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Abstract

:

Polyethylene terephthalate (PET), due to its excellent physical and chemical properties, has become a widely used packaging material for liquids across many consumer market segments. However, one of the most common problems met in bottle manufacturing is the pile-up of bottles during conveying, due to static electrification caused by localized friction. To minimize such phenomena, a thin lubricant layer is applied onto the bottles. The absence of a thin lubricant layer increases the risk of localized sticking phenomena and pileups. In this work, an attempt is made to study the frictional behavior of commercially available PET bottles, with and without lubrication by using a high precision and light load technique. By analyzing the complete tribological pattern of the tangential force and not just averaged values, localized sticking events can be identified. In addition, by performing indentation-retraction measurements the electrostatic forces in a bottle-to-bottle contact can be measured. By combining light load friction and adhesion methods, a better understanding of PET sticking phenomena can be achieved which then can be translated in optimizing (minimizing) the amount of lubricant to be used.






Keywords:


PET bottles; sticking; adhesion; friction mapping; indentation-retraction curves












1. Introduction


Polyethylene terephthalate (PET) has become the most favored packaging material world-wide for beverages, and is also widely used for packaging of home and personal products. The reason for this development is the excellent material properties of PET material, especially its fracture toughness and the very low weight when compared to glass bottles of the same filling volume [1]. Based on the annual report by the European plastics producer’s association for 2021 [2], the global plastics production has reached 367 million tons in 2020, of which 55 million tons are in Europe. Most of these polymers are used by the packaging industry (40.5%), followed by the building and construction (20.4%), the automotive (8.8%) and the electrical and electronics (6.2%) industries [2]. Among polymeric materials, PET accounts for 8.4%, making this polymer the fifth in importance (after PP, PE-LD, PE-HD, and PVC). PET is extensively used in packaging to produce bottles/containers for beverages, such as water, soft drinks, or other drinks/juices in the food industry, as well for cleaner packaging, etc. [2].



The high and increasingly growing demand for PET production in the packaging industry means that the production process should also be accelerated, for example, by improving bottle conveying [3]. This can be achieved by modifying the conveyor belt design and type, as well as by increasing the speed of conveying [3]. However, one of the most common problems met in bottle conveying is the piling up of bottles, which results in a temporary halt of the production process and production losses. This phenomenon in PET production is attributed to static electrification in bottle-to-bottle contact, caused by localized friction [4]. To minimize friction phenomena, a popular solution is to apply a thin lubricant layer typically applied by spraying. The absence of a thin lubricant layer increases the risk of localized sticking phenomena and pileups, which is a major drawback in the speed of the production line. To solve this issue new test methods are needed to measure the frictional behavior and adhesion in bottle-to-bottle contacts, that simulate as closely as possible the conditions met during bottle conveying.



To date, the ASTM D1894 method is mainly used in the packaging industry to measure the static and dynamic coefficient of friction between two surfaces, using a horizontal plane and sled [5]. This standard is used for both plastic films (thickness of less than 0.254 mm) and sheets (higher than 0.254 mm). However, it has certain limitations as it is not precise enough to detect localized frictional phenomena such as sticking during sliding due to, e.g., localized lack of lubrication or build-up of static electrification. Indeed, the recently published article by Zhang et al. [4] shows clearly that the use of localized light load test methods such as atomic force microscopy are essential to understand the behavior of polymeric tribo-contacts. Apart from this article, the majority of tribological research performed on PET is done under dry conditions [6] on the macro-scale using large contact areas [7] and high contact pressures that generate wear [8], at high speeds that can generate frictional heating [9], and with metallic [10] or ceramic counter-materials [11], which is not the case for the packaging industry. Furthermore, the scale effect has been reported to have a significant effect on the tribological phenomena [12,13], due to surface and structural modifications. Bhusan et al. [14,15] did fundamental work on the interactions of plastics at the nano-load scale and observed that their wear behavior is directly linked to their nanohardness. They also pointed out that tribological measurements should be made at a relevant scale, due to the fact that surface texture is very different between the nano- and macro- scale. In addition, a recent publication by Jia et al. showed that surface changes can have a strong influence on the nano-tribological properties of materials [16].



Having the above in mind, a test method was developed based on a light load high precision tribometer to measure both the static and dynamic coefficient of friction in the meso-load scale, which is more applicable for the packaging industry and the bottle-bottle/bottle-belt contacts. With this method, the 3D tribological pattern (triboscopy [17]) of the tangential force and not just averaged values, were identified. In addition, by performing indentation-retraction measurements the electrostatic forces in these contacts can be successfully measured. It is believed that the use of these methods will help in obtaining a better understanding of localized frictional phenomena and will help in the optimization of PET bottle production and bottle transport efficiency.




2. Materials and Methods


In this work commercially available PET detergent bottles with a volume of 750 mL were studied, namely clear PET with and without a lubricant layer and opaque white PET without a lubricant layer. The lubricant used was a mixture of ester oils, with a density of 0.98–1.02 g/mL and viscosity of 120–170 mPas. It is widely used in the packaging industry to reduce scratches of plastic surfaces during transport and handling. However, the commercial name cannot be given due to confidentiality issues. The bottles were taken from the same batch to ensure a better repeatability.



Square samples were carefully cut out from the middle part/label panel of these bottles (as indicated in Figure 1a), trying to avoid touching and contaminating the test surface and maintaining its geometrical features (elliptical shape and surface texture). The bottom sample and counter-face strips can be seen in Figure 1b. The bottom sample had dimensions of 80 mm (perpendicular to sliding axis) × 80 mm (along sliding axis) and a calculated curvature of about 80° at the contact point. The counter-material strips had dimensions of 10 mm (perpendicular to sliding axis) × 80 mm (along sliding axis) and the same curvature as the bottom part. All samples were then fixed onto holders with a polymeric component glue.



For the tribological evaluation, a modified Basalt-N2 tribometer with a light load sensor was used. The force sensor is a 1000 mN cantilever with a 1/10,000 full scale resolution, based on the dual leaf spring as shown in Figure 1c. The applied load and potential tangential forces are picked up by a high precision displacement measurement of the spring elements, measured by capacitance sensors (sampling rate of 1000 Hz). To simulate a similar motion and contact conditions as during the relative sliding of the bottles during transferring, a reciprocating sliding motion at light loads (to simulate the low contact pressures) and for small displacements (to simulate vibrations and emphasize static friction) was selected. The optimized test parameters presented in this work are summarized in Table 1. Three combinations were evaluated: (a) clear PET without a lubricant layer sliding against clear PET without lubricant, (b) clear PET with lubricant sliding against clear PET with lubricant and (c) opaque white PET without lubricant sliding against opaque white PET without lubricant layer. For every material combination 5 repeats were performed.



After testing, the electrostatic attraction forces in a bottle-bottle contact were measured with a Falex Tackiness Adhesion Analyzer (TAA) tester. The working principle of this method is based on indentation-retraction curves. During a test, the indenter with the counter-material (PET strip in Figure 1b) is gradually brought into contact with a bottom sample (PET plate in Figure 1b), until a preset contact load of 20 mN is reached. Then, the indenter with the counter-material is gradually moved away from the bottom sample under well-controlled conditions (retraction speed of 0.1 mm/s) until there is complete physical separation. Throughout this motion the force and displacement are recorded, providing the indentation-retraction curve. A complete description of this method can be found in [18]. The experimental parameters for the indentation-retraction tests are summarized in Table 2. For every material combination 5 repeats were performed.



Analysis of the surface topography after testing was performed with a Nanofocus µSurf Explorer Confocal microscope using a ×10 magnifying lens (200–400 confocal images captured per second and resolution in z-axis (height of topographical features) is in the nm range).




3. Results and Discussion


Friction is known to be strongly dependent on the load scale [19]: a transition from macro-, to meso- to nanoscale will result in a change of interaction mechanisms. At smaller length scales molecular interactions and adhesion components of friction contribute to a larger extent than mechanical deformation components [20]. In addition, stiction and capillary interactions become a major factor in the friction force when the contact radius and the contact load decrease significantly [21]. Thus, it is important to study tribological phenomena at their correct load-scale. To simulate the light load localized tribological phenomena that occur in these bottle-bottle contacts, a meso-load approach was employed. It should be noted that the initial contact pressure for the selected conditions is in the range of 5 MPa (calculated with HertzWin software 2.6 (Vink System Design & Analysis, Veldhoven, the Netherlands), whereas in a typical ball-on-disc test operating at macro-load (loads 1–5 N, ball of 5 mm diameter), the initial contact pressures are between 50 to 100 MPa for the same material system.



In Figure 2, the evolution of the average coefficient of friction for the three different tribo-contacts (a-b-c) under meso-load conditions is presented. For the tests without a lubricant layer (Figure 2a,c), a high spread of friction between the five repeat tests can be observed, and the measured coefficient of friction ranges between 0.2–0.6. On the other hand, a much better repeatability was observed between the five repeats when the PET had a lubricant layer (Figure 2b).



To get a better insight on why the average friction fluctuates so much under unlubricated conditions, the 3D tribological pattern (triboscopy) of the friction force during each sliding cycle was analyzed and is presented in Figure 3. Indeed, for clear PET a significant fluctuation can be seen especially during the start of sliding motion in both directions (indicated by red arrow, Figure 3a,b). Such morphologies are characteristic of localized adhesion [22] and thus indicate a risk for potential stick-slip phenomena between the bottles. By applying a thin lubricant layer onto the clear PET the 3D pattern smoothens out and the localized adhesive phenomena (intensity of friction peaks) are significantly reduced (Figure 3c,d).



Opaque white PET without lubricant, despite having a similar spread of the average friction as clear PET without lubricant (Figure 2a versus Figure 2c), exhibits a completely different frictional pattern. A more homogenous distribution of the friction forces during each cycle and throughout the test was measured (Figure 3e,f versus Figure 3a,b). This homogenous distribution of the friction is related more to the surface topography [23] rather than localized adhesive phenomena. Indeed, confocal analysis of the surface prior to testing (Figure 4), showed a higher surface roughness for the opaque white PET (Sa 0.140 µm) than the clear PET (Sa 0.096 µm). In addition, for the opaque white PET asperities can be seen on the surface (indicated by red arrows), whereas for the clear PET only some pores (indicated by blue arrows) and scratches (indicated by black arrows) can be seen. These protruding asperities in the tribo-contact are considered to contribute to fluctuation of the friction force during each sliding cycle (Figure 3e,f). Especially for meso-load measurements the influence of surface topography is more pronounced as the interaction volume is also smaller when compared to macro-load [13]. Furthermore, this example shows that the frictional behavior of a tribo-system should not be based only on average friction values, because averaging suppresses the localized phenomena such as the sticking phenomena shown in Figure 3a,b.



Apart from the risk of localized adhesive phenomena between the contacting bottles, there is also the possibility that bottles charge electrically by friction [4]. This electrification is identified in a contributing factor to bottle pileups in bottle processing systems. For this reason, indentation-retraction tests were performed after each friction test, to investigate the existence of adhesive forces due to electrical charging. The indentation-retraction curves for the three tribo-couples and for all five repeats, are given in Figure 5.



The adhesion force is the lowest negative force in these indentation-retraction curves [18]. For clear PET without a lubricant layer, adhesive forces are in the range of 10–13 mN, Figure 5a. When applying a thin lubricant layer on the PET or when changing clear to opaque white no adhesion forces were measured (within the precision of the sensor of +/− 1 mN). This observation in combination with the absence of sticking phenomena during sliding clearly shows that the risk of bottle pileups during transferring are significantly lower in the case of clear PET with a lubricant and of opaque white PET without lubricant. However, to establish a better understanding on these surface interactions, the authors intent to continue their research and investigate, e.g., the effect of surface structuring, lubrication amount and composition.




4. Conclusions


This work presents a new test approach to study sticking phenomena in the bottle-to-bottle contact during transferring processes such as on conveyors and sliding systems. It consists of two steps, first reciprocating sliding tests at the meso-load scale, followed by indentation-retraction measurements on the same samples. As an example, three different systems were investigated, namely PET clear with and without lubricant and Opaque white PET without lubricant. From this work the following observations were made:




	
Higher average friction and higher spread of values were observed when no lubrication was applied. However, the root cause of the fluctuation is completely different between the clear and opaque white PET: in the first case it is due to sticking phenomena and in the second case to surface topographical features (asperities). This can be confirmed by the 3D friction patterns (triboscopy), where the clear PET shows high localized sticking phenomena at the start of the motion, whereas the opaque white PET shows a more homogenous friction throughout the whole cycle.



	
Adhesive forces can be seen in the case of clear PET bottles without lubrication, in the retraction part of the identification-retraction curves. When applying a thin lubricant layer on the clear PET or when changing the PET structure from clear to opaque white, no adhesion forces were measured.



	
With this new two-step test approach, both the localized sticking phenomena and the adhesion due to electrification (caused by friction) can be evaluated easily. This will help in minimizing the risk of bottle pileups during transferring and can improve production efficiency.
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Figure 1. (a) Examined area from which samples were cut out. (b) Bottom sample and counter-material strips. (c) Dual spring 1000 mN 2D-force sensor and (d) tribocontact (crossed-cylinder geometry of cut out strips). 
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Figure 2. Evolution of coefficient of friction for (a) PET clear without lubricant vs PET clear without lubricant, (b) PET clear with lubricant vs PET clear with lubricant and (c) Opaque white PET vs Opaque white PET without lubricant. 
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Figure 3. Example of evolution of (a) 2D and (b) 3D tangential force during reciprocating sliding of PET clear without lubricant vs PET clear without lubricant. Evolution of (c) 2D and (d) 3D tangential force during reciprocating sliding of PET clear with lubricant vs PET clear with lubricant. Evolution of (e) 2D and (f) 3D tangential force during reciprocating sliding of Opaque white PET without lubricant vs Opaque white PET without lubricant. 
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Figure 4. Surface topography of (a) clear PET and (b) opaque white PET. 
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Figure 5. Indentation-retraction curves for (a) PET clear without lubricant vs PET clear without lubricant, (b) PET clear with lubricant vs PET clear with lubricant and (c) Opaque white PET without lubricant vs Opaque white PET without lubricant. 
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Table 1. Experimental parameters for reciprocating sliding tests.






Table 1. Experimental parameters for reciprocating sliding tests.





	Contact Geometry:
	Crossed Cylinder





	Applied load (mN):
	100



	Nominal sliding speed (mm/s):
	1



	Stroke (one way) (mm):
	5



	Acceleration time (s):
	0.1



	Number of cycles:
	50
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Table 2. Experimental parameters for indentation-retraction tests.






Table 2. Experimental parameters for indentation-retraction tests.





	Contact Geometry:
	Crossed Cylinder





	Applied load (mN):
	20



	Approach speed (mm/s):
	0.01



	Retraction speed (mm/s):
	0.1



	Retraction distance (mm):
	2
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