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Abstract. This article features experimental findings on the tensile testing procedure conducted on package seals made from Polyethylene Terephthalate (PET)-Low-Density Polyethylene (LDPE)-Aluminum Foil composite materials commonly employed in food packaging applications. This study aims to ascertain the outcomes of the tensile test or tensile strength of the packaging seal utilizing the Auto Tensile Tester XLW according to the ASTM F88 standards. The tensile test involves using two types of variables: independent variables and dependent variables. The study used temperature (°C) and holding time (s) as independent factors, whereas the dependent variable is the tensile test results or tensile strength (N/mm2). This study utilized identical parameters for each variable.  The specimen's measurements were 15mm x 25mm. This experiment included three temperature factors and a constant holding time of 1 second. Every parameter underwent four tests, resulting in twelve test samples. Based on the findings, the optimal temperature range for achieving the most efficient packing sealing was 135oC. The maximum sealing strength of 17.50 N/mm2 was attained within this temperature range, and the outcomes were influenced by both the temperature and the duration of the holding period. Each sample has distinct values, encompassing a rather narrow range.
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	Introduction

	Packaging is important in conveying product information, such as manufacturer, brand, origin, quantity, and ingredients [1]. It also helps control food quality and ensure consumer satisfaction [2]. The significance of packaging is becoming more evident due to modern issues like plastic pollution, packaging waste, declining air quality, soil and water, and climate change [3]. Heat sealing technology is commonly used in the food packaging industry, especially for food items such as snacks, frozen foods, retort bags, and other products. This technology is highly significant as it helps preserve the freshness of food for extended periods. The most commonly used types of films are laminated films that involve the application of heat and pressure to join polymers. During sealing, pressure is first applied to ensure close contact between both film surfaces, followed by heat and pressure from the film's exterior to achieve adhesion. The quality of heat sealing is affected by various crucial factors, including temperature, pressure, duration of the sealing process, as well as the duration of cooling. Many researchers have conducted studies to examine the impact of heat sealing time on the overall effectiveness of the process [4][5][6]. Functional films known as barrier coatings are utilized in the packaging industry to enhance the end-use properties of polymer substrates.

	In the case of food packaging, the materials used must ensure that the packaged food is protected from various environmental factors, including moisture, oxygen, and ultraviolet radiation, to preserve its freshness. The most commonly used material for this purpose is aluminum metal film. Roll-to-roll metallizers have emerged as a highly efficient and economical method for producing transparent barrier coatings of materials such as aluminum or silicon. These coatings are specifically engineered to fulfill specific criteria, such as compatibility with microwaves, visibility of the product, or the ability to be reversed. The reason for this is the increasing need for affordable packaging solutions that include transparent barrier film [7]. Heat-sealed plastic bags are extensively employed in many applications, such as food packing and vacuum sealing. Heat sealing technology plays a vital role in the medium packaging industry. Different sealing technologies are employed to achieve the desired heat-sealing properties of a film, which require regulating the temperature, pressure, and duration of sealing. Understanding the characteristics of the heat-sealing film is crucial to comprehend the nature of the heat sea [8]. Heat sealing relies on critical parameters such as temperature, hold time, and applied pressure. The strength of the seal is primarily influenced by the temperature at the interface of the films, which is affected by the temperature of the sealing device and the duration of holding. In contrast, the pressure applied has little impact on the strength of the seal [9]. The study evaluated how heat sealing temperature, time, and pressure modifications affect the strength of five available packaging films. The objective was to determine the optimal conditions that would result in a robust peelable seal appropriate for packaging that is easy to open. The study's findings could have implications for the Hazard Analysis and Critical Control Point (HACCP) system, which deals with the heat-sealing process [10]. Several researchers have conducted studies indicating that the properties of heat-sealing components are linked to the heat-sealing conditions and Heat Seal Strength (HSS) [11].

	Djonaedi et al conducted a prior investigation in which they established that during the sealing or bonding process of flexible packaging coated with PET-ALU FOIL-LDPE, it is necessary to attain an adequate temperature to melt both the LDPE and PET layers [12]. According to the results obtained by his research, the ideal sealing strength is 31 N/15mm at 180°C in the TD direction and 34 N/15mm at 160°C in the MD direction. 30N/15mm. Thus, it is unnecessary to raise the temperature to 240°C as it would only lead to higher energy consumption and prolong the sealing process. Yahya et al conducted a research study on drug packaging to examine how temperature and pressure variations impact the adhesive strength of aluminum foil [13]. The researchers used a heat sealing system to perform a packaging seal with various temperature parameters (105oC, 120oC, 135oC, 150oC, and 165oC) and sealing roll pressures (1, 1.5, 2, 2.5, and 3 Bar). Afterward, they conducted tension and leakage tests. The results of the study indicated that the greatest adhesion, measuring 31.5 N, was attained by setting the temperature to 165°C and the pressure to 2.5 Bar. On the other hand, the optimal pressure of 2.5 Bar produced an adhesion of 18.1 N. In addition, the study also done by Budianto & Yuda obtained information about the quality of LDPE-Nylon-Al composite materials as flexible packaging using Sealing Strength methods, Fourier Transform Infrared Spectroscopy (FTIR), and SEM-EDX to analyze the effect of temperature on the material, conducting sealing strength test results tension using ASTM F88 standards [14]. The results showed a tensile strength of 106 N. In addition, the analysis of the FTIR spectrum characteristics showed the secondary amide chemical structure N-H, O-Al-OH, and the alkyl C-H function at the frequency points of 3297.66 cm-1, 1199.50 cm-1, and 2933.18 cm-1. 

	The primary objective of this research is to verify the ability of packaged food to withstand pressure and prevent leaks during storage. The methodology involves a strength seal test on food packaging, aiming to guarantee the freshness and integrity of the product upon reaching consumers. The experimental approach incorporates a quantitative analysis with two variables and 12 samples, as detailed in the information. The independent variables in this study consist of holding time 1 (measured in seconds) and temperature variations, specifically 125, 135, and 140 degrees Celsius. The dependent variable under scrutiny is the tensile strength. This experimental design allows for a systematic exploration of the impact of holding time and temperature variations on tensile strength, providing valuable insights into the packaging's performance and its implications for maintaining the quality of the packaged food.

	Methods

	
		Materials



	A PET/LDPE/Aluminum Foil composite was required for the study. A thickness of 45 μm (0.045 mm) was observed in the material. This material supported flexible film packaging. A total of 12 samples are utilized in the experimental method to quantify the correlation between two variables, illustrated in Figure 1. The adhesive lamination machine evaluated three laminates for flexible packaging. As illustrated in Figure 1, these laminates consist of three strata: an outer layer composed of 12 μm PET, a middle layer composed of 7 οm aluminum, and an inner layer comprising 26 μm LDPE. Printing, barrier, and receiving film layers comprise the majority of flexible packaging laminates. Polymer films coated with metallic substances, transparent barrier films, and non-transparent aluminum foil are all utilized in flexible lamination videos.   Employing rolling mills, 7 mm aluminum foil was initially produced as a high-barrier material for flexible food packaging. Substituting metalized film for aluminum foil reduces material expenses and aluminum consumption.  A thickness of 7 mm is the norm for flexible laminate aluminum foil. The three commercial barrier films available were aluminum foil (alu) and thin layer met PET. A co-extruded LDPE sealing layer and PET outer layer comprise this barrier film. A metalized film encircles the structure, composed of PET/adhesive/alu/adhesive/LDPE layers. Particularly, the barrier that remains after the test measures the mechanical properties of the primary obstacle, the flexural barrier [15]. 

	    [image: Image]

	Figure 1. Test Sample design : (a) Sample geometry, (b) 12-sample prepared

	
		Experimental setup.



	In implementing the works procedure, the initial step entails the meticulous calibration of the tensile testing machine, adhering strictly to the manufacturer's guidelines. Following this, the crucial preparation of sealed samples for testing necessitates strict conformity to the dimensions outlined in the ASTM F88 standard, including the precise cutting of edges to ensure perpendicularity to the sealing direction. The subsequent step involves securing both ends of the specimen to their respective fixtures on the tensile testing machine, emphasizing the need to center the sealing region between the fixtures and ensure the seal line is perpendicular to the tension direction. Adequate slack is recommended to prevent seal compression before test initiation. Additionally, fine-tuning the loading velocity within the optimal range of 250-300 mm/min is crucial for achieving precise and reliable testing conditions [16]. The composite material's structure is visually represented in Figure 2.

	[image: Image]

	Figure 2. Composite material structure

	 

	The mechanical characteristics of the heat-sealed portion were assessed through a peeling test, involving the evaluation of a sample measuring 15 mm in width and 25 mm in length. Figure 1 (a)  provides a diagrammatic representation of the specimen post heat-sealing process, illustrating the configuration under examination. This peeling test serves as a valuable method for scrutinizing the mechanical attributes of the heat-sealed component, offering insights into the effectiveness and integrity of the sealing process.

	.

	
		Tensile Seal Strength (TSS) 



	Tensile testing is the application of force or tensile stress to a material to detect and determine the strength of the material. The stress used in the tensile test is the actual stress or extension on the object's axis [17]. he tension test method is a means of assessing the strength of a material.   It entails exerting a force in the same direction as the tested material but in the opposite direction [18]. Tensile stress and strain can be analyzed through mechanical properties such as tensile strength, yield strength, Young's modulus, Poisson's ratio, elongation, and reduction in area. These properties can provide valuable information regarding the deformation behavior of a material. In addition, material properties can be used to determine true stress and strain properties, as well as strain hardening and tensile toughness, using specific equations derived from stress-strain curve data [19]. The basic principles in the mechanics of materials are stress and strain. To explain this principle, we can observe a prismatic rod subjected to an axial force [20]. Therefore, equation (1) can be obtained as the following method to express the magnitude of stress [21] .

	 

	                                                            (1)

	 

	In the given symbols, representing parameters relevant to the study of material mechanics, P stands for the force or load applied to the material, measured in Newtons (N). A denotes the cross-sectional area of the material, expressed in square millimeters (mm²). Finally, (σ) represents stress, measured in Newtons per square millimeter (N/mm²) [22].

	The validity of Equation (2) stems from the uniform distribution of stress across the entire cross-sectional area of the rod, with the axial force P being applied precisely at the centroid of the component. If the load P is not applied precisely at the center of gravity, the rod will experience deviation, which requires more complex calculations. Unless explicitly stated otherwise, it is commonly assumed that the axial force is exerted at the centroid of the section [20]. When a force P is applied to the right end of an object, it experiences a characteristic process of elongation. The application of this force will result in an equivalent reaction at the left end, subsequently generating normal stress on that side. The calculation of normal stress can be determined using specific equations. When an object is exposed to a tensile force P, it undergoes an increase in both its length and cross-sectional area [23]. The theoretical elongation or stretch (ε) can be calculated by dividing the increase in length by the original length of the object, as shown in equation [24].

	 

	                                                            (2)

	In the context of material science and mechanics, the symbols represent key parameters in the study of tensile properties. ε denotes tensile strain, a measure of the deformation or elongation of a material subjected to pulling forces. ΔL represents the change in length, measured in meters (m), reflecting the difference in length after the application of force L0 signifies the initial length in meters, indicating the original length of the material before any deformation occurs. This notation is fundamental in expressing the relationship between tensile strain and the alteration in length, offering valuable insights into the mechanical behavior of materials under tensile stress.

	The strain (ε) is defined as the change in length (ΔL) divided by the initial length (L0). It is typically expressed in units of mm/mm or m/m and can be either measurable or immeasurable [25]. In some cases, strain is presented as a percentage. Within the elastic region, where the material's length can change, it demonstrates properties that are either proportional to or directly proportional to the stress applied to it. The elastic modulus, denoted as E and defined by equation (3), establishes a linear correlation referred to as the longitudinal elastic modulus or Young's modulus in the presence of a change in size [26]. The relationship between these symbols is established by Hooke's Law, which states that the modulus of elasticity (E) in N/m2 is equivalent to the ratio of tensile stress (σ) in N/m2 to tensile strain (ε). This relationship allows us to understand how well a material can regain its original shape after being deformed.  

	

	                                                      (3)

	 

	The first step in the execution of the works procedure requires precise calibration of the tensile testing machine, following the manufacturer's guidelines with great attention to detail. Consequently, it is crucial to strictly follow the dimensions specified in the ASTM F88 standard when preparing sealed samples that are necessary for testing.This procedure involves the meticulous trimming of edges to guarantee that they are at a right angle to the sealing direction.The next step is to fasten both ends of the specimen to their respective fixtures on the tensile testing machine. It is important to center the sealing region approximately between the fixtures and make sure that the seal line is perpendicular to the direction of tension. In order to avoid seal compression prior to the start of the test, it is recommended to have a sufficient amount of slack. Furthermore, adjust the loading speed to fall within the optimal range of 250-300 mm/min in order to attain accurate and dependable testing conditions. The two legs are firmly attached to the holder, as depicted in Figure 3.
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	Figure 3. Stress Testing Process: (a) Tensile test devices, (b) Before test, (c) After test.

	To assess the mechanical properties of the heat-sealed region, peeling experiments were conducted on specimens measuring 25mm in length and 15mm in width. Throughout the experiment, the samples were subjected to a consistent loading velocity of 100 mm/min, and the coalescence (mm) and force F (N) were measured and documented [27]. Each material and sealing condition underwent testing using a total of 12 specimens.  The F/W data was recorded as a locking function, with only one representative datum reported for each test. The assessment of the strength required for heat sealing was conducted through the calculation of the apparent sealing strength. The value was derived by dividing the maximum force (Fmax) by the nominal width (W) which can be calculated by using equations (4). A standard tensile seal strength (TSS) was defined and utilized to account for the variation in sample thickness caused by the number of layers.

	

	(4)

	 

	The nominal width (W) and film thickness (t) is also described in millimeters (mm) and N/mm2, respectively, and Fmax is the maximum force required to complete the heat seal in newtons (N) and SS is equivalent to these units [5]. In order to compare the outcomes of peeling and tensile tests, the nominal stress is computed as F/(L0e) in both instances, passing through the engineering strain: (L/L0) for peeling and tensile tests and (L/2L0) for both. Samples measuring 25 mm in length and 15 mm in width were subjected to testing with identical apparatus for all materials in order to acquire precise yield stresses for the film under investigation. In order to stabilize the initial thickness of the film samples, the experiments were carried out at a consistent crosshead speed. 

	As depicted in Figure 4, the research utilized a heat-sealing apparatus that integrated heating and cooling phases. Figure 5 illustrates the two varieties of heat-sealing rods, each measuring 10 mm in width, employed during the heat-sealing phase: knurled and flat-shaped rods. On the contrary, a solitary set of 15 mm wide flat bars was utilized during the cooling phase [27]. Spacers were used in industrial settings to determine the minimum distance between the heat-insulating and cooling bars. The design of this apparatus facilitated an exhaustive investigation into heat-sealing processes by integrating different types of rods and cooling parameters to evaluate their influence on the ultimate heat-sealed product.
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	Figure 4. Schematic of heat sealing equipment: (a) Heat sealing stage (b) Colling stage
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	Figure 5. Schematic of top and bottom heat sealing rods: (a) Heating knurled shape devices (b) Sample of packaging (c) Sample of TSS.

	 

	This study demonstrated that if the heat-sealing temperature is significantly lower than the melting temperature of the sealant, it leads to a failure mode referred to as flaking. This mode entails the separation and removal of the chain end from the opposing surface, resulting in the delamination of the heat seal bond, as illustrated in Figure 3.   Flaking is the result of a seal that is not as strong as the laminated structure strength (SL) [28]. This causes the heat-sealing strength (HSS) of all failed samples in this mode to be lower than in other failure modes [28]. Hence, failure in this mode transpires within these particular circumstances. Heat sealing strength can be calculated by using equations (5).

	 

	                                                      (5)

	 

	Where HSS described for heat-sealing strength in N/mm (HSS) and SL donated for laminated structure strength in N/mm (SL). The value of W and L are 15 mm and 5 mm, respectively. 

	 

	
		Statistical validations



	Important aspects that require careful attention for heat sealing include the choice of seal coating material, the amount of seal pressure applied, the duration of seal residence, and the seal temperature. Swiftly achieving the desired Heat Seal Strength (HSS) is also crucial from an industrial perspective [29]. The expansion of film polymerization's usage in the production of flexible packaging depends significantly on its thermal conductivity, making it one of the most critical criteria to consider [30][31]. In thermal bonding, two films are put between two heated metal bars, and pressure is kept on them until the polymer melts at high temperatures and lets the films interact. The strength of the seal shows how well the packaging is made, and the film usually stays at the temperature it was at first. It is important to test how well the package works to fully understand how each thermally bonded material can fail and determine if two layers are right.  Ensuring the molecules in the layers interact properly is important for getting a good seal on the package. This section discusses the results of Aiyengar and Divecha's study on heat seal strength from 2012. Using a central composite design methodology that was repeated [32], they carefully looked into important process variables while creating a model for heat seal strength. By adding temperature (X1), holding time (X2), and pressure (X3) to their model, the researchers were able to find possible interactions and higher-order effects that would help them find the best conditions for operation. The study used the central composite design to test 36 different combinations of residence time, sealing temperature, and pressure. In order to ascertain the outcomes, samples were meticulously prepared and subjected to testing using all 36 conceivable treatment permutations. The average heat seal strength (HSS) was determined by conducting tests on ten samples of each combination. Each treatment mixture's standard deviations (σ) ranged from 10 to 15 grams per inch (g/in). The equation (6) is a statistical formula for storing the independent process variables [21].

	 

	                                                            (6)

	 

	In the experimental design context, the notation is as follows: Xi represents the actual value of the experimental variable, X0 stands for the midpoint or center point of Xi, ΔXi signifies the step change or increment in Xi, and xi denotes the code value assigned to Xi, with i taking on values of 1, 2, or 3.

	Results and Discussions

	Tensile load test analysis

	The outcomes of the tensile load test conducted to assess the heat sealing properties at temperatures of 125°C, 135°C, and 140°C, with a holding time of 1 second following the ASTM F88 test standard, demonstrate a uniform and stable sealing strength for the 12-layered samples post-test. The experimental results were obtained using a tensile testing machine, and the specific data is provided in Table 1 below. This table provides a thorough reference, presenting information on the sealing strength performance at different temperatures. It contributes valuable insights into the behavior of the heat-sealed samples.

	 

	Table 1. ASTM F-882 tensile strength test results

	
		
				 
Test material 

				Variation

				F Max (N)

		

		
				Temperature (℃)

				Hold Time (sec)

				 

		

		
				 

				125

				 

				9,57

		

		
				Al, PET,

				1

				8,98

		

		
				LDPE

				 

				9,01

		

		
				 

				 

				 

				10,57

		

		
				 

				135
 

				 

				11,53

		

		
				Al, PET,

				1

				11,58

		

		
				LDPE

				 

				11,81

		

		
				 

				 

				11,18

		

		
				 

				140

				 

				9,98

		

		
				Al, PET,

				1

				13,84

		

		
				LDPE

				 

				13,36

		

		
				 

				 

				 

				8,08

		

	

	 

	 

	 

	 

	 

	 

	 

	 

	 

	Seal Strength Analysis 

	Seal strength calculated by using equation (4). Figure 6 depicts the correlation between time and temperature and seal strength of the samples. It demonstrates that the temperature required to seal the two films is achieved within seconds. These findings indicate that the inner surface coating achieves the sealing temperature within one second.   Experiments were performed to test the heat-sealing properties of PET, LDPE, and Aluminum Foil samples. The interface temperatures ranged from 125°C to 140°C. Every data point in Figure 7 is marked with the identified failure mode and seal strength. As the interface temperature rises to 135°C, there is a notable augmentation in the skin seal strength of the material sample. On the other hand, a flaking failure mode arises when the temperature for heat sealing is significantly lower than the melting point of the sealant, leading to a lower heat sealing strength than other failure modes [21]. 

	[image: Image]

	 

	Figure 6. Seal-strength of the experiment

	 

	The load test and displacement correlation are depicted in Figure 7. At 125°C, with a holding time of 1 second, all sealing layers are in the solid state, obtaining a range of <11 N. Upon increasing the temperature to 135°C, simulation results suggested that the most favorable sealing layer exhibited a force exceeding 11 N. It was attributed to the smaller temperature gradient, increasing heat loss in the sample. The result explains why the holding time was low when the film was sealed at 125°C for 1 second. However, at the sealing temperatures of 135°C and 140°C, result stability was observed under the same conditions. Additionally, the removal time can impact the material’s tensile strength. However, in this case, the removal time used is consistent, i.e., 1 second, indicating that the removal time factor does not affect the tensile test result  [32].

	 

	[image: Image]

	 

	Figure 7. Force and displacement graph

	 

	Statistical analysis

	Table 2 displays the computed cooling force values obtained by applying equation (4), deviation values, and the experimental results of the maximum force.   In addition, the table presents the ratio of experimental data calculated using various deviations in tensile seal strength (TSS). The findings demonstrate that different sealing strengths are observed in composite materials for each test examined. The mean discrepancy between the TSS value and the maximum force is 15.99. The most favorable deviation outcomes were recorded at a temperature of 135°C, where the maximum force exceeded 11.81 N, and the heat seal strength (SS) surpassed 17.5 N/mm². The comparatively low error percentage less than 10%. In contrast, at temperatures of 125°C and 140°C, the deviation value is significantly higher, resulting in a large and irregular relative error. The relative error percentage is specified in Table 2, with an average of 13.21%. 

	Table 2. Calculation of experimental data ratios using deviation values

	
		
				No.

				Temp.
(°C)

				F Max. (N)

				SS (seal Strength) (N/mm2)

				 
Average

				Std. deviate

				Error (%)

		

		
				1

				 

				9.57

				14.18

				14.10

				1.10

				0.1%

		

		
				2

				125

				8.98

				13.30

				14.10

				1.10

				5.7%

		

		
				3

				 

				9.01

				13.34

				14.10

				1.10

				5.4%

		

		
				4

				 

				10.57

				15.66

				14.10

				1.10

				11.0%

		

		
				5

				 

				11.53

				17.08

				17.07

				0.38

				0.1%

		

		
				6

				135

				11.58

				17.16

				17.07

				0.38

				0.5%

		

		
				7

				 

				11.81

				17.50

				17.07

				0.38

				2.5%

		

		
				8

				 

				11.18

				16.56

				17.07

				0.38

				3.0%

		

		
				9

				 

				9.98

				14.79

				16.76

				4.08

				11.8%

		

		
				10

				140

				13.84

				20.50

				16.76

				4.08

				22.3%

		

		
				11

				 

				13.36

				19.79

				16.76

				4.08

				18.1%

		

		
				12

				 

				8.08

				11.97

				16.76

				4.08

				28.6%

		

	

	 

	Conclusions

	The tensile load test is an important tool for understanding how the shape of the heat insulation rod affects the heat sealing process of composite films, particularly those made of PET-LDPE-aluminum Foil. The peel strength of the heat-sealed film is influenced by its internal structure, which has the potential to be improved. Ensuring precise control over the heat sealing process and carefully choosing the shape of the sealing rod are crucial in enhancing the characteristics of the packaged product. This study conducts a thorough examination of the influence of sealing temperature and holding time, with specific emphasis on a one-second duration of holding. The results indicate that the highest tensile strength is attained at elevated sealing temperatures, specifically at 135°C, yielding a tensile strength of 17.50 N/mm2 and an error percentage below 10%. These findings emphasize the significance of accurate heat sealing parameters for enhanced product qualities. 
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