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Abstract: The strength of laser joined metal and plastic hybrids is based purely on adhesion. 

Unpolar plastics like polypropylene depend solely on the mechanical adhesion while polar plastics 

like polyamide 6.6 develop covalent bonds with the metal. In this research the influence of different 

surface metallizations on the lap shear strength of laser joined hybrids was investigated. 

Sandblasted AISI 304 was used as base metal and reference. Aluminum and titanium coatings were 

deposited by the means of Arc-PVD. Polypropylene and polyamide 6.6 were utilized as polar und 

unpolar plastics. The lap shear strength of all hybrids with polyamide 6.6 was higher than the 

polypropylene samples. For all investigated variations of the laser power, scanning speed and the 

cohesive and adhesive failure modes, the samples joined with the sandblasted AISI 304 showed the 

highest lap shear strength. The reduction in lap shear strength for the coated samples was due to 

the increased difference in thermal conductivity between the plastics and the coating materials. This 

lead to increased warping and residual stresses. It can be concluded that the thermal properties of 

the metallization in laser joined metal and plastic hybrids has a high impact on the lap shear 

strength.  

Keywords: plastic-metal hybrid; laser joining; surface free energy; Polyamide 6.6; polypropylene; 

AISI 304; joining process; dissimilar joining; Arc-PVD; adhesion 

 

1. Introduction 

Typical methods for creating metal and plastic hybrids are joining via adhesive, mechanical 

fasteners, or thermal joining [1]. In comparison with mechanical fastening, no additional weight is 

added to the component. An advantage over adhesives is, that thermal joining is a very fast joining 

process without any curing times. Thermal joining is also referred to as direct thermal joining because 

these processes lack additional components. Different energy sources like ultrasound [2], induction 

[3] and lasers [4] can be used. Lasers have the advantage of non-contact heat input and a high degree 

of automatization. The first scientific publication on the utilization of lasers for thermal joining was 

by Kawahito et al. in the year 2006 [5]. They defined the term laser-assisted metal and plastic (LAMP) 

joining which was used broadly in the scientific community [6]. The needed temperature to melt the 

plastic is generated by transmitting the laser through the plastic and heating the interface or by heat 

transfer through the cross section of the metal. Figure 1 shows a schematic figure of the heat transfer 

joining also known as indirect LAMP joining [7]. The force is needed to ensure a sufficient pressure 

that the molten plastic will wet the surface of the metal. The molten plastic will wet the surface and 

create a bond to the metal. Due to the fundamentally different chemical composition of metals and 

plastic the bond bases completely on adhesion.   

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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Figure 1. Schematic figure indirect laser assisted metal and plastic (LAMP) joining [7]. 

Adhesion is a very complex scientific topic. No universal theory has been developed that 

includes every aspect of adhesion. There are seven common theories of adhesion: Mechanical 

interlocking, Electric double layer, Adsorption, Diffusion, Chemical Bonding, Acid-Base and Weak 

boundary layers [8]. In this research the focus is set on the adsorption theory of thermodynamic 

theory of adhesion and the chemical bonding. The thermodynamic theory of adhesions states, that 

with higher surface free energy the work of adhesion rises in value [9,10]. In adhesive technology 

different surface treatments are used to increase the surface free energy like plasma treatments or 

chemical activation [11]. This results in increased strength of metal and plastic hybrids joined with 

an adhesive. With optimized treatment parameters a low-pressure plasma treatment can increase the 

lap shear strength of bonds with polyamide 6.6 (PA6.6) from 1.13 MPa to 6.47 MPa [12]. These 

treatments can also be used for Metals. A low-pressure plasma treatment of AlMg1SiCu alloys with 

an oxygen-plasma increase the lap shear strength of bonds from 5.77 MPa to 15.13 MPa created with 

an adhesive [13]. Laser joined aluminum and PA6.6 samples were treated with a low-pressure plasma 

prior to joining process. With an increase in surface free energy of either material the maximum shear 

load rose. It peaked when both materials were treated prior to the joining process indicating a 

correlation between rising surface free energy and increasing lap shear strength [14]. In a prior 

research by the authors polyamide 6.6 and polypropylene were treated with different plasma gases 

to increase the surface free energy and the number of polar groups on the surface. While the surface 

free energy was significantly increased, the lap shear strength of all investigated samples were lower 

than the untreated state [7]. This shows, that the correlation between surface free energy and lap 

shear strength is not clearly identified for laser joined metal and plastic hybrids.  

Plastics without unpolar groups like polypropylene (PP) need a surface treatment to ensure 

mechanical interlocking [5]. Schricker et al. used laser ablation to create the mechanical interlocking 

increasing the tensile strength from zero to 8.7 MPa [15]. In contrast to that polar plastics can be joined 

to metals without the need of mechanical interlocking. Katayama et al. joined AISI 304 with a cold 

rolled surface with polyethylene terephthalate (PET) and achieved shear loads of 3000 N. The plastic 

and steel surface were bonded through the formation of a chromium oxide layer [16]. Also Liu et al. 

[17] detected chemical bonds in laser joined aluminum – PA6.6 hybrids. A chemical reaction formed 

carbon-oxygen-aluminum bonds on the interface between metal and plastic. As possible reaction site 

is the double oxygen bond of the amide group in PA6.6. This was confirmed by Hirchenhahn et al. 

[18,19]. Chen et al. developed a new method which combines ultrasound and lasers to create a metal 

and plastic hybrid [20]. They created sound joints out of titanium (ASTM B265 Grade 1) and PET. At 

the fractured surface Ti-C, Ti-O and Ti2O3 chemical bonds were detected indicating a chemical 

reaction between plastic and metal [21].  

This research focuses on the influence of metal surfaces on the lap shear strength of laser joined 

plastic and metal hybrids. To minimize the influence of the different thermal properties of the metals 

thin coatings by the means of arc PVD are used. As coating materials pure aluminum and titanium 

were used. AISI 304 with a sand blasted surface was used as base to be joined with PA6.6 and PP. 

PA6.6 was used due to its ability to form covalent bonds with all the different coatings used and PP 

served as control group to identify possible influences of the thermal conductivity.  
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2. Materials and Methods 

2.1. Materials 

The plastics used are polypropylene and polyamide 6.6. As base metal AISI 304 was utilized. 

Aluminum and titanium were used as different surface metallizations. All samples hat the same 

geometry of 50 mm x 25 mm x 2 mm. The thermal properties and the tensile strength of the used 

materials are shown in Table 1. 

Table 1. Thermal properties and tensile strength of the materials and coatings used. 

Material 

Thermal  

conductivity 

Specific heat 

capacity 

Melting 

range 

Tensile  

Strength 
Sources 

[W m-1 K-1] [J kg-1 k-1] [°C] [ MPa] [-] 

AISI 304 15 500 1400 – 1455 540 – 750 [22] 

Aluminum 236 520 660 105 – 145 [23–25] 

Titanium 22 520 1668 380 [26] 

Polypropylene 0,17 – 0,25 2090 160 – 165 35 [27,28] 

Polyamide 6.6 0,23 – 0,33 1670 255 – 260 85 [27,29] 

To ensure a mechanical interlocking between polypropylene and the metal surface sand blasting 

was utilized. Table 2 shows the surface roughness of the coated and uncoated AISI 304 samples. The 

sandblasting also ensured a good adhesion between the steel surface and the coating. For the 

sandblasting process a SMG 50 of MHG Strahlanlagen was utilized. Corundum with a particle size 

between 150 and 212 µm was blasted with 4 bar air pressure at an angle of 90° at a distance of 50 mm 

on the surface of the steel. Only one side of the steel was sandblasted. The arithmetic surface 

roughness of all samples is within the same category indicating a comparable mechanical interlocking 

between all samples.  

Table 2. Surface roughness of the used samples. 

Surface 

Rz 

x 

[µm] 

S 

[µm] 

Sandblasted 14.7 1.7 

Sandblasted + Al-coating 13.9 2.0 

Sandblasted + Ti-coating 15.7 1.3 

The coated samples were manufactured via Arc-PVD. An Interatom PVD 20 of the Interatom 

GmbH was utilized. Only the sandblasted surface was coated. Five measuring points at three spots 

of three samples were used to determine the arithmetic mean of the Arc-PVD coatings. The thickness 

of the samples including the standard deviation is shown in Table 3.  

Table 3. Thickness of the applied Arc-PVD coatings. 

Coating 

Thickness 

X 

[µm] 

s 

[µm] 

Al 7.9 2.7 

Ti 8.7 1.9 

2.2. Laser setup 

The laser setup described in this chapter was also used in [7]. The fiber laser was an Raycus RFL-

QCW150. The laser was used in a CW (continuous wave) mode. A maximum power level of the laser 
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was 250 W and the used spot diameter was 5 mm. The wavelength of the laser was 1090 nm. Figure 

2 shows the CAD generated images of the laser mount and the sample holder. 

  
(a) (b) 

Figure 2. CAD generated image of the a) laser mount with sample holder and b) sample holder 

without the cover plate [7]. 

Up to three samples can be placed in the sample holder. Six compression springs were used to 

achieve a uniform pressure level of 0.4 MPa on every sample. In this research different laser power 

levels and scanning speeds were utilized. To achieve a better comparison with other publications the 

line energy was calculated by dividing the laser power by the scanning speed. The used parameters 

are noted in Table 4. The joining parameters for polyamide 6.6 at 237.5 W and 1.5 mm s-1 and for 

polypropylene at 162.5 W and 2 mm s-1 were developed in another publication [7]. Additional 

experiments were conducted to identify parameter sets with the highest lap shear strength without 

any cohesive failure of the plastic. The laser power and scanning speed were incrementally varied to 

lower laser powers and scanning speeds. This resulted in two parameter sets at 237.5 W and 2 mm s-

1 for the Al coated and at 200 W and 2.5 mm s-1 for the Ti coated AISI 304 respectively. Additional 

samples with sandblasted AISI 304 were created as reference at these parameter sets.     

Table 4. Used laser powers and scanning speeds. 

Plastic 
Failure mode 

[-] 

Laser power 

[W] 

Scanning speed 

[mm s-1] 

Line energy 

[J mm-1] 

Polyamide 6.6 Cohesively 237.5 1.5 158 

Polypropylene Adhesively 162.5 2 81 

Polyamide 6.6 Adhesively 
237.5 2 119 

200 2.5 80 

2.3. Contact angle and surface free energy measurement 

The surface free energy can be calculated through the contact angle of different measuring 

liquids and methods. The method by Owens, Wendt, Rabel and Kaelble [30] (OWRK-Method) is 

frequently used and was also utilized in this research. Based on the formula by Young [9] they used 

the geometric mean to calculate the overall surface free energy with a dispersive and a polar 

component.  𝜎௟ሺ1 ൅ cosሺ𝜃ሻሻ ൌ 2ቆට𝜎௦ௗ𝜎௟ௗ ൅ට𝜎௦௣𝜎௟௣ቇ (1) 

While 𝜃 is the contact angle between the surface, liquid and atmosphere, 𝜎௟ and 𝜎௦ are the 

surface tension of the liquid and surface respectively. The polar and dispersive components are 

described by the superscripted letters. The contact angles of two different liquids with known surface 
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tensions are required for the OWRK-method. The two test liquids used in this research and their 

respective surface tensions summarized in Table 5  [31].  

Table 5. Surface tensions of the used test liquids. 

Liquid 
𝜎௟ 

[mN m-1] 

𝜎௟ௗ 

[mN m-1] 

𝜎௟௣ 

[mN m-1] 

Water 72.8 51 21.8 

Diiodomethane 50.8 50.8 0 

Ten measurements were taken of each sample with each test liquid. 3 µl diiodomethane and 5 

µl water were utilized for each respective test. Each measurement was taken on a different location 

on the tested surface. The contact angel was analyzed with ImageJ and the plugin for contact angels.  

2.4. Mechanical testing and microstructural analysis 

For mechanical testing of the lap shear force an Instron E10000 with a test speed of 0.5 mm min-

1 was utilized. To reduce bending stresses spacers with 2 mm thickness were placed below each 

overlapping side of the sample. The lap shear strength was calculated by dividing the maximal shear 

force with the wetted area. The wetted area was identified with a macroscopic image of the joined 

zone taken with a Canon EOS 600D for each sample individually. ImageJ was utilized to measure the 

wetted area of all samples. For each parameter set 5 lap shear samples were tested. Also every failed 

sample was investigated macroscopically.  

3. Results and Discussion 

3.1. Cohesively failed samples 

This subsection includes the samples joined between the different metal surfaces and polyamide 

6.6 which failed cohesively in the plastic itself. Figure 3 shows the samples in the as-joined state in 

the top-row while the bottom row shows them after the lap shear test.  

   
(a) (b) (c)   

   
(d) (e) (f) 

Figure 3. Hybrids joined with polyamide 6.6 and (a) AISI 304, (b) Ti, (c) Al and the same samples after 

lap shear testing in (d), (e) and (f) which failed cohesively. 
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Every sample tested at this parameter set failed cohesively in the plastic. Plastic residue is visible 

on every metal surface. This indicates covalent bonds between the polyamide 6.6 and every 

metallization used. In Figure 3 (d) and (f) the second half of the polyamide 6.6 is still bonded to the 

metal while in Figure 3 (e) the second half broke off. These two types of cohesive failure modes 

occurred randomly for every investigated surface metallization. Figure 4 shows the measured lap 

shear strength of the cohesively failed samples.   

 

Figure 4. Lap shear strength of the cohesively failed polyamide 6.6 hybrids. 

The uncoated and sandblasted AISI 304 polyamide 6.6 hybrids showed the highest lap shear 

strength at an arithmetic mean of 11.3 MPA. It should be mentioned, that the range of measured 

values of hybrids with sandblasted AISI 304 is on the same level as for cold-rolled AISI 304 and 

polyamide 6.6 samples investigated in an earlier work on this subject [7]. 10.05 MPa is the arithmetic 

mean of the Ti-coated samples which is 11.3 % lower in comparison to the uncoated samples. The 

reduction in strength of the Al-coated samples was even higher. The arithmetic mean was 7.77 MPa 

which is 31.5 % lower than the uncoated samples. It should be mentioned that the deviation of values 

of the Ti-coated samples is significantly higher than the other investigated coatings. The highest 

absolute value exceeds the measured lap shear strengths of the uncoated samples. Nonetheless, the 

trend is clear, that the different surface metallization reduces the lap shear strength. The thermal 

properties are shown in Table 1. The thermal conductivity for Ti is higher and significantly higher for 

Al in comparison with the base material. But the influence of the different covalent bonds due to the 

different metallization and the influence of the cohesive failure mode on the lap shear strength is not 

clear. Due to these points the experiments with polypropylene were carried out, due to the unpolar 

nature of this plastic. No covalent bonds are created between unpolar plastics and metals during the 

thermal joining. Additionally, samples with polyamide 6.6 were created with an adhesive failure 

mode.  

3.2. Adhesively failed samples 

Figure 5 shows the laser joined hybrids with polypropylene. As before the top row is in the as-

joined state while the top row is after the lap shear test. It should be mentioned that the failed 

polypropylene hybrid with the Al-coating shown in Figure 5 (f) failed before the lap shear test could 

occur. Every sample failed before they could be tested resulting in a lap shear strength of zero shown 

in Figure 6.  
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(a) (b) (c)   

   
(d) (e) (f) 

Figure 5. Hybrids joined with polypropylene and (a) AISI 304, (b) Ti, (c) Al and the same samples 

after lap shear testing in (d), (e) and (f). 

In Figure 5 (a) and (b) the wetted area of the samples is visible as darker area. No equivalent 

area is visible in Figure 6 (c) for the Al-coated sample. In Figure 6 (f) it is clearly seen that the energy 

input plasticized the PP side of the joint. It is possible, that due to high residual stresses the joint 

detached. During the testing of the Ti-coated sample shown in Figure 5 (e) one edge of the 

polypropylene chipped off. The failure mode was adhesively nonetheless but the high input of 

thermal energy seems to have introduced high residual stresses, which could lead to this effect. There 

was no plastic residue on every of the tested polypropylene samples. This confirms the findings 

shown in the introduction that no covalent bonds are created during the laser joining with 

polypropylene. In Figure 6 the lap shear strength of the laser joined hybrids with polypropylene is 

displayed. 

 

Figure 6. Lap shear strength of the adhesively failed polypropylene hybrids. 

In comparison to the hybrids with polyamide 6.6 two things are clearly visible. The Al-coated 

samples failed all before testing resulting in a lap shear strength of zero and the overall values of the 
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lap shear strength are significantly lower. The arithmetic mean of the Ti-coated samples is 4.75 MPa 

which is only 0.5 % less than the arithmetic mean of the sandblasted AISI 304 hybrids with 4.78 MPa. 

In comparison with the polyamide 6.6 samples the reduction in lap shear strength can be neglected. 

One of the tested Ti-coated samples had a reduced value of 2.08 MPa. This value leads to a significant 

reduction of the arithmetic mean. If this sample would be viewed as an outline the arithmetic mean 

would rise to a value of 5.43 MPa exceeding the sandblasted AISI 304 samples by 16.4 %. For 

polypropylene it seems that the thermal conductivity plays a role, as seen with the Al-coated samples, 

but the variation between AISI 304 and the Ti-coating can be neglected.  

Furthermore, additional laser joined hybrids with polyamide 6.6 were investigated which 

showed only an adhesive failure mode. Figure 10 shows the parameter sets which showed the 

maximum lap shear strength with adhesive failure mode for Al-coated samples at 119 J mm-1 and for 

the Ti-coated samples at 80 J mm-1. Figure 7 has the same pattern as Figure 3 and Figure 5. The top 

row shows the as-joined state while the lower row shows the tested samples.  

119 J mm -1 80 J mm -1 

    
(a) (b) (e)   (f)  

    
(c) (d) (g) (h) 

Figure 7. Adhesively failed hybrid joints with polyamide 6.6 joined at 119 J mm-1 with (a) AISI 304 

and (b) Al and the same samples after lap shear testing in (c) and (d) and hybrids joined at 80 J mm-1 

with (e) AISI 304 and (f) Ti and the same samples after lap shear testing in (g) and (h). 

The samples joined with 119 J mm-1 show a significant difference in the joined area. This is also 

visible in the amount of residue shown on the metal side of the lap sheared samples shown in Figure 

7 (c) and (d). On the other hand, at 80 J mm-1 the joined area is almost identical while the resulting 

plastic residue is a slightly higher on the AISI 304 lap sheared sample shown in Figure 7 (g). The 

resulting lap shear strength is noted in Figure 8.   
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Figure 8. Lap shear strength of the adhesively failed polyamide 6.6 hybrids. 

At 119 J mm-1 the Al-coated samples achieved an arithmetic mean of 5.3 MPa which was 28 % 

lower than the reference AISI 304 hybrids with 7.4 MPa. Also the Ti-coated samples joined at 80 J 

mm-1 showed a lower arithmetic mean as the AISI 304 reference. The arithmetic mean of 7.8 MPa is 

4.9 % lower than the 8.2 MPa of the AISI 304 reference samples. Both investigated cases show the 

same behavior as the cohesively failed hybrid joints. The overall level of strength is reduced, but both 

coatings resulted in a reduced shear strength. The adhesively failed hybrids with polyamide 6.6 show 

the same trends as the cohesively failed samples as well as the polypropylene hybrids.  

3.3. Surface free energy  

As mentioned in the introduction, the level of the surface free energy, especially the polar 

component, is related with the lap shear strength. Within the research about laser joined hybrids the 

correlation between the surface free energy and the lap shear strength is not clear. The measured 

values of the surface free energy are displayed in Figure 9 and noted in Table 6.  

 

Figure 9. Surface free energy determined by the OWRK-Method. 

Comparing the two plastics used in this research, polyamide 6.6 has a significant higher polar 

and total value than polypropylene. The Ti coated samples have the highest dispersive and polar 
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values of all investigated surfaces. It has also to be mentioned, that the Al coating has a lower polar 

component than polypropylene which is considered an unpolar plastic. Taking the lap shear strength 

in relation, all AISI 304 samples had higher lap shear strength than the Ti coated samples. There is no 

clear correlation between the surface free energy and the lap shear strength in this research.  

Table 6. Surface free energy values shown in Figure 9. 

Sample 
Dispersive 

[mN m-1] 

Polar 

[mN m-1] 

Total 

[mN m-1] 

Polypropylene 28.05 4.52 32.56 

Polyamide 6.6 31.12 11.35 42.47 

AISI 304 29.22 12.05 29.68 

Ti 36.02 29.51 65.53 

Al 28.41 1.27 29.68 

3.4. Warp  

As mentioned before, the thermal conductivity of the metallization varies significantly. 

Especially Al has a significant higher thermal conductivity up to a factor of 1000 than the plastics 

used in this research. This and the fast energy input of the laser joining process can lead to significant 

residual stresses and warping in the resulting hybrid joint. Figure 10 shows an example of the 

cohesively failed samples of an Al-coated AISI 304 with polyamide 6.6. The warping is 

macroscopically visible with a few millimeters. This also indicates that the thermal properties and 

the resulting residual stresses are more significant in the hybrid joining process than the surface 

metallization.  

 

Figure 10. Macroscopic warp of an Al-polyamide 6.6 hybrid joined at 158 J mm-1. 

4. Conclusions 

In this investigation the influence of different surface metallizations on the lap shear strength of 

laser joined metal and plastic hybrids is analyzed. Within this research different conclusions could 

be drawn: 

• There was no correlation or trend between the surface free energy of the used samples and the 

resulting lap shear strength.  

• Hybrids with the polar polyamide 6.6 showed higher lap shear strength values as hybrids with 

polypropylene. This is attributed to covalent bonds between polyamide 6.6 and the metal surface 

visible by plastic residue on the lap sheared metal surface.  

• At every investigated parameter set either with polyamide 6.6 or polypropylene the sandblasted 

AISI 304 samples showed the highest lap shear strength values in comparison with the Ti and 

Al coatings. The loss in lap shear strength of the Ti and Al coatings in comparison the with the 

AISI 304 hybrids are due to the higher thermal conductivity. 

• The trend that higher thermal conductivity leads to a lower lap shear strength is true for 

adhesive and cohesive failure modes for samples joined with polyamide 6.6 

• Sound joints with polypropylene and Al coated AISI 304 samples could be achieved but they 

failed before testing. This can be attributed to very high residual stresses due to the difference 

in thermal conductivity by factor 1000.  
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