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[bookmark: _Toc167087487]Abstract 

Due to the increased pressures to use 100% recyclable plastics such as Polyethylene Terephthalate (PET), this work will help gather information necessary in preparation of future advancements. This work provides the manufacturing industry with a literature analysis in which further trials on the manufacturing processes around Polyethylene Terephthalate (PET) can be based. The literature review will aid in improving the industries understanding of the nature and properties of PET and how to successfully to improve blade design for optimisation of its cutting. The review also focuses on theorised optimal blade geometry and materials to improve the performance of cutting blades and their longevity.




[bookmark: _Toc167087488]Aims

This project and its aims will help within this manufacturing organization in approaching how they design their tools effectively, before producing physical tools. Blade life has been greatly reduced in the scoring aspect of the ‘split pots’, due to the difficult nature of PET plastic. The aim of this work is to undertake a literature revie to understand the many factors that influence the success of the cutting tool in producing high quality score cut, whilst optimising systems and prolonging blade life. 



[bookmark: _Toc167087489]Objectives
The objectives of this work are listed as follows;


· Identify the need for the change of material selection with contemporary dairy industry.
· Research aspects of tool design for cutting tools used in the dairy industry.
· Research properties and characteristics of Polyethylene Terephthalate (PET) and its specific applications in the dairy industry.
· Examine the process methodology, evaluating their benefits in optimisation of systems with FSG.
· Making further recommendations based on literature review findings.











[bookmark: _Toc167087490]1.0 Introduction

To the average consumer, when purchasing their food items such as a pack of chicken breasts or a family pack of yoghurts they inevitably ‘open’ and consume the edible part of the product and discard the packaging with little care or understanding in its production and manufacturing. They do not notice the angel hairs or tabbed cuts on the outside of the tray, nor do they pause to think that their yoghurt pot required additional bending to snap it free from its multi pack.

1.1 [bookmark: _Toc167087208][bookmark: _Toc167087491]Market Demand

Within the tool making and manufacturing sector demand increased in the production and manufacturing of both plastic cutting tools (dairy and food packaging) in conjunction with foil tray production, largely escalated due to COVID-19. Due to public restrictions, food and drink consumption at home increased by 11.1% compared to the previous year (England, 2020).  With many tools running around the clock to meet the suppliers’ demand, this had led to an increase in wear of punches and dies and guiding elements of tools. The March of 2020 pandemic and the beginning of what was to be many of the lockdowns to come, increased the volume of food sales by up to 43.6% as compared to March the previous year. Although volumes of sales have reduced, they remained higher than average for some time during and after the pandemic, with some categories such as meat remained up by 19.1% as demonstrated in fig 1.0 (England, 2020).  There are some contributing factors. As the average consumer increased their purchase volume per trip due to various limitations and limits put in place by the government (England, 2020). These statistics did not remain this high, likely due to families and consumers stock piling food products.  This reduction arose due to a significant decrease in economic activity, leading to the gross domestic product rate falling by -3.5% from 2019 to 2020 (Graulich. k, 2021). Food industries were amongst the “essential” producers and didn’t face such drastic lock downs and restrictions. Consumers turned to online grocery shopping for the few years covid remained active, and as it follows the trend of online shopping has remained steady (Lewis, 2021). [image: A screenshot of a computer

Description automatically generated]Figure 1.0: Image from the Governments report on plastics and food packaging increase during COVID- 19 (England,2020)

For FSG this has recently highlighted the difficulty in maintaining a clean cut for prolonged periods of production run. The importance of cut edge quality from material selection, cutting clearances and shear angles will be researched, in conjunction with additional recommended simulation analysis methods. 
1.2 [bookmark: _Toc167087209][bookmark: _Toc167087492]The company behind the Project 

The company FSG for several decades, have designed and manufactured hundreds of cutting tools (see fig 2.1) examples such as plastic container, stylophone tray and dairy cutting tools (FSG, 2023). As an established UK based tool making company, they focus on building all components of a tool using up to date CNC equipment, original designs and with the capability to reverse engineer in house. FSG manufacture variety of tools used in several industries from can and end manufacturing, plastic injections moulding, press tools, foil packaging and cutting tools. Over the years many tools have been designed to specific requirements to cut varied forms and thicknesses of plastic and polymers including polypropylene, polystyrene, polyvinyl chloride, various foams and even carboard. As a small UK based company with over 90 employees, it has achieved many industry awards for excellence from ‘Made in the UK’ winner 2014 to several ‘Future Manufacturing Awards’. Tool manufacturing within FSG has evolved around implementing theories and methods from engineering with trial and error, customer feedback, performance statistics and production analysis to achieving a the ‘perfect’ cut. 
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Fig: 1.1: SolidWorks assembly stills of a many cutting tools created by FSG (FSG, 2023)
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Description automatically generated]FSG as an organisation wanted to use the company’s excellent reputation to be one of the few establishments within the UK to design, manufacture and install a tool capable of cutting PET and its many other variants. FSG aims to be the market leader in PET cutting tools appreciating the need to stay competitive, adapting within this changing market to compete against other established manufacturing enterprises. There are several companies in Europe that have similar reputations to FSG in providing quality cutting tools. Within the United Kingdom in 2020 approximately 528,000 metric tons of yoghurt product was produced (Bedford, 2023). With major dairy companies such as Arla, Yeo Valley and Muller all maintaining most of the dairy production valued at 4.275B pounds annually (White, 2019) within the United Kingdom, securing such major contracts can ensure the longevity of FSG. With the government’s plans and tax laws regarding non-recyclable plastics, the augmentation of PET plastic, in conjunction with its future in packaging manufacturing brings the chance of long-term contracts and financial gain. Design iterations (to suit PET) and adjustment of aspects within the tooling set up have proved challenging, making this thesis an asset to FSG’S approach to punch and blade analysis.Figure 1.2: Image highlighting current workflow order within FSG (FSG, 2023)






1.3 [bookmark: _Toc167087210][bookmark: _Toc167087493]The need for change and its challenges

In 2019 the World Health Organisation stated the urge to minimize and reduce plastic pollution and waste due to their effects on the environment (Geneva, 2019)
[image: ]                  [image: ]
Figure 4.2: Total quantity of Plastics produced worldwide 2017 (Jonathan M. Cullen, 2020)
Figure 4.3: Pie chart conveying quantity of global plastic production globally in 2022 (Europe P. , 2023)
[image: ]
Figure 4.4: Image showing current trend of plastics recycled globally (Ruiz, 2024)
In line with this the United Kingdom Government aim to achieve zero avoidable waste and eliminate avoidable plastic waste by 2050 (Smith, 2022). To support this change, the government have issued several policies and strategies aimed at these reductions, outlined as:
I. Improvement of personal household and business recycling methods.
II. Plastic packaging tax increase, per tonne of non-recycled plastic for 2021-2027.
III. Reformation of the UK package manufacturing producer responsibility system.
Strategies I and II above directly affect the manufacturing industry and has prompted industries to switch to Polyethylene Terephthalate (PET) as it is 100% recyclable. Other desirable properties in PET for this industry include its highly sustainability, transparency of containers, resistance to grease and oils and has low mass (*). For the foreseeable future food packaging companies will be charged tax if they use plastics that contain less than 30% recycled plastics (Gov.uk, 2021) . This sustainability effort has proved challenging from the perspective of toolmaking. PET’s characteristic properties of strength, increased rigidity, hardness, and greater resistance to fracture (Omnexus, 2023) are favourable to the food industry but also prove a challenge in producing tools for the purpose of cutting and scoring. 
[image: ]
Figure 1.3; Image showing conventional Yoghurt Split pot (Storm, 2012)
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Fig 1.4; Poor ‘SNAP’ cut on PET material (FSG, 2023).

Producing a clean cut of the plastic is achievable although resulting in fragmentation. The difficulty is achieving a score cut that is shallower than a full cut. This form of cut allows the user to “snap” the product away from the multi pack (see fig 1.5 that highlights a poor snap cut). With conventional plastics polyvinyl chloride (PVC) and high impact polystyrene (HIPS), the required penetration is 50% of material thickness. Cutting at this minimum depth is enough to produce a clean particle free cut due to the brittle nature of these materials. Brittle plastics are suited for the snapping of yoghurt pots as there is a low resistance to cyclic failure, leading to easier and quicker snap (Xometry, 2023). This does not occur with PET. Cutting PET cleanly and effectively requires 100% penetration and additional forces therefore the process of producing a score (cutting to 50% depth) results in poor ‘snap’ along the score line. Its toughness makes cutting it cleanly or effectively difficult (Larry Koester, 2002). Due to its strength, PET reduces punch and blade life. This occurs due to the additional force and strain required to produce a clean, even, and consistent cut (see Fig 1.6) (Koester, 2010). This work will aim to provide an avenue by which these challenges can be overcome, examining the variables involved in producing an efficient cut and score to the required industry standards.
Comparatively, traditional plastic products such as Polystyrene (PS) have different material properties. PS exhibits poor thermal heat resistance (Karen A. Barnes, 2007), is a hard and brittle plastic with moderate strength. Additionally, its poor at withstanding impact, therefore requiring the addition of ingredients to the proprietary blend to aid in impact strength. These enhanced plastics with increased impact strength are known as high impact polystyrenes (HIPS) (Institute, 2002). 
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Fig 1.6: Image depicting the wear and damage on a Carbide cutting blade used on PET plastic. (FSG, 2023)
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Fig 2.5 & 2.6: Multipack yoghurt that requires snapping to release each individual pot. (Cinabar, 2021) (FSG, 2023)
Stress and force analysis should be investigated and conducted based on current designs whilst carrying out a “score” cut to the set depth of 0.3mm of material thickness that is 1.0mm. It is then through the process of Optimisation, in conjunction with information gathered from this work research, the design of the blades can be altered to reduce stresses and aid in longevity. In fig 2.5 the centres highlighted yellow a clean star cut is required, whereas the areas highlighted Green require a score cut allowing for the pots to remain attached but later ‘snapped’ by consumer.



During the entirety of this work variables such any alterations made by the customer, deviations in material blends will not be considered due to effects on outcomes of the tool run life and blade success. Broken and damaged blades require urgent replacement, contributing to a cease in production until blades have been correctly installed. On average it can take 15 min to replace a blade (FSG, 2023).If the customer is faced with numerous damaged blades this quantity can be multiplied by up to 52 which is the maximum number of blades in this tool. Information on downtime costs is not shared by the customer for confidential reasons. However numerous sources of evidence highlight that within large scale facilities, on average down time in production can cost £100,000 based upon 20 hours of maintenance downtime. The cost per hour hours varies significantly depending on company size and production scale, with smaller firms averaging £500 per hour and larger firms a staggering £10,000 per hour (Botfield, 2023). There is also a ripple effect of delays in transit, customer deliveries and deadlines causing organisational and customer relationship stress. The importance of designing and manufacturing of well-Engineered tools, and a streamlined Desing and manufacturing process potentially can reduce time within the customers production environment. If tooling clearances are accurate, cut edges are sharp, geometry of blades strong enough to withstand the additional forces and the design of the Tool and the manufacturing process improved, then cutting PET shouldn’t be an issue. 













[bookmark: _Toc167087494]3.0 Timing plan
[image: A screenshot of a computer

Description automatically generated]GANTT Chart 1: Initial Gantt chart demonstrating weekly planned structure.

In Gantt chart 1 the initial layout had a methodological layout, that flowed in a helpful manner. Sarting with 56 days allocated to research, 28 days allocated to trial on simulation 1 of current model data. The next 28 days consisted of evaluating gathered data, and reviewing any information learned. Simulation 2 to include relevant upgrades, based upon any stress and deflection in areas of concern. Using theory researched in conjunction with research on ANSYS and refinement and optimisation methods learned. From simulation results, any necessary upgrades, and results to be applied to part programme for manufacturing alterations on “spare” blades. A number 7 days applied to this stage, with majority dedicated to hard machining and hard grinding before quality check and inserting into trial tool. Final weeks to include trial in FSG press (7 days) following current methods of trialling, and physical comparison of results. And the last stage evaluation and conclusion of physical results, in conjunction with theories researched.
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There is a drastic deviation from on the second Gantt chart as shown above. Due to the extensive amount of research undertaken to fully understand the complexity and depth of information. Reviewing the first timeline, the timescales were somewhat unrealistic with regards to the number of topics to be researched and considered. The chart should have been broken up into smaller manageable tasks. The intention of this work changed as the vast amount of research increased, shifting from an optimisation research paper (though literature review) instead of physical Finite element analysis trials. The FEA trials required regular access to software and hardware in order to achieve results, however organisational demands restricted this access greatly which ultimately changed the direction of this work. 











[bookmark: _Toc167087495]4.0 Background Research

[bookmark: _Toc167087211][bookmark: _Toc167087496]4.1Toolmaking and Cutting Theory

To appreciate some of the terminology and theory behind cutting tools, this topic will be covered first to help the reader understand and visualise exactly how a cutting tool works generally. A toolmaker is a person with great understanding and skill in how to build and maintain precision tools that are used across the manufacturing and production industry. From mould making, press tools to cutting tools their responsibilities diversify from being able to interpret engineering drawings, use accurately measuring equipment such as micrometres and digital callipers to being capable of problem solving and running press tools (ApprenticeshipEurope, 2014-2020).
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Fig 3.0: Image portraying the various aspects within Toolmaking. 1. Mould making, 2. Wire erosion and spark erosion of gears, 3. Sauce pot cutting tools, 4. Cupper tools (canning), 5. Foil container tools (FSG, 2023).
For a general understanding within sheet metal forming processes this can be divided into two groups that is the cutting, then the forming process. The cutting or punching process involves cutting the required dimensional shape by use of excess shear force between a punch (grey) and a die (blue) in which the punch is received into the die (as seen in figure 3.1). The die is a datum point for the tool maker, it is dowelled and fixed into position, from where the tool maker will align each blade to each matrix cutting face as seen in figure 4.3.
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Figure 3.1: Image showing an example of a Punch “male half” grey and die “female half” blue used during a blanking operation. (Suvarna Babu.R, 2020)



Within the normal realms of a cutting tool the desired outcome is to cut a component shape from the sheet material. The research and focus on this work is around scoring, where in contrast to a full cut only penetrates partially. Usually, the need for a score cut is to allow for bending, manipulation of material or provide a stress line for which connecting items can be snapped therefore separated. Scoring can be achieved using mechanically or using lasers, however the performance and aesthetics of the product can be affected (Geis, 2014; Deganutti, 2018; Tenninen, 2015) 
The subject of material fracture and mechanics are covered in brief to illustrate the behaviour of a material when subjected to stress. There are three modes of loading that forces can cause fracture within a structure. These are exhibited in figure 3.2. Mode 1 also known as Tensile fracture (how does this apply to the blade and punch?), Mode 2 Shear fracture (how does this apply to the tool) and Mode 3 Tearing fracture (same again or maybe doesn’t?) (Gate, 2015).Due to the nature of how the tool under examination cuts it performs both cutting and scoring as evident in figure 2.3, therefore is a combination of modes 1 & 3 identified as “mixed modes” (Tore Dahlberg, 2002). These forces act normal to the plane, this causes a crack that tends to open, however as both the matrix and the blade are acting normal to the plane but “pulling” which cause PET to slide out of its original plane (Buckley, 2005). 
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Fig 3.2: Image conveying various modes of forces applied that cause fracture (Buckley, 2005)
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Description automatically generated]Figure 3.3: Imaging showing the stages from contact to breakthrough of punch and die with steel (Schuller, 1998)
















1.2 [bookmark: _Toc167087212][bookmark: _Toc167087497]Material changes over to Polyethylene Terephthalate (PET) 
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Fig 4.0: Polyethylene Terephthalate ‘PET’ plastic chemical structure (iqbal, 2021)
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Fig 4.1: Polystyrene ‘PS’ plastic chemical structure (BYJU, 2022)
	
To help understand the plastics under discussion within this report this section examines the properties, behaviour, and some of the reasons why PET is difficult to cut. Additional reading has confirmed that PET has a naturally slower decomposition rate, in addition to its large molecule size it is notoriously difficult to break down naturally requiring considerable technology and complicated processes. This fact alone raises concerns with its place in the environment because it cannot decompose naturally. Despite these characteristics, recycling of PET is the most efficient and cost-effective way for re-using it. Fig 4.1 shows the chemical structure of Polystyrene ‘PS’ plastic, one of the many used plastics within food packaging industry. PS has been used and is still used regularly today in plastic packaging and Yoghurt pots. PS is a long chain hydrocarbon where alternating carbon centres are attached to phenyl groups (George, 2012). Due to the intermolecular weakness (in comparison to the higher intermolecular strength because of the hydrocarbon backbone) flexibility and elasticity are resultant properties (Gupta, 2013). Gupta states the material can be readily deformed above its glass transition temperature, therefore allowing it to be easily formed and moulded with introduction of heat. Extruded PS is exceptionally strong, very flexible, and lower in density than any unalloyed aluminium’s. 


[image: A open book with text on it

Description automatically generated]








Fig 4.1: Image highlighting desirable and undesirable aspects in the use of PET over traditionally used plastics such as PVC, withing plastic manufacturing (Larry Koester, 2002).

There are various acronyms used to specify PETS specific use in industry. For example, CPET is PET is used in its Crystaline state for oven able trays. OPET is used in an orientated film in such environments that require great toughness, to work in high temperature scenarios and possess good chemical resistance. There are occasions when additives are included into the blend of PET to aid / reduce its natural material properties. For example, adding Glycol Modifiers to reduce brittleness creates the product PETG. The precise type of PET for which the considerations and research focus will include Amorphous Polyethylene Terephthalate more commonly known as APET. Although there is very little difference between PET and APET the reasons for the selection of either is merely down to manufacturing and packaging suitability. APET is desired within cold food storage uses for food packaging (Cox, 2020) as its application temperatures demonstrate flexibility between -40-70°C (TDX, 2013).It is used on the whole for its excellent transparency and for visual purposes, where visual appeal is important. One desirable of APET is its suitability for its deep forming potential, which suit many dairy packaging manufacturing companies with the depths of pots.


1.3 [bookmark: _Toc167087213][bookmark: _Toc167087498]Material properties of PET

PET is a Thermoplastic that belongs to the Polyester group of polymer plastics and included in figure 4.0 is the chemical makeup of PET. Polyester Resins have desirable properties that vary from Mechanical to Thermal stability (iqbal, 2021). Pet is shown to have good stiffness above glass transition temperature regions, it has been used extensively in plastic packaging manufacturing since the 1970s when PET’s potential and desired characteristics were considered by Nathaniel Wyeth. PET is lighter than traditional glass bottles, it was tough and durable and transparent like glass (Garside-Wight, 2015). In addition, the low flexible nature of PET is due to the short ethylene group and with the addition of the P-phenylene group (CE, 1997). Considering this and depending on its method of processing it can vary from semi rigid to rigid, have excellent impact strength and resistance to warping categorising it as an exceptionally diverse product. Such beneficial characteristics lend to the yoghurt and dairy packaging market, where yoghurt pots are transported and need to withstand damage from impact. As seen in fig 4.5 the graph demonstrates that APET (Amorphous PET) requires increased load to cut, and that load force is increased in collaboration with the number of cycles. This suggests that blades or punches used to cut PET, lose their edge rapidly in comparison to the other plastics on the graph, therefore requiring additional force to penetrate and produce a successful cut. Table 1.0 below consists of PET’s material properties along with comparisons to commonly used plastics in plastic packaging.

	Engineering Data
	PET
	PP
	PS

	Melting Temp (Glass)
Tg (°C)
	80
	15
	10

	Density ρ (Mg/m₃)
	1.29-1.4
	0.89-0.91
	1.04-1.05

	Youngs Modulus E(GPa)
	2.76-4.14
	0.896-1.55
	2.28-3.34

	Yield strength δy (MPa)
	56.5-62.3
	20.7-37.2
	28.7-56.2

	Tensile Strength δts (MPa)
	48.3-72.4
	27.6-41.4
	35.9-56.5

	Fracture Toughness Kic (MPa)
	4.5-5.5
	3-4.5
	0.7-1.1

	Thermal Conductivity ʎ (W/m.K)
	0.14-0.15
	0.11-0.17
	0.12-0.12


Table 1.0: (Michael Ashby, 2007)
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Fig 4.5: Graph displaying load required to cut APET vs other plastics (Larry Koester, 2002).

By carefully analysing the table of comparisons, firstly thermal conductivity ʎ is a measure of a materials ability to transfer heat from a cold side to the hot side, and if this measurement is high, it is best suited to applications that require excellent heat transfer. In contrast low thermal conductivity measured materials are ideal for rejecting or restricting heat transfer such as forms of insulation. PET exhibits a naturally higher thermal conductivity measurement; PP (Polypropylene) potentially has a higher maxim measurement however a greater deviation prompting the likelihood of a lower reading. PET’s higher thermal conductivity shows that to transfer the necessary heat into the material (dependent on thickness also) that the magnitude of heat temperature gradient will need to be higher. This demonstrates greater heat is needed to aid in the forming of the pots in their moulds and in the sealing of the pot lids. Higher thermal conductivity also provides the undesirable effect of a longer cooling rate (Wypych, 2021) which is likely to provide a problem in the pots maintaining a constant temperature. It is currently preferred and understood from experience that the sheet is required to be cooler in temperature to aid in cutting effectively (based on historical information gathered using PP,PS) (FSG, 2023). In research on using punch and die cutting methods on PET, hot PET formed products are easier on blade penetration (Mode one?) due to the reduced shear stress required to cut (Larry Koester, 2002). 
Physical trials would ideally be testing a variety of temperature sheets and assessing the quality of the score on each. Currently the average temperature of the PET sheet prior to being cut and scored is 25-29° see fig 4.6. Temperature of the sheet is measured intermittently, not on a constant basis and is done using thermal imaging / Thermography with camera devices (FSG, 2023) (Maier, 2023). 
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Description automatically generated]Figure 4.6: Thermography camera image capturing and measuring temperature of full sheet of sealed pots (Maier, 2023).








The balance of heating PET up enough to form, but not overheating (as it requires more heat input due to its poor thermal conductivity) is crucial. The reason for this, overheating causes crystallinity and brittleness, therefore the requirement to monitor temperature of PET in conjunction with cooling is important (Larry Koester, 2002). This ability to monitor PET sheet temperature is the responsibility of the packaging manufacturing company, however this can prove to be a grey area. Currently the sealed product prior to entering the tool isn’t monitored regularly (FSG, 2023). Theoretically if PET is not overheated (making it more brittle) the blades designed and set for cutting and scoring may last longer. Supplementary testing and trialling cuts on PET when its temperature has exceeded what is recommended would be beneficial in assessing the tolerance range of temperatures. Understanding the maximum allowable temperature at which minimum crystallinity takes place to current blade designs and spring force of the tool, would allow the packaging manufacturer a window for which is acceptable. To date there is no information provided to FSG by the customer on previous sheet temperatures on PS / HIPS/PP plastics to compare with current temperatures for PET sheet. This data could prove applicable for future findings.
Further reading shows the density of PET ρ is greater than PP and PS providing some benefits such as higher strength with rigidity (Pocock, 2023). A material with high yield strength displays high stiffness resists bending and therefore the ability to refrain from permanent distortion, low yield is the opposite and bends (Michael Ashby, 2007). Ashby et al notes Fracture toughness Kic is the ability to absorb energy and withstand fracture propagation, and such cracking will occur once the stress intensity factor reaches above that of the critical value. Ductile Fracture is proceeded by plastic deformation when a level of force is applied. When the force applied remains constant, the material begins to deform in an elastic manner. From this point, plastic deformation will begin once the stress level is exceeded, leading to eventual fracture (John, 2003). John also states when the stress applied during the cycle exceeds or is greater than the yield stress, plastic deformation to occur as seen in low cycle fatigue, like that of ductile fracture. Slip occurs and causes slip bands, which roughen the surface. At this point, any stress that is created, crack initiation occurs which grows along the slip plane. Cracks that initiate propagate by two methods, ductile tearing, and cleavage (John, 2003).  All these material fracture and deformation characteristics should be considered, and fully acknowledged when aiming to cut or score PET. This helps us in understanding how PET is likely to behave and what to consider for knife and blade profiling.
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Figure 4.8: Image highlighting fracture toughness and Youngs modulus of many of the popular materials used within manufacturing (Michael Ashby, 2007)






1.4 [bookmark: _Toc167087214][bookmark: _Toc167087499]Polyethylene Terephthalate’s Recyclability 

PET shows excellent potential due to its recyclability level, in comparison to such plastic as HIPs. Such plastics as HIPs undergo a rigorous cleaning process once collected, to remove contaminants (milk and dairy) that cause growth and penetration of bacteria. Historically, recycled HIPs were not re used within food packaging for the reason of potential interaction with hazardous chemicals during the cleaning stage. This additional cleaning costs both time and finance. For these reasons, their product and manufacturing lifecycle alters post cleaning, because of this no longer become sustainable and environmentally efficient (Institute, 2002). Currently HIPs is recyclable with advances in methods of cleaning and recycling. Due to HIPs containing rubber it needs to be recycled separately from other polystyrene, expanded polystyrenes and extruded polystyrenes. Local councils have difficulty in sorting and separating HIPs as there are few ways to recycle it and it requires machinery to do so. For that reason, there are still limitations to recycling HIPS (Waste, 2024). 

Further investigation has shown that PET is infinitely recyclable, it can be remade and used for many different products. It is this reusability that many plastic packaging manufacturers desire. The ability to re-use PET so extensively eliminates the need to produce more PET which leads to a drop in emissions of up to 90%, and jointly reducing its appearances in landfills by up to 58% (Europe, 2024). As discussed previously PET does not biodegrade. The efforts and attention in the recycling of PET have been poor, leading to environmental damage (Md.Golam Kibria, 2023).With the increase in consumer usage of the plastic products mentioned in the introduction, the plastic manufacturers must make every effort to use the most recyclable product available, and PET is high on the list.  Ragaert and De Meester (2023) suggest solutions to reduce landfill and plastic incineration by up to 70%. In line with reducing greenhouse gasses by 2040 the authors recommend reducing PET and Polyester consumption by a third, by using alternative methods of packaging and materials. Resistance to PET usage and plastic recycling comes from industry, where the push and strive to expand aluminum. Recycling aluminum, for example, is more profitable due to the higher value of aluminum. A single tonne of aluminum can yield £500-2000, whilst PET clear or colored can yield £30-350 per tonne (Rossetti, 2024) (Pricer, 2024) (recycle, 2024).  Corporate attitude towards the cost of recycling should not reflect monetary value, but its impact on the environment and the longevity of this fragile system.



[bookmark: _Toc167087500]5. Current designs and Considerations

[bookmark: _Toc167087215][bookmark: _Toc167087501]5.1 Blade and Edge Considerations

To help understand the variables that influence products that are cut in this report, additional research into cutting of plastics, and some of the theories behind edge geometry will be discussed below.
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Fig 5.0: Full assembly model via SolidWorks of the PET dairy tool (FSG, 2023).
Within the cutting and scoring of dairy products there are many considerations in how to produce a clean cut and in maintaining blade life to achieve production targets. Factors such as blunted or damaged blades in addition to poorly sharpened and ground blades are some of the main reasons for substandard cuts (Falk, 2023). Some of the main issues between FSG and the customer has been maintaining blade life during scoring of APET.  Within plastic packaging manufacturing sharp edges are critical to the efficiency of how plastic is cut, poorly sharpened edges may create tearing of the 
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Description automatically generated]Figure 5.1: Example of Burred blade edges from poor grinding and poor handling. Examples considering common steels used for blades (Falk,2023)

plastics. Torn and poorly cut pots will hang on and remain attached, will not be fed forward and overlap with aftercoming pots leading to ‘smash ups’. Production halts to clean away damaged pots and spills and cutting blades are surveyed for damage. Burrs occur on blades from poor manufacturing, grinding of shear angles and potentially poor alignment pose a significant risk to blade life. Figure 5.2 below is a representation of edges that have deformation known as deflection (highlighted in yellow is the deformed “point” of a cutting edge and is flexed as shown with the arrow). This deflection will cut poorly, cause feathering and with each stroke of the tool deflect the current burrs further until the cut worsens (FSG, 2023). Material selection is important along with manufacturing skills and the alignment process of the blades to ensure this process is minimised or eliminated. 
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Fig 5.2a Magnified image of blade deformation, which to the naked eye would be difficult to view the extent of burrs (Falk, 2023).
[bookmark: _Toc167087216][bookmark: _Toc167087502]5.2 Shear angles and clearances
[image: Punches with Grinding Shear]





Figure 5.9: Image showing roof top, reverser roof top and angled shear types. 



Figure 5.9 above highlights three commonly used “Shear Angles” on punches, which alter the effects of shearing forces and power required to cut cleanly as seen in fig 5.3. Punch blocks are a part of the tool and cut the star and three-point star holes into the yoghurt sheet, as seen in fig 5.4. By using less force to cut, this reduces energy used and consumed via the presses in addition to the compressive load of the disc springs, see figure 5.3b and 5.3c which identifies where the spring assembly is enclosed on the tool. Less cutting forces provide less strain on edge profiles theoretically prolonging the life of blades. Recent research has shown the most important part of quality and cutting force is the shear angle. In contrary to blade shear geometry reducing the stress and cutting forces required, excess shear angles are likely to cause deflection or the increased likelihood of burrs occurring on blades (Hedrick, 2002). Research on these issues should be further undertaken using FEA (finite element analysis) simulation software like ANSYS, where the current geometry can be analysed.  
Another contributing factor to blade failure can be linked to wear, this reiterates the importance of geometries, angles, and materials of blades (ALASHARIF, 2021). Considering any known variations in material properties (blends) can alter the performances of the current cutting set-up, emphasising the need for quality manufacturing and industry knowledge of technologies and simulation studies.  Clearances between punch and dies is another aspect of cutting force and edge life, therefore must be carefully considered. Anecdotal industry practices adopt lesser clearances which increase cutting forces required from the presses, whilst large clearances reduce these forces but provide poorer cuts due to a dragging effect (in metal cutting) (T Altan, 2012).  An example of a poor “snap” covered in section 2, figure 2.3. 
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Figure 5.3a: Star punch and three-point punch blocks demonstrating shear angles of cutting edges (FSG, 2023).
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Description automatically generated]Figure 5.3c: Zoomed image highlighting where on the tool the spring assemblies are contained. These are on all four corners (FSG, 2023)
Figure 5.3b: image of section view of disc spring assembly on the tool (FSG, 2023).
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[image: Relationship of shearing forces to punch angle and clearance.  ]
Figure 5.4: Star cut outs along with three-point star cut outs on sheet (FSG, 2023).
Figure 5.5: Image highlighting the effects on shearing forces with variance in punch angles, which was significant. However, clearances were negligible in affect, material is 1.0mm thick (Gurun Hakan, 2016)



Figure 5.5 shows the forces effecting the punches relative to their shear angles and cutting clearances. This research is important in understanding the effects of clearances in relation to current blade design. Analysing the figure above, the ideal clearance to achieve a quality cut is between 0.6 and 0.8% material thickness. What defines the quality of cut in products (in this instance, steel) is minimal burnished edges on blanks and non-distortion of blanked components (Gurun Hakan, 2016). 

This is also true for plastic. The highest angle on this study of 16° showed the least amount of shear force required to cut. The quality of the products cut is checked upon every tool installation and parts are checked for size, deformation, or distortion to component specifications (FSG, 2023). The blades used in the current FSG tool are measured and highlighted in table 2.0. Although for scoring purposes the blade has a flat top and horizontal sheer. But does include a steep angle of attack which is 60°, the AOA is a method for allowing compensation of spring back for in tooling. In essence the larger the radius the amount of spring back will increase. Each blades clearance is set to 0.0127mm. The material thickness for the tool set up is 1.1mm, therefore the current clearance set up used by FSG is 1.15% of material thickness for the cutting of PET. (In order to prolong the life of the blades a higher clearance has been used to reduce shear force)
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Description automatically generated]Figure 5.6: Additional visual representation of Shearing force variations in relationship to punch angles (Gurun Hakan, 2016).










The consensus for cut edge clearances between punch and die can vary depending on material thickness in addition to properties of the material to be cut. The steels used in the manufacturing of punch and die tooling will additionally have its own properties that will determine its hardness along with its service life. Industry standard clearance settings can start at 10% of material thickness (Moeller, 2023). When metal work pieces are used (sheet/blanks) the clearance will vary from 6% of material thickness for softer more ductile metals such as brass up to 20% of material thickness for tougher steels (Moeller, 2023). As there is limited research on ideal clearance for PET, FSG utilise these industry standards in manufacturing tools. This limits design effectiveness for PET materials but the relationship between clearances and shear angles as demonstrated in steel manufacturing has relative correlation when designing tools to cut PET.
[bookmark: _Toc167087217][bookmark: _Toc167087503]5.3 Temperature monitoring 

Temperature monitoring is important because deviations in the tooling temperature, can impact clearances. To ensure the plates, which the tooling rests on, does not become too warm sensors (as seen in figure 5.7, highlighted yellow) are inserted into the bolster. If these temperatures exceed + 3°C above set temperature (set by customer), the production line will halt.
Many of the manufactured parts on this tool are stainless steel, done so for its corrosion and erosion resistance. Included also for its smoothness of surface, which aids in maintenance of hygiene reasons (Partington, 2006). Stainless steel can grow and when exposed to temperatures, any dimensional changes within the tool can lead to movement of and interference of parts within the tool. The discussed clearances between cut edges are set by FSG to 0.0127mm. Research has indicated some stainless steels can grow by 1.34mm/m, when temperatures vary between 0-82°C, overall thickness dependent (Plus, 2024). Close monitoring of temperatures is critical for preventing tooling moving from its set alignment, which can cause damage to the blades leading to a loss in sharpness and poor cuts.
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Figure 5.7: Still shot of where thermocouple rods are inserted into the bolster plate of the tool (FSG, 2023)



[bookmark: _Toc167087218][bookmark: _Toc167087504]5.4 Current FSG design process and geometry selection

Following are the current designs and geometries of the blades used for “score” cuts, this section is to purely provide knowledge to the reader on current designs. Additional recommendations on blade geometry and designs should be carried out using FEA software such as ANSYS, as this software allows for explicit dynamic analysis of such complex systems and its ability to display stress, deformation, and energy in the system (Sourav Kumar Das, 2021). Explicit dynamic analysis is suited for short duration and complex reaction systems, that involve high speeds in conjunction with penetration mechanics (Blog, 2022). Pictured in figure 
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Description automatically generated]Figure 5.8: Image demonstrating the use of Ansys for Von-mises stress analysis of a punch (Vrushabh Mahaveer Ghosarwade, 2015)








 To clarify the current designs, that have been incorporated, are based on trial and error in addition to experience gained from industry. Currently FSG implements the descriptive modelling for design solutions. This method is based on “solution focused” nature during the design process. Where concepts are considered and altered based upon idea generation and evaluation of current understandings (Qiang Zhang, 2014) Figure 6.0a displays French’s (1999) Model (Sung, 2020). These methods are presented in a “system orientated terminology”, and knowledge about executing the design methods are simply based on scenarios. However, the descriptive method should only be used as an “illustrative basis” and theoretically, until further CAD designs and simulations are executed and refined until a solution is found (Hideaki Takeda, 1990). In contrast, prescriptive models (Archers model of design process) are largely based upon the analysis of the manufacturing and design process (Zhang, 2014) see figure 6.0b. Designers are persuaded to utilize refined and improved methods of working, where emphasis is placed on the requirement for analytical workings to be adopted within the design stages (Sung, 2020) . Historical information and data gathered is analysed in conjunction with optimization methods with aim to find the best analytical solution. The images below show presently what profiles are being used, using SolidWorks.
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	Current Blade Profile Measurements
	 mm

	Blade land width (fig. 6.1)
Flat top scoring blade angle (fig. 6.2)
	0.05mm
0°

	Blade Body radius (fig. 6.2a)
	12mm

	Blade angle (fig. 6.2b)
	60°

	Blade upper thickness (fig. 6.3a)
	9.0mm

	Blade lower thickness (fig. 6.3b)
	14mm

	

Matrix land width (fig. 6.4a)
Matrix Radius (fig. 6.4b )          
	

0.09mm
0.20mm

	
	

	
	





	

Figure 6.0a: French’s Model 1999 Model (Sung, 2020)

Figure 6.0b: Archers Model of the design process  (Zhang, 2014)

	

Table 2: Dimensions of FSG blades and matrix from SolidWorks
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Figure 6.1: Cut edge land width, note the blade does not have a “thin pointed profile”, land width is 0.05mm (FSG, 2023)
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Figure 6.2: Blades used for scoring have a “Flat top”, and no shears to provide an even score cut.
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Description automatically generated]Figure 6.3 b: Highlighting overall thickness of blade body, providing stability.
Figure 6.3 a: Showing upper width of blade (provides rigidity) measuring 9.00mm. 
Figure 6.2 b: Image presenting the blade angle relative to its resting locating fac. Measuring at 60°, Angle of attack.
Figure 6.2 a: Image depicting main body radius measuring 12mm.




[bookmark: _Toc167087219][bookmark: _Toc167087505]Matrix half 
[image: ][image: ]Figure 6.4 b: Highlighted green the ramp / radius leading to the back of the matrix measuring 0.20mm.
Figure 6.4 a: Image of matrix half (Die) cut edge with land (width) of edge 0.09mm. 
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1.0 [bookmark: _Toc167087220][bookmark: _Toc167087506]What are Angel Hairs and their impact?

Figure 7.0: Image showing Angel hairs on LHS compared to clean cut on RHS. Image of single Yoghurt pots stacked sideways. Thickness of material 0.6mm (Schwarzmann, 2016)



Angel hairs are described as “Hair-like filaments at the punched edge of a part” (Verlag, 2016) and can also appear during the plastic forming process. It is from the cutting of the plastic and its severance that filaments are produced.
Many of these issues that arise when trimming conventional plastics such as PS and PP are also present with PET. Although blade life longevity is the focus of this work, angel hairs such as those displayed in figure 7.0 (left hand side) are likely to disappear when a blade and die can resist wear and dulling leading to poor cuts. 
[image: Typical angel hair and dust creation]








Figure 7.0 a: Example of Angel hair / plastic debris that can build up in and around tooling from poorly designed cutting tools (Schneider, 2017)


The flaw of angel hairs has regularly been fed back to FSG from various customers. On occasions the issue of angel hairs has been reduced, however with the push for PET (with its unique challenges) in dairy container production, it has yet to be fully eliminated (FSG, 2023). This has provided many problems to the customer, angel hairs like those visible in Figure 7.0 can break away and become a contaminant in the consumable product. Customers have informed FSG that possible contamination will cause the whole batch to be rejected and put into waste, wasting time and money. If this issue arises near enough immediately after installation of the tool, FSG are liable to fix and address this problem at FSGs cost and time. 
[bookmark: _Toc167087221][bookmark: _Toc167087507]6.2 Problems caused. 

Furthermore, the biggest concern for FSG with this dairy line of tool, when angel hairs build up, it can affect how the tooling closes and essentially “hold off tooling” due to a build-up of fine plastic debris. Food container products suffering of angel hairs aesthetically look poor and can add a physical roughness to the container, which is highlighted in returned components from FSG’s customers (fig 7.1). Further research by Seo and Pramudya interestingly showed, external roughness and visual issues of packaging can influence purchasing decisions. They also inform on packaging’s ability on liking and decision making for the success of products. Indicating the importance of angel hair removal for a product’s favourable outcome (Ragita C. Pramudya, 2019).These authors state that angel hairs may also significantly increase the likelihood of contamination in food products leading to the ingestion by end users. Previously when using a more characteristically brittle plastic such as polypropylene (PP), general purpose polystyrene (GPPS) or high impact polystyrene (HIPS) shallower cutting depths aided in a clean cut with minimal angel hairs. PET requires full penetration and as displayed in figure 7.2, full penetration causes angel hairs due to forces applied to the material.  This in conjunction with larger clearance gap between punches, blades and dies reduced angel hairs as the material would snap through via shear stress.
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Figure 7.1: Image demonstrating angel hairs in purple, present when trial cutting lid sheet during trialling at the customer installation (FSG, 2023)
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Description automatically generated]Figure 7.2: Image highlighting the occurrence of Angel hairs, when blade is progressed through entire material (Verlag, 2016)
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Description automatically generated]Figure 7.3: Angel Hair formation from cutting operations, common on edge sealed cups (Verlag, 2016)
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Description automatically generated]Figure 7.4: Showing difference of cuts between brittle (right), and tough materials (left) (Verlag, 2016)








The author Aleksandra underlines that when using a blade for cutting films material, clean cuts provide less dust particles improving the product. Methods used in film cutting such as blade coating (to increase wear resistance and maintain edge sharpness) can greatly reduce particle dust. But additional research from the author has shown that dust generation is correlated to topography, blade thickness and blade edge friction (Aleksandra, 2023). Blade guidance, that is the ability to support the blade during service to prevent any directional movement can be a contributing factor in angel hair and dust generation.
[bookmark: _Toc167087508]7.0 Material selection for blade and Die Design
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Fig 8.0: Still images of isolated view of punch blade assembly in contact with the matrix cutting edge (FSG, 2023)
Through numerous trials and error, the blade material has currently been adapted to use 12% Carbon steel. For confidentiality purposes the exact name of the steel cannot be included in this work, however research on the characteristics of such blends of carbide steels has been covered in this section. High carbon steels offer excellent hardness, wear resistance and ability to work at high temperatures (Ayers, 2008). The materials used in the manufacturing of cut edges is a crucial process. This section discusses current materials used within this line of tool and how they may help or hinder quality and longevity of contact tooling. Knowledge of the materials will aid in improvements and methods going forwards. 
	Mechanical Properties
	Measurement in Metric 

	Hardness in Rockwell B
	84

	UTS
	540MPA

	Ultimate Yield strength 
	415MPA

	Modulus of Elasticity
	200GPA

	Bulk Modulus
	160GPA

	Poissons ratio
	0.29

	Shear Modulus 
	80.0GPA

	Specific Heat capacity
	0.472j/g. °C

	Thermal Conductivity
	51.9W/M-K

	
	


Fig 8.5:  Material properties of <= 0.15% AISI 12L14 Steel (ASM Specialty Handbook - Carbon and Alloy Steel, 1996)


[bookmark: _Toc167087222][bookmark: _Toc167087509]7.1 Current materials used.

The die half seen in figure 8.1, is the lower half of the tool and is the opposing cut edge as seen in figure 8.0. The die is manufactured from alloyed steel known as M390, which is a powdered metallurgy steel. It is a martensitic chromium steel, and martensitic steels have appealing properties within toolmaking due to their high strength, excellent durability, and toughness. These steels offer exceptional flexibility of their uses simply by altering its chemical compositions and in addition to heat treatment (Hou, 2018). These steels are created through rapid cooling from above the austenitic temperature zone, in conjunction with its alloying ingredients the martensite conversion may be either fully or partial. (pic)
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Fig 8.1: Still image of matrix, which is the opposing cutting half to the blades seen in Fig 8.0 (FSG, 2023)
In considering M390 and its choice for use as the die half this material is a reasonable choice for many sound reasons, its ability to withstand impact is important as the tooling does come into contact.
[bookmark: _Toc167087223][bookmark: _Toc167087510]7.2 Influence of Cutting force on material selection
The cutting force and impact of such large tooling is calculated as see in calculation sheet 1, to be 18.3 Tonnes and based on calculated spring forces for the desired 0.3mm of compression to score see figure 4.2.
This force has been increased based on understanding of more force is needed to improve penetration depth. The die half of the tool is not a quick replacement item when a line is down, to change a die due to damage this requires the tool to be removed from the production line. For uses within food packaging, M390 steels offer excellent corrosion resistance which is important within dairy products. Spillages and contaminated tooling may corrode at an accelerated rate, with corrosion sites leading to formation of bacteria. Reducing corrosion, therefore aids in sanitation and hygiene both crucial in consumer products (Neologic, 2018)
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Calculation 1: Image containing calculations of spring disc spring force for current tool (FSG, 2023).
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Description automatically generated]Figure 8.2b: Showing blade assembly with packer missing (FSG, 2023)
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Description automatically generated]Figure 8.2a: Image in sketch view of layout of cut edges and relevant assemblies (FSG, 2023)
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Fig 8.4: Image highlighting punch blade and matrix contact. Clearance gap between the two is as standard set to 0.0005” (FSG, 2023).

[bookmark: _Toc167087224][bookmark: _Toc167087511]7.3 FSG Trial Tool 
The trial tool below is constructed for FSG to test cut edges and profile effects of shears. This allows for any design work to be trialled physically to capture the desired response.
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Figure 8.4a and 8.4b: Images demonstrating the trial tool used at FSG to sample blades and die geometries (FSG, 2023)







The quality of cut with current shear and scoring on PET trial sheets did carry out “Heating of PET” though use of heat treatment oven and cooling using the cooling plates from the cooling station. The temperature was checked by laser and when the set temperature (29/30°C) achieved, the sheet material was place in the press and “test cut”.


8.0 [bookmark: _Toc167087512]Inclusion of design for manufacture and assembly.

[bookmark: _Toc167087225][bookmark: _Toc167087513]8.1 What is Design for Manufacture and Assembly?

When considering the current designs, assembly techniques and the manufacturing procedures analysis methods such design for manufacture and assembly should be applied where necessary. For this project, blade failure and longevity has been affected when switching from conventionally used PS and PP plastics to PET and many of the PET variants. Design for manufacture and assembly (DFMA) are methods used to assess a current design and manufacturing process and identify inputs needed within different aspects of the product cycle to help improve the product. These improvements may vary from altering manufacturing processes to reduce costs and time through unnecessary processes see figure 9.0.  Improving assembly methods, by reducing the number of fixings and moving parts will improve efficiency (Royce, 2019) . In considering the clearances between the blade and die cut edge see figure 8.2a and 8.2b are set by the FSG assembly team within 0.0127mm. With clearances so tight, any aspect such as poor fit, loose screws, any tolerance conflict will negate the clearance and cause blades to edge and fracture. 
Technological company specialising in defence, Civil Government and Cybersecurity solutions globally are big advocates on DFMA and its benefits. Raytheon turn over $25billion (2017) with over 64,000 employees worldwide use DFMA methods for the following reasons in product development (Steudel, 2017)
I. Cost: Allows the cost of the product to come down by improving affordability. Improved Sustainment by decreasing product ownership.
II. Time to Market / Delivery: Improvement of processes and systems allow for accelerated production time. In conjunction to this there is also a shortening in production time per item manufactured.
III. Quality: Allow for a significant increase in manufacturing yield, through the reduction of parts and any unnecessary steps. Simplifying any designs increases reliability in tandem with ease of maintenance. Increase in quality will allow for higher level of performance and reliability.
IV. Innovation: Team based DFMA disciplines allows for identification of new ideas in addition to improvement in methods. 

8.2 [bookmark: _Toc167087226][bookmark: _Toc167087514]Why DFMA is needed.

Within this period of crossover from PP plastics to PET, most of the tooling remained the same with regards to design, assembly, fixings, and material selection of components. The tool under study as seen in figures 9.2a, when all individual parts are  finished manufactured and ready for assembly the total build time for the tool is approximately 160 hours (FSG, 2023) The hours given to build the tool , including alignment of each blade and any additional correcting of issues may cause these hours to be increased by as much as 40% . These additional hours, in conjunction with installation hours at the customers site, any potential support (damaged / failed blades) until tool has achieved its satisfactory run of 4 million strokes is financially viable by FSG. This is a financial blackhole in causing substantial effect on profit margin and yield of the Tool. Dobson (2006) affirms that organisations with a dynamic business model tend to be unprofitable, and consume cost with regards to time, money spent on redundant activities. This is especially when processes are based on guess, assumption rather than carefully planned and organized methodological approach in house to customers’ demands (Dobson, 2006). Evaluating the entire tool by using DFMA processes could provide substantial alteration in methods of manufacturing, quantity of parts and ease of assembly. This could reduce the build hours involved in the tool ultimately increasing profitability and reducing waste. To illustrate inefficiencies figure 9.2b shows the length of the bill of materials  for the full assembly, in total there are 202 manufactured parts  and 2,005 individual items in total.
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Description automatically generated]Figure 9.0: The objective and principles of DFMA in conjunction of cost and time of entirety of the process (Royce, 2019)
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Description automatically generated]Figure 9.1: Methodology and process flow of DFMA recommended to be applied to FSG design process flow (Hub, 2022).












[image: ][image: A computer screen shot of a machine

Description automatically generated] Figure 9.2b: Image depicting the length of Bill of materials list containing ever single component of the tool (FSG, 2023).
Figure 9.2a: Image of fully assembled tool inserted into its transportation crate (FSG, 2023).






9.0 [bookmark: _Toc167087515]Results & discussion 

[bookmark: _Toc167087227][bookmark: _Toc167087516]9.1 Results 

 PET
FSG did not research or consider PETS material properties and its behavioural characteristics. FSG had based much of their designs and tooling application on past experiences using descriptive method model in this process. Previous designs for tooling used for cutting and scoring PP, PS plastics incorporated a cooling station within the production line. The aim to reduce the temperature of the sealed product after moulding / sealing before entering the cutting tool. Doing so on these plastics provided a lean cut, in addition to an effective “snap” of the cored pots. Research gathers by L. Koester demonstrated PET is best cut when it is still warm, reducing the shearing forces required to cut. Gathering this information prior to manufacturing of the final tool, would have been beneficial in achieving a more PET specific design. This was deemed adequate, however the process carried out by FSG did not replicate that of the production environment therefore highlighting its limitations to the data gathered and its application to final design furthermore, PP & PS plastic can be cut effectively when the punch and die depth cuts up to 50% of material thickness. Due to the brittle nature of these plastics this depth is enough to produce a clean and particle free cut / score. Alternative PET must be cut and penetrated to 100% of material thickness. The issue arises therefore, when subsequently FSG are setting the score depth of cut to 0.3mm or 30% of material thickness, consequently leading to a poor snap with inclusion of particles. 
Blade geometries
The standing objective of Designing and manufacturing a scoring blade that can perform the task of “scoring” with intent of a clean “snap”, whilst enduring a full production run without becoming damaged and failing is yet to be achieved. Much of the work carried out by FSG has been done by use of descriptive modelling method, that they have based their design alterations and improvements on past knowledge and the reactive response to the contractual pressures applied by the customer. This model may allow for a generic approach such as “What processes should be performed” in making what has failed better, its limitations is based on the groups knowledge and attuned to “theoretical” adaptions, without reasoning through simulation. The assumption that the design iteration will improve and is now better using this model, has proven to significantly waste both FSG’s manufacturing time and finances. The customers down time from production due to failure to score and longevity of blades, adds further pressures for solutions. Altering the blade feature including blade thickness, cut edge land size are proposed numerous “n” of times until the optimum change is found. Doing so in ANSYS would eliminate the number of design iterations, increasing predictability of trial tool performance. 
Material selection has been based on knowledge and experience, where past blade materials M390 were failing more frequently and significantly, choosing the current material such as 12 % Carbide has shown exceptional hardness and resistance to wear. The hardness of such material has increased blade life somewhat, but due to its brittleness is still chipping. Brittle damage to the blades and punches is causing poor score cuts and star cuts, whilst still producing angel hairs. Designing the tool with such tight clearances between blades and the die and selecting a harder and more brittle material without consideration for the many fixings and inserted parts. This poses potential for movement and negation of clearances, leading to edging of blades which is a contributing factor to blade life. 
The shear angles seen in fig 5.3 in section used on the star blades statically allow for less force needed to produce a cut, as seen in conjunction with the research in this work. FSG have not received any correspondence, and upon investigation of the returned tool noted any damage to these stars and three-point star blades.  Still the cut is feathered, with jaggedness and angel hairs showing more work and analysis is need on geometry.
Project inefficiencies
Although actual tooling costs and profit margin is not known, this ongoing project has incurred an excess number of hours to those planned. Significantly affecting the profit margin and efficiency of this project. The replicability of the process was lacking, and this is due to initial FSG blade and PET trials being flawed in methodology, execution, and evaluation. With the loss of this important information the outcome of this remains inconsistent and inefficient. In reviewing the tool design and assembly, DFMA would have improved the overall design. The benefits of DFMA would have reduced the number of non-essential components and fixings. This would have reduced the number of hours in machining and assembly, also reducing scope for error in handling and the alignment of cut edges. The current workflow structure within the organisation is missing a crucial department and process that is entirely focused on research and development. Adopting R&D would create more jobs, enable investment and collect all ongoing data of experiments and trials, working closely with the design department.
Eliminating angel hairs
In theory the reduction of angel hairs is possible when the following factors are considered and optimised. These are;
I. Altering the sharpness of blade point by including a radius to soften the point, reducing tearing effects of the blades.
II. The cutting and scoring of PET when it remains warm 
III. Surveying of blades using scanning and form processing to identify damaged, and micro chips in blade edges after machining processes prior to insertion in tool.
IV. Recommendation of coating to the blades to reduce friction and drag of PET particles. Coating would increase longevity of the blade.




[bookmark: _Toc167087517] 10. Conclusion & Recommendations 

This work has examined multiple factors involved in the production of the optimal blade within a cutting tool for use within the dairy industry. As outlined in discussion there are several considerations that should be addressed to improve the design. Going forwards the following recommendations cane be made for future work;
1. Apply DFMA to the entire manufacture ad assembly process to eliminate efficiencies.
2. Use ANSYS to run FEA on current blade geometry, with the aim to optimise and reduce stress or deflection on blades.
3. Temperature trails to achieve successful cut within working temperature regions. Work with customer on temperature range compliant with food standard agency.
4. Coating experimentation trials using optimised blade profile, temperature region of material to reduce angel hairs (tool trial) and increase blade life whilst retaining blade sharpness.
With the need to maintain elements of the status quo within the industry (continuation of plastic use) adaptations to the manufacturing and machining process is essential to optimise the cut quality of PET to ensure its wider use. This will have the beneficial impact of complying with legislations and corporate responsibility in promoting sustainability in the industry.
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Year to date total volume food and drink sales

Fig.1 : Image from the government report of plastic and food packaging increase and consumption
during COVID-19 (England, 2020).

‘With plastic and other food packaging quantities on the rise, in conjunction with the world health
concern for minimizing single use plastics whilst increasing recyclable plastics, United kingdorm's
Government aim to_achieve zero avoidable waste and eliminate avoidable plastic wastes by 2050
(smith, 2022) Further to this, the government have issued several policies and strategies aimed at
these reductions. These diversify from:

I Improvement of personal household and Business recycling methods,
Il Plastic packaging tax increase, per tonne of non-recycled plastic for 2021/2027.
Il Reformation of the UK package manufacturing producer responsibility system.

‘The subsequent I, Il strategies directly affect the manufacturing industry and has prompted industries
to switch to Polyethylene Terephthalate (PET) and o its variants such as APET and RPET. The appeal of
this material which is that it is 100% recyclable. For the foreseeable future food packaging companies
will be charged tax if they use plastics that contain less than 30% recycled plastics (Gov.uk, 2021)

Moving onwards with this sustainability effort has proven challenging from the perspective of
Toolmaking. PETS characteristics stand against many of the theories and practices in cutting and
scoring. PET is higher in strength, exhibits an increase in its rigidity and demonstrates hardness and
greater resistance to fracture (Omnexus, 2023). Pet plastic is being introduced throughout plastic
manufacturing for the key reasons it is 100% recyclable, highly sustainable and displays many desirable
properties from transparency of containers, resistance to grease and oils and has good strength whilst
having low mass. Producing a clean cut of the plastic is achievable and doesn't pose a problem, the
difficulty is achieving a score cut that s shallower of a full cut. This form of cut allows the user to “snap”
the product away from the multi pack, INLCUDE PICTURES OF POOR CUTS FROM PET. PET reduces

Cut edge Optimisation.

Timing plan
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stes
produce a clean, even and consistent cut (see Fig 1.0) (Koester, 2010). With conventional plastics
Polyvinyl Chloride (PVC) and High impact Polystyrene (HIPS), required penetration is 50% of the
materials thickness. Cutting at this minimum depth is enough to produce a clean particle free cut due
to the brittle nature of the material. Brittle plastics are suited for the snapping of yoghurt pots s the
property of brittlenessis its low resistance to cyclic failure, leading to easier and quicker snap (Xometry,
2023). Cutting PET cleanly and effectively requires a 100% penetration and additional forces, its
toughness make cutting it cleanly or effectively difficult. Many traditionally used plastic products such
as Polystyrene (Ps) have different material properties, where it is rigid and moderate in strength but
also has poor thermal heat resistance. Traditional contact tooling with various staggered heights and
shear forms willlast many millions of cycles in comparison and may requires some rework in between.
(FIND IMAGES OF PREVIOUS PRODUCTS)

Fig 1.0: Image depicting the wear and domage on a Carbide cutting blade used on PET plastic. Such damage
would require blade replacement within the line, which interrupts production run times. Blades are required to
run millions of cycles prior to failure (blade failure within). (FSG, 2023)
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highlighted yellow a clean star cut is required. Whilst the areas highlighted Green require a score that
allow for the pots to remain attached but ‘snapped” by consumer. (Cinabar, 2021) (FSG, 2023)

Stress and force analysis wil be investigated and conducted on current designs whilst carrying out
“score” cut to the set depth of 0.3mm of material thickness. Through the process of Optimization.in
company with information gathered from research, the design of the blades wil be altered to reduce
stresses and aid in longevity.

Fig 1.3 & 1.4: Left hand image highlighting the angle of the blade, using a trignglular for at which the
point will provide the cut (due to sharpness) as the we move further down the punch the base thickens
providing strength. On the right the image shows the ‘roof” shear angle that has been used recently
(FsG, 2023).

During the entirety of this work variables such any alterations made by the customer, deviations in
material blends will not be considered due to effects on outcomes of the tool run life and blade
success,

Cut edge Optimisation.

By carefully analysing the table of comparisons, firstly Thermal conductivity A is a measure of a

materials ability to transfer heat from a cold side to the hot side, and if this measurement is high, it is
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with the increase in load. This stage starts
to transform the metal in a radius form on
the lower edge called plastic deformation
of material. In penetration, load further
increases and the punch starts to penetrate
the material to a certain depth and starts to
force the metal or material of sheet into the
die portion; this stage consists of a bright
surface finish on both the strips and the
blank. This stage is called penetration
stage. In fracture stage, when load
increases on material beyond the plastic
limit the material starts fracturing from
both the upper and lower cutting edges and
the load on the punch increases
continuously, the fracture extends and
causes complete separation. Press can be
classified according to frame, delivering
power mechanism, working area size,
number of stations utilized for heavy

production and mass production. The sheet
7 Page

MANIECH

Publications

& Design and Analysis of Sheet M.

2

x

e

of1a | @) | B

operation only the surface profile of the
work piece is changed to get the product
shape. Cutting operations include process
such as blanking, punching, notching,
perforating, trimming, shaving, slitting and
lancing. Forming in this operation includes
process such as bending, drawing and

squeezing.

Punch

Fig I: Punching press operation layout

© MANTECH PUBLICATIONS 2020, All Rights Reserved

Journal of Modern Mechanical Systems and Machining

Volume 3 Issue |

Figure 1 shows the components of a
punching operation. It includes parts such
as, punch which applies the force and is in
motion, sheet on which load is being
applied, blank die which gives the shape to
the sheet and blank holder which holds the
sheet in position. Naik and Mandavgade
[1] in the year 2012 studied the effect of
finite element  amalysis  (FEA)
implementation in hydraulic cotton lint
bailing machine for optimization of top
and bottom frame. They targeted their
study towards reducing the bending
stresses, reducing the cost, increasing the
safety and to design the process
successfully into a structural ~shape
optimization problem. They used topology

Q searcn %

that thickness of the machine can be
reduced by 25%.

Punching is a forming process that uses a
punch press to force a tool, called a punch,
through the work piece to create a hole via
shearing. Punching is applicable to a wide
variety of materials that come in sheet
form, including sheet metal, paper,
vulcanized fiber and some forms of plastic
sheet. The punch ofien passes through the
work into a die. A scrap slug from the hole
is deposited into the die in the process.
Depending on the material being punched
this slug may be recycled and reused or
discarded.
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Out-of-Plane Shear (Mode I11)
‘The forces are normal to the crack plane pulling the material left and right. [
It is called out-of-plane shear because forces cause material to slide out of '
its original plane. It is also called s tearing mode [10]. &
More than one of above modes can exist together, which is called mixed =
mode [11]. The nature of this work is related to Mode 1 and Mode III
(tearing behaviour of pre-cracked laminate). .
+

Mode

Mode I

Fig 3.1: Three Modes of Loading [9].

3.1.3 Linear Elastic Fracture Mechanics:

The objective of Linear Elastic Fracture Mechanics (LEFM) is to predict
the critical loads that will cause a crack in a solid to grow [10].

LEFM assumes that the material is isotropic and linearly elastic. According

to this assumption, stress field near the crack tip is calculated using the

theory of elasticity. Theory of elasticity says the stress field near the crack

tip is a function of location, loading and the geometry of the specimen o

object. Where location can be represented by ‘" and ‘0" in polar coordinate

system, whereas loading and geometry can be summed into a single

Parameter K, called Stress Intensity Factor. Mathematically &
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generate shock which can lead to breakage of the punch in some cases.
Stripping: The punch moves down to the bottom dead center and ejects the part / slug. At the
bottom dead center, the direction of punch motion is reversed. There is friction between the stock
and the surface of the punch, which causes the sheet to lift along with the punch. A stripper or

blank holder strips the blank from the punch.

contact of the elastic and plastic shearing and breakthrough stripping
punch deformation crack formation

Figure 1.3: Phases of the blanking process [Schuler Handbook, 1998]

1.2. Part Edge Characteristics

The sheared/blanked edge is made of different zones based on material deformation that has
occurred. The zones and deformation modes of a blanked part edge are given below and in

Figure 1.4.

e Rollover zone (Z;): caused by plastic material deformation.
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Polystyrene is compound that is non-biodegradable with a couple of exceptions. It
is easily dissolved by many aromatic hydrocarbon solvents and chlorinated
solvents. It is widely used in the food-service industry as rigid trays, containers,
disposable eating plates, bowls, etc.
Properties of Polystyrene — (CgHg)n
Take a free demo
(CeHg)n Polystyrene
x
@ Molecular Weight/ Molar Mass 1041 g/mol
f Density 104 g/em?
‘\a Solubility in water Insoluble DIBYJU'S TuITiON CENTRE
In-Person class
Melting Point Approx 240 °C for teacher interaction
Polystyrene Structure ((CgHg)n Structure)
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* Medically it is used for sterilizing test tubes, diagnostic components, and other medical \
devices. /
* Itis used to manufacture car parts which include knobs, instrument panels, sound -
dampening foam, etc.
« Polystyrene foodservice packaging keeps the food fresh for a longer period of time and is A =
less expensive than alternatives. ER
« Itis used in packaging consumer goods such as DVD cases, and egg cartons, to protect
against spoilage or damage.
* It provides thermal insulation and is used in refrigerators, freezers, etc.
« Used in housing in all IT equipment such as Television, computer, etc. Important Chemistry Topics
Periodic Table Of Elements
Frequently Asked Questions Aufbau Principle
. Electron Configuration e
x Q! Is polystyrene plastic? e

Isomerism
Polystyrene (PS) plastic is a thermoplastic that is naturally transparent and
available both as a standard solid plastic and in the form of a rigid foam
material. PS plastic is widely used in @ number of consumer product Valence Bond Theory
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Thermoforming & Die Cutting of Recycled/Virgin PET Sheet (PETCO of Lavergne Group)

PP (polypropylene) has great high-temperature chemical resistance and is used in
manufacturing industrial parts, automotive and electrical hardware, stadium seats, and
battery cases.

PS (polystyrene) was the dominating thermoforming material 20 years ago. It has
excellent processability and good dimensional stability but limited solvent resistance.
Its uses today include food and medical packaging, housewares, toys, furniture,
advertising displays, and refrigerator liners.

- HIPS (high impact polystyrene)

Vinyl or PVC (polyvinyl chloride) has very similar properties as PET displaying
excellent clarity, puncture resistance, and cling. As a film, viny! breathes the right
amount making it ideal for packaging fresh meats.

PET vs. PVC

‘As Table 1 shows, PET displays physical similarities as PVC. The comparable nature
of their density, thermal conductivity, thermal expansion, rigidity, and shrinkage allows for
machines designed and used for thermoforming PVC to be slightly altered in order to
thermoform PET. As Table 1 points out key similarities, Table 2 (on the top of the next page)
shows several key differences. The advantages of PET over PVC is its faster cycle times and
lower oven temperatures, which leads to less energy used and economic savings. PET’s
toughness of cutting and wearing out of dies gives PVC a slight advantage. But with their
similar price, PET displays it’s environmental edge over PVC with its ease of recycling and
regrinding. PET regrind can easily be used to return to sheet while PVC regrind is much more
difficult and expensive to reuse.

Table 1: Physical Properties of Thermoformable Polymers

A (PDF) Effects of Diso,

Polymer v [ Thermal Thermal Thermal | Thermal
Conductivity | Conductivity Expansion | Expansion
Cocfficient
[Btw/lb. [°F or [x10° [x10°
kW/m.°C] | calig°c] | °F] °c

Polystyrene . 0.18 0.54 40 70

ABS X 0.12 04 50 90

Polycarbonate . 0207 0.49 40 70

LDPE . 039 0.95 140 250

HDPE . 0.50 1.05 110 200

PP Homo. 0.19 0.83 85 150

Low-density 64 . 0.027 0.5 110 200
PS foam

Rigid PVC . 1350 0.171 0.365 45 80

PET . 1370 0.236 0.44 40 70

from Understanding Thermoforming by Throne, pg. 13 Table 2.2
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Thermoforming & Die Cutting of Recycled/Virgin PET Sheet (PETCO of Lavergne Group)

Table 2: Technical Comparison of PET and PVC
PET Comparison PVC
Faster Cycle Times Slower
Lower (450°F, 230°C) Oven Temps. Higher (600°F, 315°C)
Lower Energy Higher
= Rigidity =
= Shrinkage =
= Molds =
Stronger Steel for Cutting Not needed to be as strong
Wears out faster Wear of Die Better wear
More pressure needed Pressure for Cutting Less
= Price =
+ Environmental =
Recyclable Regrind Reuse Difficult to Reuse

PET Sheet Properties

‘While PET packaging is predominately familiar in its application in carbonated
beverage bottles, under proper conditions, PET slowly crystallizes to give a high-temperature,
semi-crystalline plastic. With certain extrusion machines and equipment, extruded PET can be
cooled quickly enough to prevent substantial crystallization, and the result is clear sheet used in
thermoforming.

The PET properties that make it desirable include:
®  Clarity and Sparkle
Toughness
Light Weight
Good Gas Barrier
Solvent/Corrosion Resistance
Good Cost/Performance Ratio
Durable, difficult to break Roll of PET Sheet
Durable hinge propertics Courtesy o the Lavergne Group
Recyclable and Regrindable
‘While these advantageous qualities do stand out, there are disadvantages and difficulties that
must also be considered.

PET is very moisture-sensitive. In other polymers the moisture emerges as bubbles, but
moisture in PET directly attacks its chemical backbone, breaking it down. This is called
hydrolytic degradation (or intrinsic viscosity breakdown) and tends to result in excessive sag
while heating and hard-to-detect loss in properties. PET flake or resin must be dried to a
“moisture level of 0.005% or less™ (TRS-106B) before extrusion of sheet or injection molding
of bottles, otherwise there will be a reduction in physical properties including impact strength.
Impact strength is the sheet’s ability to withstand puncture. While PET can be properly dried
in several ways, it is worth repeating that PET flake must not be moist before processes
including extrusion and injection molding. PET sheet does not need any special drying prior to
thermoforming, but should not be exposed to rain or water. See Appendix VIII for Dry
Conditions of other polymers.
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~ Die Cutting ~
As a recent study by Moskla and -
Barr so appropriate stated, “thermoplastic
sheet such as oriented polystyrene (OPS)
generally easy to cut, producing minimal
wear on the die and few defects on the cut
edge of the plastic,” but “amorphous
polyethylene terephthalate (APET). .is

Thermoforming & Die Cutting of Recycled/Virgin PET Sheet (PETCO of Lavergne Group)

through the PET sheet. The die edge makes “kiss cut” contact on the base plate cutting the hot

PET sheet.

An important factor to consider is the
material’s shrinkage from forming to the time
it gets to cutting. Although it would be best to
measure shrinkage from an actual cavity,
0.005 mm per mm (.005 in per in.)” (TRS-
111) or 0.3-0.6 percent is a good rule of
thumb to use with PET sheet. (For

Kiss Cut Die Diagram

Formed & Cut
Kiss Cut Die PET Shect

ﬁ »
Sa

o
and polyvinyl chloride (PVC) are gm
3
olﬂ
-
10

notoriously difficult to cut.” Although

PVC or HIPS break or facture after being

cut only “approximately 75 percent

through the thickness” (TRS-1111B 16),
PET sheet must be cut completely through in

order to separate cleanly. This puts a

' o 10000

L] 1000
Cycle Number
Cutting performance of PET (circles), PETG (squares) an OPS
(triangles). Solid symbols are for the sheet. Open symbols for
the baseline. (from Moskla-Barr Study)

comparison of shrinkage values of other
thermoformable polymers, see Appendix V1.) K o
Dies should be installed in a press that
has enough force so that it can close smoothly
as and cut completely through the sheet. As

tremendous strain on cutting materials, time,
and laborers.

While there are several ways to cut thermoformed PET sheet, this paper will cover only
the three major on atche 1, and forged dies. The steel rule die and forged
die have the same principle of cutting which is a “clamp cut” or “kiss cut”, where
matched-metal die cutting principle is more of a “scissor™ type cutting action.

1._“Kiss Cut” Dies (Steel Rule and Forged Dies)
Most of the concepts and principles in steel rule dies apply
to forged dies.

Steel rule dies offer the least expensive option for limited
volume cutting. This method of cutting is simply a sharpened,
metal cutting edge or knife mounted on a laminated birch or maple
die board. Steel rule dies can function as cut-in-place, and cut-in- Steel Rule Die
line trimming, but often is best used cut-in-place because that way the PET sheet is still warm
and easing wear on the cutting surface. (For Stanley Rosen’s make-ready procedure for
accurately and effectively setting up steel rule dies, see Appendix X.) For cutting simple
designs with a steel rule die, use a long central bevel or a double bevel die with a hardness
50-55 Rockwell C, especially if the sheet is thicker than 0.25 mm (0.010 in.). Although harder
dies wear better, softer dies of 45-50 Rockwell C may have to be used to prevent breakage
during die fabrication when complex shapes and sharp bends are used. (For information on
meanings of Rockwell Hardness scale, see Appendix XIIL.)

Forged die can be used instead of a steel rule die in a cut-in-place trimming procedure,
or also known as a “contact heat pressure forming and cutting” procedure. The forged die
method is excellent for middle of the road volume applications, and has an advantage in cutting
PET sheet, because the forged die is cutting hot PET sheet. In a forged die, the PET sheet is
heated and thermoformed by vacuum or pressure forming to the contours of the mold. While
the thermoformed part is still in the mold, the heated forged dic is pressed down further

<10

Q Search

the cut progresses, the press should be capable
of consistently bringing the die to the same
line on the backing plate. Eastman’s rule of
thumb for clamp requirements is 70 kg. per
lineal cm (400 Ibs. per lineal in.) of rule die.
Pressing too hard will bend the cutting edge
removing its edge and only pressing with its
bent side. Pressing too softly will fail to cut
the part at all.

The preferred material for the backing
plate is stainless steel. Aluminum is not
recommended for backing plates because it
tends to have a short life and often splinters
contaminating parts. No matter what material
is used, the backing plate should have a
hardness less than that of the die. That way
the backing plate will take the wear and the
die will dull less. (There is disagreement on
this point.)

Cutting hot PET sheet is easier than
cutting cold PET sheet. Heating the PET
sheet by applying heat to the die and/or the
backing plate will improve cutting, but

" Kiss Cut Die
Pressure

Forming

Heater Base Plate

Kiss Cut Die

Heater Base Plate K
Die Cutter

temperatures should not exceed the T, of the PET sheet or 71°C (160°F). One method of
heating the PET sheet only at the cutting arca can be termed “Heat Assisted Dic Cutting.” The
first step of this die cutting method involves the die touching the PET sheet with low pressure,
so that the sheet contacts the base plate and heat transfers from the base plate to the PET sheet

cutting area via conduction.
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= Thermography images clearly showed that the ribs cooled in the direction of machine operation.
The ribs between the cups running transversely to the machine retained residual heat of
approximately 42 degrees Celsius. The picture is with filled cups.
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PACKAGING

Thermography before cutting tool

= It became evident that the heat originated exclusively from the sealing station. For this purpose,
a flat foil without deep-drawing and without bottom foil heating was passed through the machine
and sealed. These samples even exhibited slightly higher temperatures than the filled cups
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Fig. 5 Change in shearing force vs. clearance.

Blanking/piercing operations using a punch with no angle occur simultaneously in one
shot along the shearing line, while the process is non-instantaneous when the punch is angled
and takes a certain amount of time. The amount of penetration depth required to pierce the
sheet metal increases with the punch angle used. The shearing force vs. punch motion in the
case of the blanking/piercing operation performed using a clearance of 0.6%t is shown in
Fig. 6. While the punch angle is increased, the duration of the blanking/piercing operation is
longer, and the penetration depth required to punch out the metal segment is increased. As the
punch angle is increased, the maximum required shearing force is reduced.
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Fig 4. 2D Drawings of the component

Table 2. Material properties of component

Fig 6. Von-mises stress on the punch of dia 8.5mm

Specification The minimum stress acting on the punch is 0.596 N/mm?
0.2% carbon steel and the maximum stress is 448 N/mm?2.

Shear strength 300 N/mm2
Tensile 2
420 N/mm
strength
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the design pr (s igure 3.5). Within the design process, Archer identifies six types of
stage that feature many feedback loops: programming, data collection, analysis, synthesis,
development and communication. This design process includes the interaction of the world
outside of the design process, such as the needs of clients, the training and experience of
designers. The output is the communication of the solution. Moreover, Archer defines
design as employing a combination of the intuitive and the cognitive, and therefore

attempts to formalize a creative process. As shown in Figure 3.5, this process is divided into

three broad proce analytical, creative and e:

Analy: f

problem
Trainning

Programming Experience
Analytical

has
phase Data collection

'

Analysis Conceptual
design

Selected
schemes
Communication

gure 3.5 Archer’s model of the design Figure 3.6 French’s model of the design
process process

Another typical example of the more common stage-based models is proposed by

French (1998). This model, shown in Figure 3.6, is based on design practices in industry,

which ¢ of four stages: ana of problem, conceptual design, embodiment design

and detailing. These stages and activities involved are typical of the traditional engineering

design proce:

Some much more complex models have been proposed. Perhaps the most well-known
of stage-based models was proposed by Pahl and Beitz (1996) for engineering design. This
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able. Whether angel hair forms during thermoforming depends particularly on the particular plastic type, the

punching method used, and the process conditions chosen.

Punched edge of a HIPS tray, thickness 0.6 mm, with the formation of angel hair during punching (left) and smoothly punched without angel hair
(right) ©1llig)

ngel hair” is familiar particularly in

material conveying, where these ran-
dom filaments are created by friction of
the pellets with the pipe walls during
conveying, resulting in partial plastifica-
tion of the grains, with film formation and
subsequent filament formation. Angel
hair can also occur during thermoform-
ing, with the final punching of the parts
— in thermoforming, angel hair thus only
ever occurs at the punched edge of the
part (Title figure). During material convey-
ing, angel hair can lead to the dreaded
blocking of the pipeline. During thermo-
forming, it not only impacts the appear-

,p Feels colder

Now

BR  Q Search

(material type), always in combination
with the punching method - knife or
shear cutting — and the process parame-
ters chosen.

A Comparison of Punching Techniques

Knife cutting means the cutting of plas-
tics against a fixed planar anvil. Besides
knives, the steel-rule cutting line or the
steel-rule cutting die are used for this.
Cutting with a knife always results in a
severance of the plastic by a cutting
blade (Fig.1). Depending on whether the

material is brittle or tough, different re-
sults are obtained. For example, with a
brittle plastic, cutting always begins with
material displacement and ends with the
fracture of the plastic because of its low
deformability or impact strength (Fig.1,
left). During cutting of tough plastic with
a knife, on the other hand, a continuous
cut depth of 100% of the material thick-
ness is obtained (Fig. 1, right).

Examples of brittle plastics are GPPS,
OPS, HIPS, SBS/PS or filled PP. Examples of
tough plastics are PE, PP copolymers, PET
and PVC. A knife cut always requires an
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Figure 6.4 b H
the back of the

Figure 6.4 a: Image of matrix half (Die) cut edge with land
(width) of edge 0.09mm.

3: Angel hairs and plastic d

™

Figure 7.0: Image showing Angel hairs on LHS compared to clean cut on Rl
stacked sideways. Thickness of material 0.6mm (Schwarzmann, 2016)

Many of the issues that arise when trimming conventional plastics

with PET plastics. Although blade life longevity s the focus of this

geometry to be able to last longer in service will additionally allow

Angel hairs such as those displayed in figure 5.0 a, are likely to dis3
to resist wear and dulling that often results in blade failure.

This information has been regularly fed back to FSG from varj
hairs. On occasions the issue of Angel hairs have been redu
PET in Dairy container production, yet to be fully eliminated|
many
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Fig. 7. Angel hair formation with knife cutting, schematic (from left to right): With progressive Fig. 8. Punching station in an automatic
plunging of the blades, tearing of the material occurs and angel hair formation occurs during roll-fed machine with heater for the steel-rule
subsequent severance; bottom: Detail enlargement of the respective stage (@ liig) knife-cutting lines (©1liig)
.. and in a Separate Punching Station
in the Case of Shear Cutting
Separate punching stations operating
with shear cutting, such as a channel
punch or a hole punch, are always mount-
ed downstream of the forming station. As
a result, the parts arriving there have al-
ready cooled down. Nevertheless, the risk
of angel hair formation can also be re-
Fig. 9. Angel hair formation with rapid preforming tool and low downholder pressure, typical for ~ duced here, too, for example by making
the production of edge-seal cups with a forming-punching tool, model RDM; the arrow right in the film thinner at the punching point of -
the figure shows the preforming of the heated sheet; NH: downholder, SP: anvil (female), ST: the part by applying greater stretching
cuttina punch (male) ©lia (bv tool desian) while it s still in the form- - ®
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anvil, against which the knife-blade can
be pressed. Examples of the design of
knife-cutting dies are shown in Figure2.

Shear cutting always requires the
combination of a female and male die
(Fig.3). The conventional terms for these
cutting dies are shear-cutting dies, chan-
nel-cutting dies or male-female dies. For
example, with a brittle plastic, cutting al-
ways begins with shearing and ends with
the fracture of the plastic because of its
low deformability (Fig.3, left). With a tough
plastic, the process always ends with
100% shearing (Fig.3, right). Examples of
shear-cutting dies are shown in Figures4
and 5; the die clearances that are desirable
for processing reasons are summarized in
Tablel.

When and How is Angel Hair Formed?

Particular thermoplastics, such as HIPS, PP
or PET-C tend to form angel hair during
punching, independently of the punch-
ing method that is chosen. The material
properties that are typical here are illus-
trated with the example of HIPS. HIPS
consists of the brittle PS matrix and highly
elastic polybutadiene inclusions. Though
the butadiene only makes up about 3 to
5%, it is sufficient to give the material ac-
ceptable impact strength. The two
phases show extremely different fracture
behavior and different impact strengths:
The brittle PS phase “crumbles” while the
elastic butadiene “smears.” This is the rea-
son why a HIPS sheet with low butadiene
content breaks by free bending with only
light scoring, but with 30% polybutadi-

BR  Q Search

Fig. 2. Multiple knife-cut tool, mounted in wood (left) with detail of the reverse side (center),
Figure right: Punch station with knife cut on an aluminum carrier (top) and a punch plate as anvil

(bottom) (@Iliig)

Fig. 3. Shear cut with
a brittle (left) and
tough material
(right), schematic
©1lig)
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0e 000 O VeV o0 |
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Fig. 4. Form-punch tool (shear cut) model RDM-K for the production of cups: View of the under-

side with die inserts and cutting punches (left); detail of cutting punch with die segement (right)
(©llig)

Reducing Angel Hair Formation — can be largely avoided if the knife-cutting
in Knife Cuttina. ... lines are heated (Fig.8). The cutter is heat-
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Overall, year to date volume sales up to 21 June 2020 are 11.1% above the equivalent
period in 2019.

Figure 1: Trend in food & drink volume sales — Great Britain

Year to date total volume food and drink sales

— = Lockdown Announced
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Impact of COVID-19 pandemic on grocery shopping behaviours

Figures 2 and 3 show the average volume sales of food and drink per trip and the
average number of trips per household over this same period. In the week ending 22
March there was a decrease in the average volume sales per trip and an increase in the
average number of trips per household, which may reflect an increase in top up shops
for a few items before lockdown began on 23 March. Since then, households have
made fewer trips but the average amount purchased per trip has increased. This may
reflect the initial lockdown measures which restricted movement outside the home, even
though shopping for food was one of the legitimate reasons to leave home, plus public
concern about being in an enclosed space with non-household members.

After a few weeks of adjustment to the introduction of lockdown measures, volume
sales per trip has fallen steadily and the number of trips per household has increased
but they are still at very different levels to what was seen before lockdown in 2019 and
the earlier period of 2020.
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