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Abstract

:

Joining similar or dissimilar materials has recently become a hot topic in industries. In this study, an adhesive technique was used to join plastic materials produced by additive manufacturing (3D printing) with metal materials. The effects of the type of material that forms the joint pairs on the joint strength were investigated. In addition, a case study was carried out on the “rubber-metal buffer” part, which is a rubber industry product. The “rubber-metal buffer” part, traditionally produced by vulcanization, was re-manufactured by changing the body material and production technique. Samples were produced from Tough PLA and TPU materials using a 3D printer at 80% and 100% fill rates. Adhesive joints were made by bonding dissimilar (Tough PLA/Galvanized steel, TPU/Galvanized steel, Tough PLA/TPU) and similar materials (Tough PLA/Tough PLA, TPU/TPU, Galvanized steel/Galvanized steel) using Loctite 9466 adhesive. The mechanical properties of the joints were determined using tensile and hardness tests, and then the damage mechanisms were examined. The highest strength value in similar material pairs (3D printed) was found in Tough PLA/Tough PLA joints (4 MPa). In dissimilar material pairs, the highest strength value was determined to be Tough PLA/Galvanized steel (4.17 MPa). As a result, it was found that TPU and Tough PLA materials produced by 3D printing can be used as an alternative to rubber.
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1. Introduction


The production of multi-material structures, which can provide high load-carrying capacity and weight reduction by joining different materials, has become popular today. Due to these advantages, joining polymer and metal parts, especially in the automotive and aviation industries, is of interest [1,2]. There are several joining methods, such as mechanical fastening and adhesive bonding, that can be used to achieve successful metal/polymer bonding [3,4,5]. The chemical and physical properties of the materials to be joined [6], as well as the processing durations, health effects, cost, and bond strengths of the joining processes are very different from each other [7]. It may not be appropriate to adapt the results and evaluations obtained by joining similar materials (single-material) to the joining of dissimilar materials. Proper design of dissimilar material joint pairs and knowing the loads they will be subjected to are necessary to explain the actual strength of the joint at the application area [8]. For example, it is difficult to join materials with different melting temperatures, such as metals and polymers, using methods that require heat. The fact that the materials have different chemical and physical properties further increases this difficulty [4]. Adhesive bonding is often used in joining such material pairs. It is also a preferred application because it has advantages such as being lightweight and sealing [9,10,11,12]. There are several factors that affect the success of this application. The surface treatments of the materials to be bonded, the selection of the adhesive, the amount of compression pressure, environmental conditions (temperature, corrosion, etc.), the load to which the joints will be subjected, and the competence of the person applying the adhesive are variables that can change the process results. Despite the complexity of the adhesive bonding application, it enables the joining of different materials without mechanical fastening or creating a weld zone, which causes stress concentrations in the structures. At the same time, it prevents galvanic and crevice corrosion between two different materials [13].



There are various studies on the bonding of dissimilar materials. Kah et al. [14] summarized the information obtained from research and reviews on the methods used to join different materials. Their study has helped to better understand bonding techniques. In a similar study, Meschut et al. [15] presented their laboratory observations on the joining of steel/aluminum material, which is a multi-material structure, using experimental data.



Jun et al. [16] created metal/polymer joint pairs using micro/nanostructured aluminum and acrylonitrile butadiene styrene (ABS). They applied a new method, direct bonding, in which the organic solvent Chloroform was used. Joints were tested by single-lap shear and T-peel tests. In this method, it was observed that the shear strength was highly correlated with surface roughness.



Aliakbari et al. [17] studied epoxy formulations containing phenolic resin, recycled tire particles, and clay nanoplatelets for metal-polymer applications. The effects of adding these additives in certain ratios on the tensile strength, Young’s modulus, and toughness of the epoxy adhesives were investigated. They found that adding 50% by weight of phenolic resin, 10% by weight of recycled tire particles, and 2% by weight of clay nanoplatelets resulted in an increase of about 39% in the single-lap joint shear strength compared to the plain epoxy adhesive.



Dantas et al. [18] investigated a flexible tubular metal-polymer adhesive joint in their study. They used different design configurations to evaluate the effect of the production procedure on the joint performance in terms of surface treatment and geometric parameters of the adhesive layer.



Liu et al. [19] have bonded composite-to-aluminium and aluminium-to-aluminium materials using polyurethane and epoxy adhesives. They examined the shear strength and stiffness of single-lap joints with different bonding thicknesses. They found that the variation in bonding thickness had a significant effect on the bond strength when the joint was made using polyurethane adhesive, whereas the bond strength of epoxy adhesive joints was less sensitive to bonding thickness.



Epoxy adhesives are commonly preferred for bonding metals and polymers due to their high stiffness, crack-filling ability, and low shrinkage [20]. Therefore, in this study, both single-material (Galvanized steel/Galvanized steel, TPU/TPU, and Tough PLA/Tough PLA) and bi-material (TPU/Galvanized steel, Tough PLA/Galvanized steel) joints bonded with an epoxy adhesive were investigated. The thermoplastic adherends were produced using 3D printers that use the FDM technology, which is an additive manufacturing method. Despite environmental and economic concerns, plastic or plastic-based materials cannot be abandoned. Moreover, as additive manufacturing methods and material diversity improve, it is possible to produce plastic-based parts as end-use parts [21]. However, special thermoset plastics such as rubber cannot be 3D printed. As an alternative, flexible thermoplastic materials such as TPU and TPE are available [22].



In this study, a different manufacturing flowchart was investigated for mass-production products (rubber-metal buffers) that are produced by joining rubber with metal during the vulcanization process. The newly designed production flowchart enables the component to be produced by additive manufacturing and adhesive bonding while adhering to the technical drawing dimensions used in traditional production. One of the most important reasons for using additive manufacturing is its fast and economical prototyping production. 3D printers have become important tools in modeling and prototyping for developing new products or improving existing ones. The aim of this study is to increase the applicability of innovative methods such as additive manufacturing, which has a wide range of materials, instead of traditional methods that require rubber.




2. Materials and Methods


2.1. Materials


In the experiments, two different thermoplastic materials—Tough PLA (Polylactic Acid) and TPU (Thermoplastic Polyurethane)—as well as galvanized steel were used. PLA filament is one of the most commonly used consumables in 3D printers due to its ease of printing and production. There are also various versions of PLA, such as Tough PLA, PLA Plus, and PLA-CF, which have improved mechanical properties, in order to be able to use PLA filaments in advanced engineering applications. PLA is a thermoplastic material produced from organic materials (corn starch and sugar cane) that is safe for human health and biodegradable in nature [23,24,25]. Tough PLA, on the other hand, is more resistant than PLA material under high-impact load. Tough PLA is suitable for sanding and post-processing [26,27]. Biodegradable thermoplastic polyurethane (TPU) is called a copolymer due to its two-phase microstructure consisting of hard and soft parts [28,29]. TPU filaments have low heat resistance but high tensile strength and wear resistance. In addition to being lightweight, TPUs are recyclable and environmentally friendly materials [28,30].



The other material used in the study is galvanized steel (DX51D+Z quality galvanized steel (EN 10346:2015)). Galvanized steels have a wide range of applications, including light industry, household appliances, kitchenware, construction, and the automotive industry, due to their high resistance to corrosion. The technical properties of the materials used in the study are given in Table 1, and the chemical composition of galvanized steel is given in Table 2. The mechanical properties of galvanized steel material are based on the values provided by the manufacturer.




2.2. Preparation of Samples


In the experiments, Ender 3S1 and Ultimaker S5 printers were used to print TPU and Tough PLA filaments (Figure 1). The solid models of the parts used (according to standard sample sizes) were modeled in three dimensions using the Fusion 360 program, the slicing process was carried out using the Cura program, and then the printing process was completed. The parameters used for the part printing in three-dimensional printers are given in Table 3.



To conduct mechanical testing of Tough PLA and TPU materials, tensile samples were prepared in accordance with the ASTM D608-10 [33,34] standard. The plate dimensions for the adhesive joints are shown in Figure 2a. Galvanized steel material with dimensions of 100 mm × 25 mm × 1.5 mm was used for the experimental studies.




2.3. Adhesive Bonding Parameters


Loctite 9466 was chosen as the adhesive. Loctite 9466 is a reinforced 2K-Epoxy adhesive suitable for applications requiring long working time and high bond strength. It can be applied to many surfaces, such as metals, ceramics, and most plastics. The properties of Loctite 9466 brand adhesive are given in Table 4.



The first step in joining the parts printed on the 3D printer and the steel plates with adhesive is surface preparation. The mechanical abrasion method using 240 SiC sandpaper was used to roughen the galvanized steel and Tough PLA surfaces that the adhesive would contact. TPU materials, on the other hand, are resistant to abrasion, so sanding could not be conducted. Therefore, the TPU plates were used as they were printed from the printer. The view of the joint samples (single lap joint) used in the bonding process is shown in Figure 2b. After the bonding process, all the samples, which were clamped with metal clips (a clamping force), were kept at room temperature for 24 h for one day, and the adhesive was cured.




2.4. Tensile Test and Hardness Measurement


Tensile tests were conducted on the experiment samples produced with the 3D printer. The tensile tests were performed at room temperature using a WDW-5 model universal tensile machine with a capacity of 5 kN (Figure 3a–c). In addition, tensile tests were carried out at two different speeds: 2 mm/min for Tough PLA/Tough PLA, Galvanized steel/Galvanized steel bonding joints and 20 mm/min for TPU bonding joints. Galvanized steel/Galvanized steel bonding joints and samples prepared for the industrial application were subjected to tensile tests using the Besmak tensile machine with a capacity of 200 kN (Figure 3d). Figure 3 shows the elongation of adhesive joints during the tensile testing.



Shore D hardness measurements for Tough PLA and TPU were conducted using a LOYKA D-type shore hardness durometer. The Shore D hardness was measured in a 5-mm-thick square printed with 100% infill. In addition, Table 5 presents the tests used in the study, the test results, and the tables/figures in which they are presented.




2.5. An Industrial Case Study


In this study, the “rubber-metal buffer” part produced in the rubber industry was studied. Rubber-metal buffers are anti-vibration mounts suitable for damping and isolating vibrations in engines and compressors and storing mechanical components. Rubber-metal buffers can be produced in different shapes and sizes. As a standard, natural rubber with an average body hardness of 55 +/−5 Shore A and metal parts are made of galvanized steel [35,36,37]. The rubber-metal bumper used as a vibration damper is a cylindrical rubber part with an external (male) thread connection on both sides. This type is often used to mount a machine, such as a pump or a fan, to a frame or base. This rubber-metal buffer is resistant to compressive load.



The rubber used in the body of the product is made of Nitrile-Butadiene rubber (NBR) and Styrene-Butadiene rubber (SBR). The dimensions of the selected vibration-damping block for the study are h: 30 mm, d: 42 mm, m: M8, and l: 15 mm (Figure 4). For this study, in the industrial case sample, the rubber in the body material of the rubber-metal buffer in the traditional design was replaced with materials printed on a 3D printer.



The reason for selecting TPU and Tough PLA as experimental materials is that they have good damping properties [38,39,40,41]. In particular, TPU material has the mechanical performance properties of rubber and has the ability to be processed [42].



The bonding of 3D-printed parts (galvanized steel and Tough PLA surfaces sanded) with Loctite 9466 epoxy adhesive was performed after surface preparation. Figure 5 shows product images of 3D-printed Tough PLA and TPU (80% and 100%) bodies after being bonded to the metal part made of galvanized steel.





3. Results and Discussion


3.1. Hardness and Tensile Experiments


Tensile samples were prepared from three samples of Tough PLA and TPU materials, and tensile tests were carried out. The rupture surfaces of the samples are shown in Figure 6. In both Tough PLA and TPU samples, rupture occurred near the jaw. The crack was in the form of a zig-zag progression at an angle of 45°. It was also observed that the amount of elongation in TPU materials was significantly higher than in the Tough PLA material. In particular, the damage process in TPU with 100% infill is similar to the mechanism described by Helfenstein-Didier et al. [43], which involves the elastic recoil of the ruptured layers of the delaminated region, starting with the formation of a Mode I crack and leading to Mode II propagation.



The tensile stress values of Tough PLA and TPU materials measured as a result of the tensile test are given in Figure 7. Ultimate tensile strength (UTS) values for 80% TPU and 100% TPU and Tough PLA were found to be 23.44, 31.79, and 49.19 MPa, respectively. Elongation was 305% in 80% TPU, 460% in 100%TPU, and 4.1% in Tough PLA.



The average shear strength values of adhesive joints are given in Figure 8. When the similar material pairs were examined, it was observed that Tough PLA/Tough PLA joints showed higher shear strength compared to TPU/TPU material pairs. The mechanical properties of the material to be bonded (such as strength and hardness) affect the adhesion mechanism. Since the Tough PLA material has stronger characteristics than TPU, the shear strength of the bond was higher. Similarly, the strength of Galvanized steel/Galvanized steel joints was 25.8 MPa; therefore, it was higher than all other joints.



It was observed that the strength of the bonding joints increased when the fill rate of the material increased (from 80% to 100%) in TPU adhesive joints (Figure 8). This is in line with the literature [44] and is due to the fact that the strength of 100% filled printed TPU is higher than that of 80% filled TPU, as indicated in Figure 7.



The surface energies and surface roughness values of the materials to be bonded greatly affect the wettability of the surface with the adhesive [45]. TPU is a low-surface-energy and hydrophobic polymer [46]. Therefore, using the TPU as printed may have caused the TPU/TPU joints to have low strength. In addition, since the surfaces of galvanized steel and Tough PLA were roughened before bonding, the strength of their joints with TPU materials increased. Due to the roughening of the surface, the ability of the adhesive to adhere to the surface has improved. Therefore, TPU/Galvanized Steel and TPU/Tough PLA joints have high strength.



When dissimilar material pairs were examined, joints made with TPU/Galvanized Steel pairs provided less strength compared to joints made with Tough PLA/Galvanized Steel pairs. The shear strength of the joints formed by bonding Galvanized steel material with Tough PLA was also higher than the joints formed by other dissimilar materials.



The % elongation values of the adhesive joints are given in Table 6. The highest % elongation value was found in TPU/TPU (100%) joints, and the lowest % elongation value was in Galvanized Steel/Tough PLA joints.



The hardness measurements of the materials used in the experiment are given in Table 7. It was observed that as the filling ratio increased in TPU material, the hardness also increased. TPU is flexible, while Tough PLA is a hard thermoplastic. Therefore, the hardness of Tough PLA was measured as higher than that of TPU.




3.2. Fracture Surface Images


The damage that occurred in the samples as a result of the tensile test are shown in Figure 9. It was observed that there was adherend failure or substrate failure in all material pairs of Tough PLA/Tough PLA and Tough PLA/Galvanized Steel. In the Tough PLA/Galvanized Steel pair, the breakage occurred from the Tough PLA, which has lower strength. It can be said that the load capacity of the adhesive in both joints (Tough PLA/Tough PLA and Tough PLA/Galvanized Steel) is higher than the strength of Tough PLA. The rupture of Tough PLA/Galvanized Steel joints occurred close to the overlap area, while the rupture of Tough PLA/Tough PLA joints occurred near the jaws. TPU/Galvanized steel joints have had both adhesive failure and substrate failure. In TPU/Galvanized steel joints, it is seen that the TPU parts remain in the lap area of the galvanized steel. In joints with 80% TPU, much larger pieces remained on the steel bonding surface compared to joints with 100% TPU. Adhesive failure was observed in all of the other joints, and the parts were broken from the lap area. If the adhesive bond strength is subjected to excessive stress, adhesive failure may occur [47].



The rubber body material in the rubber-metal buffer product has been re-manufactured from different materials. Tensile test results of rubber and 3D-printed parts with different bodies are shown in Table 8, and the damage to the parts after the tensile test is shown in Figure 10.



When the tensile test results of the products were examined, it was observed that the part with a TPU body at 80% filling rate reached the highest shear strength. It is seen that this part takes the damage over the plane where the metal was bonded to the surface, and it ruptured from the body of the part (Figure 10). The part with a TPU body at 100% filling rate showed the lowest bond strength. The part took its damage by the rupture of the metal from the TPU body at the bonded wall or edge. Both the TPU parts at 80% and 100% filling rate had adherend failure and adhesive failure. The rupture failures in the Galvanized Steel/TPU (80%) and Galvanized Steel/TPU (100%) joints, which are given in Figure 9, were the same.



The part with a Tough PLA body showed the second-highest strength. This part had adherend and adhesive failures. The metal part was completely separated from where it was bonded to the body, and the Tough PLA particles on the metal were visible.



Foreseeable and unforeseen defects can occur in bonded joints. In some cases, defects caused by the adhered material—and in some cases by the adhesive material—may cause a change in the mechanical performance of the joints. Factors such as cracks, voids, delamination, porosity, poor cure, adherend defects, non-uniform bondline thickness, and changes in other factors in the application can change the process [48].



It has been understood that in addition to the standard laboratory tests for the product, the tests performed on the prototype are also necessary to understand the material behavior. Of course, some prototypes and implementations are quite expensive. In such cases, it is possible to take advantage of the speed and flexibility of 3D printers in the production of complex parts. Although it is not cost-effective to use the 3D printing method where mass manufacturing is required, it plays an auxiliary role in new product development or product improvement.





4. Conclusions


When similar materials are bonded together, the process conditions and outcomes are more predictable. However, when dissimilar materials are bonded, the situation is a bit more complicated due to different material properties, and interpreting the results is a bit more difficult. Joint designs for adhesive bonding dissimilar materials such as metal and plastic require a thorough understanding of their behavior under load and in the event of damage. This study includes a case study on a product prototype as well as standard laboratory tests. Based on the test results, the following conclusions have been drawn:



	
The greatest % elongation value was obtained in TPU/TPU (100%) joints, while the lowest elongation value was observed in Galvanized Steel/Tough PLA joints. The high elongation ability of TPU material contributed positively to the amount of elongation regardless of the material it was bonded to. The elongation values of Tough PLA and Galvanized steel were low due to their hardness, and the elongation value of the joints formed with these two materials was also low.



	
Although the tensile strength of the TPU material increased with the increase in the fill rate, the tensile strength of the Tough PLA material was higher.



	
The strength values of the joints made with similar materials were lower than those made with dissimilar materials. This result supports the main reason for joining different materials, which is to obtain systems with better properties.
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Figure 1. 3D printers (a) Ender 3 S1 and (b) Ultimaker S5. 
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Figure 2. (a) Adhesive joint plate dimensions and (b) Single lap joint (mm). 
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Figure 3. Examples of elongation during tensile testing. (a) TPU, (b) TPU/Galvanized steel, (c) Tough PLA/Galvanized steel, and (d) Rubber-metal buffer part. 
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Figure 4. Technical drawing of rubber-metal buffer part. 
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Figure 5. Rubber-metal buffer parts obtained from 3D printer. (a) Tough PLA, (b) 100% TPU, and (c) 80% TPU. 
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Figure 6. Broken dog bone specimens (Numbers indicate experiment repetition). 
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Figure 7. TPU (80 and 100%) and Tough PLA Ultimate Tensile Stress (MPa) values. 
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Figure 8. Average shear strength values of adhesive joints. 
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Figure 9. The rupture surfaces of the adhesive joints. 
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Figure 10. Rupture surfaces of buffer parts (rubber-metal and 3D printed). 
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Table 1. Technical properties of the materials used.
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Mechanical Properties

	
Tough PLA [26]

	
TPU 92A [31]

	
Galvanized Steel [32]






	
Diameter (mm)

	
2.85

	
1.75

	
Hardness (HRB)

	
56




	
Brand

	
Ultimaker

	
SAVA

	
Tensile strength (MPa)

	
319




	
Color

	
Black

	
Light Blue

	
Ultimate tensile strength (MPa)

	
409




	
Tensile strength (MPa)

	
45.3

	
-

	
Elongation at break (%)

	
25




	
Tensile modules (MPa)

	
26

	
3.1/4.8/9.6

(50, 100, 300%)

	

	




	
Elongation at break (%)

	
9.4

	
600

	

	




	
Gravity (g/cm3)

	
1.22

	
1.20
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Table 2. Chemical composition of galvanized steel (weight %).
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	C
	Mn
	P
	S
	Si
	Al
	Cu
	Ti





	0.06
	0.3
	0.019
	0.022
	0.02
	0.032
	0.04
	0.002
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Table 3. Printing parameters of the samples.
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	Parameters
	Tough PLA
	TPU





	Build Plate Temperature (°C)
	60
	55



	Print Temperature (°C)
	210
	235



	Infill Destiny (%)
	100
	80/100



	Layer Height (mm)
	0.2
	0.2



	Print Speed (mm/s)
	45
	30










[image: Table] 





Table 4. Mechanical properties of Loctite EA 9466.
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Loctite EA 9466






	
Fixing time (minute)

	
180




	
Curing time (hours) 22 °C

	
24




	
Young’s modulus (MPa)

	
1718




	
Glass transition temperature Tg °C

	
62




	
Tensile strength (MPa)

	
32




	
Density (g/cm3)

	
1.0




	
Elongation %

	
3




	
Shore hardness (Durometer D)

	
60











[image: Table] 





Table 5. Test methods used in the study and the figures/tables in which they are included.
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Tests

	
Materials

	
Results

	
Description






	
Tensile Test (dog bone shape)

	
TPU (80%), TPU (100%), Tough PLA

	
Visual inspection

	
Determination of mechanical properties of filaments




	
UTS




	
Hardness

	
TPU (80%), TPU (100%), Tough PLA

	
Shore




	
Tensile Test (single lap joint)

	
Tough PLA/Tough PLA

	
Shear strength

Adhesive joints % elongation

Fracture Surface Images

	
Determination of adhesive bond strength




	
Galvanized Steel/Galvanized Steel




	
TPU/TPU (80%)




	
Tough PLA/TPU (80%)




	
Tough PLA/TPU (100%)




	
Galvanized Steel/TPU (80%)




	
Galvanized Steel/TPU (100%)




	
Galvanized Steel/Tough PLA




	
Tensile Test (buffer part)

	
TPU (80%), TPU (100%), Tough PLA and rubber buffer parts

	
UTS

Fracture Surface Images

	
Determination of mechanical properties buffer parts
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Table 6. % Elongation values of adhesive joints.
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	Similar material joints
	Elongation (%)





	Tough PLA/Tough PLA
	4.0



	Galvanized Steel/Galvanized Steel
	5.0



	TPU/TPU (%80)
	169.80



	TPU/TPU (%100)
	232.99



	Dissimilar material joints
	



	Tough PLA/TPU (%80)
	108.60



	Tough PLA/TPU (%100)
	132.99



	Galvanized Steel/TPU (%80)
	127.92



	Galvanized Steel/TPU (%100)
	196.52



	Galvanized Steel/Tough PLA
	2.3
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Table 7. Hardness measurement values.
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	TPU (%80)
	TPU (%100)
	Tough PLA
	Galvanized Steel





	Hardness
	33 (Shore D)
	48.4 (Shore D)
	84.5 (Shore D)
	56 (HRB)
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Table 8. Tensile test results of rubber-metal buffer parts.
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	Rubber
	TPU %80
	TPU %100
	Tough PLA





	Max Force (N)
	5418.32 ± 433
	10634.44 ± 531
	4115.29 ± 164
	7256.44 ± 362



	Max Strength (MPa)
	4.78
	8.47
	3.28
	5.78
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