003), ∆𝐻f
0 of the - and-forms are 241 and 239 J/g, 

respectively. 

The Vickers hardness tests of the PA6 films affected by each thermal history 

were carried out. The load and loading time for indentation were fixed at 100 gf and 15 

s, respectively. The hardness tests were carried out in triplicate and the average values 



8 

 

were calculated. 

The relationship between the cooling rate and the crystallization behavior of 

PA6 is investigated to understand the influence of air and furnace cooling on the 

characteristic of PA6. As-received PA6 films were heated to 240 °C in the DSC 

apparatus and the temperature was maintained at 240 °C for 5 min in order to stabilize 

their DSC scan curves. The films were cooled to 25 °C at 2, 20, and 40 °C/min and the 

corresponding cooling curves were obtained. 

 

3. Results 

3.1 Mechanical characteristics 

 Figure 3(a) shows the representative SEM images of a porous layer formed on 

the A5052 sheet consisting of particle-shaped protrusions. Figs. 3(b) and 3(c) show the 

magnified surface of the substrate and particle-shaped protrusions, respectively. The 

surfaces of laser-irradiated A5052 (Fig. 3(b)) and a particle-shaped protrusion (Fig. 

3(c)) were very rough. 

 

 

Fig. 3 SEM images showing (a) a porous layer formed on the A5052 sheet 

consisting of particle-shaped protrusions, (b) surface of the A5052 sheet and (c) 

surface of a particle-shaped protrusion. 

 

The results of lap shear test of the A5052/PA6 joints produced using different 

temperature histories are indicated in Fig. 4. The typical lap shear force-stroke curves 

are shown in Fig. 4(a). The each force-stroke curve showed yielding point which 

corresponds to the ultimate lap shear force (indicated by black arrows) before ruptured. 
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The relationship between the ultimate lap shear force and TJC are shown in Fig. 4(b). 

The maximum and minimum values are indicated by the error bars. The ultimate lap 

shear force at TJC 150 - 190 °C were almost same. The ultimate lap shear force 

decreased with an increase in TJC from 190 to 215 °C. 

 

 

Fig. 4 (a) Typical lap shear force-stroke curves (black arrow indicates yielding 

point) and (b) the average ultimate lap shear force of the A5052/PA6 joints as a 

function of TJC.  

 

Fig. 5 indicates the SEM image of cross-sectional IPL of the A5052/PA6 joints 

after the interrupted tensile test. Cracks propagated through the interface between the 

particle-shaped protrusions and PA6. Cracks also propagated in PA6 near the 

A5052/PA6 interface. The image suggests that the mechanical properties of PA6 near 

the metal substrate affects mechanical properties of the A5052/PA6 joints. 

 

 

Fig. 5 SEM image showing crack paths in the vicinity of the A5052/PA6 

interface. 
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SEM images showing the fracture surfaces of the A5052/PA6 joints on the 

A5052 side after the lap shear tests are shown in Fig. 6. The particle-shaped protrusions 

and fractured PA6 under all conditions were observed in the fracture surfaces on the 

A5052 side with low magnification. The remaining PA6 showed different fracture 

morphologies as indicated in the fracture surface on the A5052 side with high 

magnification. At TJC = 190 °C, the fracture surface resembled the cleavage fracture in 

metals without the plastic deformation of PA6. At TJC = 210 and 215 °C, PA6 showed 

plastic deformation along the direction of the applied force (indicated by white arrow). 

Ligaments (indicated by black arrow) were observed at TJC = 215 °C. Dasari et al. 

(2003) explored the influence of the crystallinity of polypropylene (PP) on the fracture 

morphologies. The fraction of the brittle fracture surface that resembled cleavage in 

metals increased and ligaments decreased with an increase in the crystallinity of PP. It 

stems from the fact that crystalline regions are more rigid than amorphous regions.  
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Fig. 6 Low- and high-magnification SEM images of the fracture surfaces on the 

A5052 side of the A5052/PA6 joints fabricated at different TJCs. 

 

3.2 Change in the properties of PA6 

The XRD profiles of the PA6 films furnace cooled to each TJC are shown in Fig. 

7. All the profiles showed distinct peaks at 2= 20.4 and 23.7° corresponding to the 

-forms (1 and 2) of crystalline PA6 and a broad peak corresponding to the -form. 

The peak corresponding to the -form was not observed. The crystalline structure was 

not affected by TJC. 

 



12 

 

 

Fig. 7 XRD profiles of the PA6 films furnace-cooled to different TJCs. 

 

The DSC results of the PA6 films furnace-cooled from 215 °C to different TJCs 

are shown in Fig. 8(a). All the films showed an endothermic peak around the melting 

temperature of the PA6 film (220 °C). To evaluate the degree of crystallinity of the PA6 

films (Eq. (1)), their heat of fusion calculated from Fig. 8(a) were divided by the heat of 

fusion of the -form (241 J/g) because of the absence of the -form in them (Fig. 7). 

The relationship between the degree of crystallinity and TJC of the films is shown in Fig. 

8(b). The degree of crystallinity values at TJC = 150 and 190 °C were similar and 

decreased with an increase in TJC from 190 to 215 °C. The change in the degree of 

crystallinity of PA6 with TJC was similar to the change in its the ultimate lap shear force 

shown in Fig. 4(b). Fig. 9 shows the results of the Vickers hardness tests of PA6 films. 

The Vickers hardness remained almost constant over the TJC range of 150 - 190 °C and 
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decreased with an increase TJC from 190 - 215 °C. This trend is similar to that shown in 

Figs. 4(b) and 8(b).  

 

 

Fig. 8 (a) DSC results obtained by heating scans of PA6 films furnace cooled to 

different TJC and (b) change in degree of crystallinity of PA6 films as a function of 

TJC. 

 

 

Fig. 9 The results of Vickers hardness tests of the PA6 films as a function of TJC. 

 

4. Discussion 

In the research, the influence of the hot-press thermal process on the bonding 

strength of A5052/PA6 joints was investigated. The lap shear strength and crystallinity 

of PA6 reached maximum at TJC = 150 - 190 °C (Figs. 4(b) and 8(b)). The results shown 

in Figs. 8(b) and 9 reveal that the higher crystallinity of PA6 at lower TJCs enhanced its 
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strength, which in turn increased the joint strength. The fracture surfaces shown in Fig. 

6 also demonstrate that the crystallinity of PA6 increased with a decrease in TJC. As 

shown in Fig. 4(a), the force at yielding points corresponds to the ultimate lap shear 

force. Humbert et al. (2009) revealed that the yield stress of polyethylene (PE) increases 

linearly with its crystallinity. The change in the joint strength can be attributed to the 

change in the yield stress of PA6 with its crystallinity. 

 Table 1 lists the onset and end temperatures of crystallization and enthalpy of 

crystallization of the PA6 films at each cooling rate evaluated, as obtained from their 

DSC cooling curves. The enthalpy of crystallization was calculated by dividing the heat 

generated during the crystallization by the mass of the PA6 film. The onset and end 

temperatures of crystallization decreased with an increase in the cooling rate. The 

enthalpy of crystallization reduced as the cooling rate increased, which suggests faster 

cooling suppresses the crystallization of PA6. Di Lorenzo and Silvestre et al. (1999) 

reported that the faster cooling decreases crystallization onset temperature of PP. 

Pesetskii et al. (2005) reported that slow cooling improves the crystallinity of PA6. The 

crystallization behavior observed in this study was consistent with those reported 

previously. Fig. 10 shows the (a) onset and end temperatures of crystallization and (b) 

enthalpy of crystallization of the A5052/PA6 joint samples as functions of cooling rate 

along with the thermal profiles used in this study. The thermal profiles are indicated 

black and gray arrows. When the A5052/PA6 joint samples were fabricated at TJC = 150 

and 190 °C, the PA6 in the vicinity of the A5052/PA6 interface crystallized sufficiently 

because it was cooled below the end temperature of crystallization (195 °C) at a cooling 

rate of 2 °C/min (black arrows in Fig. 10(a) and (b)). When the A5052/PA6 joint 

samples were fabricated at TJC = 210 and 215 °C, the temperature of PA6 in the vicinity 

of the A5052/PA6 interface did not decrease below the crystallization onset temperature 

(203 °C) at a slow cooling rate of 2 °C/min, and PA6 could be crystallized at lower 

onset and end temperatures of crystallization at a high cooling rate of 90 °C/min (gray 

arrow in Fig. 10(a)). The enthalpy of crystallization of PA6 at this cooling rate was 

poorer than that at the low cooling rate of 2 °C/min (gray arrow in Fig. 10(b)), resulting 

in its lower crystallinity and strength (yield strength). The change in the crystallization 

behavior of PA6 with the cooling rate contributed significantly to the changes in the 

strength of the A5052/PA6 joints. 
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Table 1 Onset and end temperatures of crystallization and enthalpy of 

crystallization of the PA6 film at different cooling rates.

 

  

 

Fig. 10 Changes in (a) the onset and end temperatures of crystallization and (b) 

enthalpy of crystallization of the PA6 film with the cooling rate. 

 

 The results obtained in this study open the possibility of enhancing the joint 

strength of metal/semi-crystalline polymer hybrid joints by adopting slow cooling of the 

joint. The temperature at the metal/polymer interface is increased in the hybrid joint 

fabricating processes such as IMDJ, FAJ, and LAJ for melting the polymer. When the 

joining process is complete, the slow cooling of the heated sample in the joining 

machine to the end temperature of crystallization is an effective approach to increase the 

joint strength without providing extra energy with the machine. Annealing 
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metal/semi-crystalline polymer joints around the crystallization temperature of the 

polymer is another possible approach for increasing their crystallinity and strength.   

 

4. Conclusions 

 The influence of thermal history of A5052/PA6 joining process on mechanical 

characteristics of the joints was studied. The followings are the main findings.  

 

 The joint strength increased by decreasing the TJC from 215 to 190 °C and was 

maximum between TJC = 150 °C and TJC = 190 °C. 

 The crystallinity and Vickers hardness of PA6 increased with a decrease in its TJC 

from 215 to 190 °C and saturated at TJCs below 190 °C. Owing to its crystallization, 

an increase in the strength of PA6 resulted in an increase in the joint strength. 

 When the A5052/PA6 joints were fabricated at TJCs below 190 °C, PA6 crystallized 

sufficiently because it was cooled slowly below the end temperature of 

crystallization. 

 The brittle fracture mode was predominant at lower TJCs because of the high 

crystallinity of PA6. 
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Figure and table captions 

Fig. 1 (a) The forming process of A5052/PA6 joints, (b) sample stage 

temperature and applied pressure and (c) experimentally measured 

temperature profile at the interface of A5052/PA6.  

Fig. 2 Schematic of the lap joint and lap shear test configuration. 

Fig. 3 SEM images showing (a) a porous layer formed on the A5052 sheet 

consisting of particle-shaped protrusions, (b) surface of the A5052 sheet and 

(c) surface of a particle-shaped protrusion. 

Fig. 4 (a) Typical lap shear force-stroke curves (black arrow indicates yielding 

point) and (b) the average ultimate lap shear force of the A5052/PA6 joints 

as a function of TJC. 

Fig. 5 SEM image showing crack paths in the vicinity of the A5052/PA6 

interface. 

Fig. 6 Low- and high-magnification SEM images of the fracture surface on the 

A5052 side of the A5052/PA6 joints fabricated at different TJCs. 

Fig. 7 XRD profiles of the PA6 films furnace-cooled to different TJCs. 

Fig. 8 (a) DSC results obtained by heating scans of PA6 films furnace cooled to 

different TJC and (b) change in degree of crystallinity of PA6 films as a 

function of TJC. 

Fig. 9 The results of Vickers hardness tests of the PA6 films as a function of 

TJC. 

Fig. 10 Changes in (a) the onset and end temperatures of crystallization and (b) 

enthalpy of crystallization of the PA6 film with the cooling rate. 

Table 1 Onset and end temperatures of crystallization and enthalpy of 

crystallization of the PA6 film at different cooling rates. 


