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ABSTRACT 

This research aims to study the mechanism of joining between two dissimilar materials, aluminium alloy 

AA5052 of (2) mm thickness with polymer type high-density polyethylene (HDPE) of (5) mm thickness, 

utilizing friction spot joining (FSpJ) technique. All samples were made with dimensions (25 * 100) mm. A pre-

hole was made in aluminium alloy with a diameter (5) mm and depth of the same thickness as an aluminium 

alloy of (2) mm, and another hole with a diameter of (8) mm and a depth of (1) mm, same centre as the first 

hole. The holes were made in the aluminium alloy centre with dimensions (25*25) mm. The aluminium sample 

was placed over the polymer sample during the clamping and joining process. The process parameters included 

the rotating speed of the tool of 900, 1120, 1400 and 1800 RPM, pre-heating time of 5, 10, 15, and 20 sec, and 

plunging depth of the tool of 0.1, 0.2, 0.3, and 0.4 mm. The polymer was extruded through the aluminium hole 

after applying the parameters to the joint, and a mechanical overlap was obtained between them. The effect of 

process parameters on the joint's shear force was analyzed, and its area calculated on the polymer side. The tests 

were applied [visual examination, tensile shear force, Scanning Electron Microscope (SEM), and Elemental 

Mapping of Microstructures (EM)]. The hole diameter exhibited the highest effect on the joint shear force, 

followed by the rotating speed, pre-heating time, and plunging depth. The results showed that the samples failed 

in the joint zone in the shear force test and the highest shear force was (1050) N, and the lowest shear force was 

(150) N.  
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INTRODUCTION  

Existing economic and environmental policies have prompted manufacturers, especially in the transportation 

industry, to design lightweight structures to diminish fuel consumption and emissions of CO2. To achieve these 

goals, polymers and lightweight alloys such as titanium, aluminium, and magnesium are widely used in 

automobiles and today's aircraft [1]. Parts made from a mix of materials, such as polymer-to-polymer, metal-to-

metal, and metal-to-polymer, are in high demand these days. Various materials, such as aluminium alloys and 

polymer, were joined using various methods [2]. For example, more than 50% of the total weight of the new 

Airbus (A350 XWB) passenger aircraft will be consistence of polymer composites [3]. In addition to the 

industry of aircraft, automotive manufacturers plan to utilize more composites and polymers in their car bodies 

[4]. One of the purposes of the utilize of dissimilar joints is to increase the versatility of the product design, 

enabling the different materials to be used effectively and mechanically based on the unique properties of each 

material and, on the other hand, combining the strength metal and ductility with the strong chemical resistance 

and lightweight of the polymer [5].  

To create structures of hybrid compriseing polymers and metals or composite laminates, new processes of 

joining have been developed in recent years, including Friction Spot Joining (FSpJ) [6]. FSpJ is an alternative 

joining technology, patented and developed at Helmholtz-Zentrum Geesthacht, Germany, to develop joints of 

metal-composite [7]. The metal component is used in parts where high strength and stiffness can be utilization, 

while the material of plastic has unique chemical properties and can be formed into complex shapes in the 
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moulding process. However, joining the dissimilar of materials is often complicated, and the behaviour of this 

joints is seldom understood. Polymer-metal hybrid structures exhibited a wide application because of their 

corrosion resistance, lightweight, strength efficiency, environmental stability, high fatigue, and applications of 

engineering. Secure, lightweight, durable and high structural strength are the requirements of a pleasant 

environment. The application of FSpJ to polymers has been studied recently by several researchers.  

The studies were, therefore, to combine dissimilar materials between polyethene of high density and aluminium 

alloy. The method was appropriate for joining plates and also can use for pipes, hollow parts, and positional 

joining. By calculating the shear loading and microscopic examination of the cross-sections of the specimens, 

the resulting joint was evaluated in terms of joining power. Although the technique for joining different metals 

has been used, the analysis of joining metal to polymer using FSpJ is a relatively recent advancement in the 

modern production process [8-11]. The mechanical interlock mechanism carried out the jointing by combining 

the aluminium chips and the molten polymer. Different methods have been developed to combine various 

polymers with metals, Good mechanical features, low joint cost and weight. The findings demonstrate that 

improved the joint's tensile shear by expanding the tool's plunging depth.  

Compared to the plunging depth of the unit, the spinning speed and pressure of the tool showed the maximum 

influence on the shear strength of the joint. Reducing the shear strength of the joint was by increasing the heat 

input. In order to evaluate the joining process parameters influence and hole diameter on the joint force, using 

the configuration of the experimental method. To analyze the temperature of the joint, a thermal finite element 

model was developed [12-14]. This research aims to introduce and evaluate a new efficient method for the 

joining of dissimilar materials. This approach has distinct advantages over existing alternatives, and it comes 

when the perceived need and demand for metal-to-polymer joints is growing. This research will overview the 

mechanical and thermal joining conditions of aluminium alloy type (AA5052) with polymer type HDPE under 

FSpJ. 

EXPERIMENTAL WORK 

Materials Used 

Aluminium Alloy (AA5052) 

Use a (2mm) thick sheet of aluminium alloy (AA5052). The chemical composition of the material was analyzed 

and compared with [ASTM B209] standard requirements of this type as shown in table 1,  and was carried out a 

tensile test to determine the mechanical properties and in compliance with the (ASTM) specification (B557M-

02a) for tension testing of aluminium alloys [15], as shown in Table 2. 

Table 1. Chemical composition of (AA5052) 

Element Wt% Fe Si Zn Mg Cu Mn Cr Al 

Standard ASTM 

(B209) 

0.4 0.25 0.1 2.2-2.8 0.10 0.10 0.15-
0.35 

Rem. 

Measured 0.20 0.12 0.06 2.48 0.07 0.04 0.17 Rem. 

Table 2. Mechanical properties of (AA5052) 

Material properties Tensile strength 

σu (MPa) 

Yield strength 

σy (MPa) 

Elongation (%) 

Nominal 195 90 25 

Measured 210 98 27 

High-Density Poly-Ethylene Material (HDPE) 

Used a (5mm) thick was sheet HDPE. The general standard of the HDPE from this test was given to determine 

mechanical properties. According to (ASTM-D638-14), using the standard parameters were to perform a 
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standard tensile test for plastic materials [15], as shown in table 3. By differential scanning calorimetry (DSC), 

examined the melting behaviour of physical blends prepared from HDPE. With density and crystallinity, the 

DSC scans for HDPE homopolymers, the experimental melting-point temperatures calculated, as shown in 

figure 1. 

Table 3. Mechanical properties of (HDPE) 

Material Tensile strength  

σu (MPa) 

Yield strength  

(σy MPa) 

Elongation (%) 

HDPE 33 28 400 

 

 

Figure 1.  DSC Chart of (HDPE) 

Samples Preparation 

Samples were prepared and cut by a cutting device to join them together, which is an aluminium alloy 

(AA5052) and HDPE, where the pieces were made in dimensions (100 * 25) mm length and width according to 

the standard, as shown in figure 2. Two holes were made in the aluminium alloy by means of the vertical 

drilling machine, where the first hole with a diameter (5 mm) with a depth of the thickness of the aluminium 

alloy, and the purpose of that hole is to extrude the polyethylene during the joining process and the second hole 

with a diameter (8 mm) in depth (1 mm), as shown in figure 3.  
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Figure 2. The shape and dimensions of the AA5052 and HDPE samples 

 

Figure 3. Samples of perforated aluminum alloys (AA5052) 

The lap joint has been prepared with the overlap area dimensions of (25 * 25) mm according to (AWS) 

resistance spot welding specifications with the hole in the (AA5052) in the center. The aluminium alloy 

specimen was placed over the (HDPE) specimen, as shown in figure 4.  

 

Figure 4. Mechanism of joining (AA5052 and HDPE) 
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Figure 5 shows a perforated aluminium alloy (AA5052) cross-section where it is at the top and (HDPE) at the 

bottom, according to the dimensions and measurements of both.  

 

Figure 5. Schematic diagram of a join cross section 

Tool Material 

The FSpJ occurs with an acceptable non-consumable tool; because of the higher heat generation during the 

process, it should carefully select its tool's material. This material can resist the high temperatures of the tool's 

surface without any corrosion. The tool material used in this work was a high-speed steel tool type (HSS) with 

(10 mm) diameter, as shown in the chemical composition in table 4 of the joining tool according to the standard 

in compliance with (ASTM A 600-92a) [16]. 

Table 4. Chemical composition of the tool [14]  

Element 

material 

(Wt.%) 

C Si Mn W Cr V Mo P/S 

Standard value 
0.85-

0.88 
0.20- 0.45 

0.15- 

0.40 

5.50- 

6.75 

3.75- 

4.50 

1.75- 

2.20 

4.50- 

5.50 
0.03 

Figure 6 shows the shape, dimensions, and mechanism for fixing the tool to the milling machine. 

 

Figure 6. The cylindrical HSS tool 

Joining Operation 

The FSpJ process was carried out by a milling machine which produced a higher applied load during the joining 

process. As a result, clamping aluminium alloy and HDPE specimens by a fixture is required to prevent the 

sliding of samples and generate an opposite force during the plunging and rotating of the tool. The sample was 

clamped inside this device by the upper cover with the aid of four bolts. The specimens are put inside the slot of 

this device. Four holes were machined to fixing the fixture with the milling machine. Figure 7 shows the steps 

involved in attaching an aluminium alloy (AA5052) and HDPE to the milling machine to complete the joining 

process. 
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Figure 7. Steps for fixing the two specimens AA5052-HDPE 

Friction Spot Joining (FSpJ) Parameters 

Three parameters of the process were used: tool's rotational speed, preheating time and plunging depth, as 

shown in table 5. Changing the most efficient joining parameters will optimize the mechanical and metallurgical 

microstructure properties of the welded metal. Therefore, the final product performance of the joined specimens 

is greatly affected by those parameters. 

Table 5. The Experimental values of the (FSpJ) parameters  

Samples No. Rotating Speed (rpm) Pre-Heating Time (Seconds) Plunging Depth (mm) 

1 900 10 0.2 

2 900 15 0.3 

3 1120 5 0.2 

4 1120 10 0.1 

5 1400 15 0.1 

6 1400 20 0.2 

7 1800 5 0.4 

8 1800 10 0.3 

 

The milling machine has been configured for the purpose of complete the final joining of the two specimens 

according to the dimensions. Based on table 5, a rotation speed of (900, 1120, 1400, and 1800) rpm, a preheat 

time of (5,10,15, and 20) sec., and a plunge depth of (0.1, 0.2, 0.3, and 0.4) mm are variable values for the eight 

samples required with two pre-holes in an aluminium alloy. The milling machine and parameters must be 

monitored to achieve the correct and desired to join. Figures 8,9 shows the final joining. 

 

Figure 8. Joining of pre-hole AA5052 with HDPE 
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Figure 9. Surface of the lap joints (AA5052 with HDPE) 

RESULTS AND DISCUSSION  

Visual Inspection 

The basis for joining the polymer with the aluminium alloy specimens was: (covalent bonds, metallic bonds, 

ionic bonds, hydrogen bonds, and Van der Waals bonds) between the molten polymer and the atoms forming the 

framework of the aluminium alloy with the help of the applied pressure [17, 18]. To avoid burning, distortion, 

cracking in the polymer, the heat input in the joint region must be regulated so that the maximum temperature is 

less than the melting point of the polymer. The molten HDPE was clearly visible in the aluminium alloy hole, 

where it melted and flowed due to the combined effects of process temperature and tool force. Because of the 

higher friction between the rotating tool's lower surface and the upper surface of the aluminium specimen, more 

heat is generated during this process. Figure 10 shows a visual inspection of the upper surface of the joints given 

by HDPE excess at the edges of the specimen holes. This is since the molten HDPE was filled with overflow at 

the outer edges of the joints in the hole and pores of the aluminium alloy surface using the rotating tool's applied 

pressure. Note that the parameters that it adopts contain two groups, where chosen one sample from each group. 

 

Figure 10. Typical joint of AA5052-HDPE (Samples 2,3,6 and 8) 

Those four samples were chosen based on the sample with the highest temperature (No. 6) and the lowest 

temperature (No. 2). The samples (No. 3,8) were selected as average values for the category they belong to it. It 

was noted that the rotating speed and preheating time has an apparent influence on the temperature rise through 

the joining process. 

Tensile Shear Test of Joints 

The joined specimens were examined with a tensile shear test for joint type AA5052-HDPE to estimate the 

mechanical properties of the joint. The effect of the joining parameters on the joint's shear force was 

investigated. The rotational frictional instrument initially produced heat on the upper surface of aluminium, 

raising the temperature at the lap joint. The joining process consisted of two steps: melting the HDPE 

components near and inside the aluminium specimen hole zone and frictionally penetrating the molten HDPE 

through the holes. Figure 11 depicts the surface appearance of the joined specimens' broken faces. It describes 

the inner surface zone of the AA5052 - HDPE test joints and the structure of the composite material on the 

opening face. In the shear examination, the molten HDPE fill in the hole served as a shield to dislocate the 

HDPE from the aluminium alloy specimen. The heat from the aluminium alloy specimen was transferred to the 

HDPE, causing the HDPE components to melt. The applied pressure was achieved by spinning the tool 
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downwards through the aluminium alloy specimen at a specific depth. During this process, the temperature 

gradually increased, and the HDPE that had penetrated the aluminium hole melted. The AA5052 fragments were 

also caught in the molten HDPE. Via chemical joining and mechanical interlocking, the AA5052 pieces with the 

melted HDPE formed a composite material and created a joint region via the HDPE matrix [17]. 

  

 

 

 

 

Figure 11. Broken inner surface zone of AA5052-HDPE lap joints  

Table 6 described the results of the shear forces of the joints type AA5052-HDPE. Samples 4 and 5 had the 

lowest shear force of 150, 170 N, respectively. In contrast, samples 11 and 12 had the highest shear force of 

1020, 1050 N, respectively. The chemical composition of HDPE, which includes hydrogen and carbon in its 

structure, and its significant effect on temperatures, are the reasons for this disparity in joint properties; the 

tested samples were based upon the Taguchi plan. During the degradation of HDPE, there was a decrease in 

mechanical properties, a change in cooling, and decreased chemical resistance. Different values were found in 

the action of shear forces in some joints compared to the various parameters. As the temperature rises to a 

crystalline temperature below the HDPE melting point due to HDPE decomposition by a process known as 

pyrolysis (de-hydro-chlorination) [19]. 
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Table 6. The experimental values of the FSPJ parameters, temperature and shear force of the joints AA5052-

HDPE  

Samples 

No. 

 

Rotating 

Speed 

(RPM) 

Pre-Heating 

Time (Seconds) 

Plunging 

Depth (mm) 

Melting 

Temperature 

(   

Shear Force 

(N  

 

1 900 10 0.2 48.9 650 

2 900 15 0.3 53.9 400 

3 1120 5 0.2 57.9 150 (min) 

4 1120 10 0.1 63.2 600 

5 1400 15 0.1 67.8 1020 

6 1400 20 0.2 73.4 1050 (max) 

7 1800 5 0.4 58.8 750 

8 1800 10 0.3 56.8 550 

 

Parameters (rotational speed, preheating time, and plunging depth) had a distinct alternating influence on the 

sample shear test, notice maximum shear force at rotation speeds between 1400 and 1800 rpm. At the same 

time, the minimum shear force is at rotation speeds of 900 and 1120 rpm. As shown in figure 12, shear forces 

for all tested samples. Knowing that the hole in the aluminium alloy is the same diameter in all of the samples 

examined and that its worth is (5 mm). As a result, the difference in the resulting shear force through the 

specified parameters can be analyzed rather than the hole in the aluminium alloy. 

 

Figure 12.  Variation of the experimental shear forces  

After performing the tensile shear force test of the samples, the total area of the shear area was measured from 

the HDPE side for all samples to obtain the shear stress for each specimen. The total area of the shear shape 

showed different values. Still, it did not exceed the value of the hole area manufactured in advance in the 

aluminium alloy, and its value is (19.625). This value is the diameter of the hole (5 mm) after applying the law 

of the circle area on it. Table 7 and figure 13 shows the value of the shear stress of the samples after applying 

the law of force to the area. The highest value of shear stress (95.6 MPa) appeared at rotational speed 1800 rpm, 

pre-heating time 20 sec, and plunging depth 0.1 mm, and the lowest value of shear stress (16.1 MPa) at 

rotational speed 1120 rpm, pre-heating time 5 sec and plunging depth 0.2mm. 
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Table 7. Shear stress values 

Samples No. Shear Force (N) Shear Area (     Shear Stress (MPa) 

1 650 11.2 58.0 

2 400 8.40 47.6 

3 150 9.31 16.1 (min) 

4 600 9.52 63.0 

5 1020 11.38 89.6 (mix) 

6 1050 14.17 74.1 

7 750 9.55 78.5 

8 550 9.9 55.5 

 

Figure 13. Variation of the experimental shear stress 

Analysis the results of shear test using the design of experiments (DOE) 

ThUsed the main effect and Pareto plots to analyze the variance of shear force values using the statistical 

Taguchi method. In addition, the influence of joining process parameters (rotation speed, plunging depth, and 

preheating) on joint shear force values were investigated using the Minitab program. The influence of process 

parameters on the tensile shear force of joint form AA5052-HDPE is shown in figure 14. It noticed that the 

change in the rotational speed had a high effect on the shear force values. Therefore, increasing the rotation 

speed of the rotating tool raised the amount of the molten HDPE in the hole of the aluminium alloy specimen, 

which increased the tensile shear force of the joint. while the plunging depth and the preheating had the lower 

influence on the joint during FSpJ.  

 

Figure 14. Main effects plot of shear force of the joints 
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As a result, the hole diameter of the aluminium alloy specimen affects the tensile shear force of the joints. 

Hence, the amount of molten HDPE and/or aluminium parts determine the joints' tensile shear force. It is clearly 

observed that the rotation speed can be considered as the effective processing parameter as compared with the 

other parameters (plunging depth and preheating), as shown in figure 15. 

 

Figure 15.  Pareto chart of the shear force. joining parameters (Rotation Speed) 

Scanning Electron Microscope (SEM) 

SEM test was carried out for the two forms of joints in the case of ideal conditions. The images showed that 

there was a clear difference in the size of AL particles in the joint zone of the holes, which diffused internally in 

the re-solidified HDPE. As a result, there was a mechanical and chemical joint between the aluminium and 

HDPE parts, as seen in figure 16. Furthermore, the effect of rotation, tool speed travel and depth of the HDPE 

re-solidification zone is defined; it is increased with increasing joining parameters. In the area near the hole 

joint, the depth of the joint zone was also shown in the testing. In addition, this depth was influenced during the 

friction joining process by the amount of temperature and pressure.  

Because of the produced frictional heat resulting from the rotational tool, the joint was detected to be tightly 

joined without the gap between two materials and thoroughly mixed by the inter-diffusion process of melted 

plastic. The microstructure also inferred that, by filling the cavities of the AL alloy sheet with the molten HDPE, 

mechanical interlocking took place at the joint. As a result, the presence of Vander Waals as a member is 

expanded by this phenomenon. A more significant amount of depth in the re-solidification zone contributes to 

failure and decreases the shear force. The thickness of the re-solidified zone was visibly found to be highly 

dependent on the joining parameters and to be able to see the re-melted area [17]. 
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Figure 16. SEM images at the optimum conditions of hole and interfaces for AL – HDPE at: (a) 2mm 

magnification (b) 4mm magnification (c) 100μm magnification (d) 50μm magnification  

Elemental Mapping of Microstructures Analysis (EM) 

FThis enhanced performance allows realistic X-ray spectrum imaging, in which each image pixel records the 

entire X-ray spectrum. Full compositional mapping can be accomplished by performing complete quantitative 

corrections for history, peak overlap, and matrix effects on - pixel spectrum. A variety of elemental mapping 

selection techniques, including quantitative mapping. The test was carried out at the optimum for both joint 

samples, AL-HDPE, to study the information map of element distribution at the joint zone and the interface 

between the AL and HDPE to understand the joining structure. Figure 17 shows the elements that appeared in 

the interference region for aluminium and HDPE through the test (EM). This figure shows the sample elements 

that load the maximum shear force. These data points pointed to the development of chemical and mechanical 

interlocking joining during the frictional process, which resulted in the joining of aluminium and HDPE. The 

elemental mapping for the joint AL–HDPE at the hole of the joint zone. Via the re-solidification area of the 

HDPE, a large volume of aluminium, silicon, and magnesium elements diffuse through the hole at the joint 

region and combine with carbon and oxygen. 
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Figure 17. EM Analysis of AA5052–HDPE interface joint at; (a) EM. data Analysis of joint zone, (b) EM. data 

for Al , (c) EM. data for O, (d) EM. data for Cr, (e) EM. data for Ni, (f) EM. data for Mg, (g) EM. data for C, (h) 

EM. data for Mn, (i) EM. data for Cu, (j) EM. data for Si, (k) EM. data for Zn, (L) EM. data for Fe 

CONCLUSIONS   

SFSpJ technology was used to join aluminium alloy (AA5052) to HDPE using a rotating tool to generate the 

heat required to melt the HDPE and penetrate it through the hole aluminium sample. Studied the influence of 

hole diameter, tool rotation speed, plunge depth, and preheating time on joint consistency in terms of AL-HDPE 

overlap, shear force, etc. Here are the main findings and conclusions: 

1. The HDPE was melted and penetrated through the aluminium hole surface, resulting in a mechanical 

interlock and partial adhesive joining between the aluminium alloy and HDPE. 

2. The primary strengthening effect is due to the macro mechanical interlocking. 

3. All of the specimens were joined successfully. 

4. The joint strength of all the joined specimens was improved by increasing the volume fraction of the 

aluminium parts in the re-solidified HDPE through the hole diameter of the aluminium specimen. 

5. The properties of the joints were determined by the region joined, frictional process parameters, and the 

amount of aluminium parts in the re-solidified HDPE. 

6. The area of the shear shape was calculated from the HDPE side for all samples, and the shear stress and 

joint efficiency were extracted for it and compared with the original specification. 

7. The maximum shear force of the joined sample was observed at a rotating speed of 1400rpm, plunging 

depth of 0.2mm, and preheating time of 20sec with a value of 1050N. 

8. SEM research revealed a composite metals bond formed at the hole and interface joint, consisting of an 

aluminium particle entrapped in a re-solidified matrix from HDPE. 

9. EM tests for joint interface zone contained the distribution of the following elements: C, O, Si, Mg, Mn, Fe, 

Zn, Cr, Ni, and Al. 
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