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[bookmark: _Toc504669875]1. Executive Summary
This report provides an understanding to the process of blow moulding and the considerations that can have a positive influence on the process within a bottle production plant. Factors that are considered are those such as material selection, process improvements in terms of productivity and waste reduction while maintaining low costs throughout any changes.
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  Industries are driven by demands concerning cost saving and profit margins. There are many contributing business improvement methods which can help production environments reach their manufacturing demands. Some of the more popular solutions are quicker cycle times, less waste and reduced initial material/process costs to begin with. Evolving from the Ancient art of glass blowing (Lee, 2006), this report discusses the production of a polymer material being blow moulded into a bottle and the fundamental principles of such technology which allow it to be a competitive option for manufacturers while obtaining the required quality standards expected by customers.
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[image: 10]  Blow moulding consists of two main methods, extrusion blow moulding and injection blow moulding. Blow Moulding is a process of using thermoplastic materials to produce hollow objects (Lee, 2006).  The polymer pellets may need to be dried prior to being melted down with the aid of screw rotation and heaters for both extrusion and injection blow moulding. From this step, extrusion blow moulding consists of the melted plastic then being extruded under pressure through a die to create a parison. The parison is then moved into the cavity that will form the shape of the bottle and a blow pin placed inside the open end to form the neck and pressurised air is blown inside the parison to expand and shape it against the cavity walls and it will start to cool down. As shown in Figure 3.1 by (Prosper Bridges, 2015), the cooling stages of the blow moulding process is by far the longest part of the cycle time, therefore this is the most likely area that any reductions are possible, this could be by perfecting the air pressure or ensuring the cooling pressure from the chiller system in the tool is operating effectively. 
Figure 3.1
During the cooling stage the other factor that needs to be considered is shrinkage. The polymer mould contracts as it cools and therefore any design considerations i.e. extra material by increasing wall thickness, would aid in reducing the contraction. Shrinkage on design features such as straight edges that mate with other parts in assembly may affect the parts ability to perform at the required standard, potentially rendering it useless. Shrinkage can be reduced by increasing air temperature however by ensuring the melt is pushed into the cavity wall consistently combatting the shrink element however the melt temp to begin with would have to be cooler (Prosper Bridges, 2015) in order to combat potential flashing issues from parting lines.
It is during the blowing stage that parting lines develop. Parting lines are where the polymer mould is forced between the cracks of the tool faces where they join. If the pressure of the air is too high, or the viscosity of the polymer melt is too low i.e. temperature too high therefore longer cooling times, then polymer may escape through the gaps.  
Any waste material at the top or bottom of the now fully formed bottle is cut off by a knife and the bottle moves on down the assembly line. Each step of this process is shown by (Sinotech, 2017) in figure 3.2. 
[image: blowMolded3]Figure 3.2

Injection on the other hand consists of the liquid polymer being injected into an initial cavity which has a core inserted in the middle; the polymer fills around the core and cools slightly to a more solid state. This mould is then transferred to a blowing operation where pressurised air is once again applied inside the mould to expand it to the walls of the shaping cavity. The stages of this process, illustrated by (Sinotech, 2017), is shown in Figure 3.2.

[image: blowMolded4]Figure 3.2
For every manufacturer, lower costs are always the aim. For over a decade, there has been an increasing interest in the leaner and more responsive operations along with reduction in cycle time to improve performance across the entire business network (Seth & Gupta, 2005). With blow moulding, cycle times can be reduced through many means. Initially it is the process that can be targeted for this. As stated above, the cooling process is the longest part of the process and it is claimed by (APEX Container Tech Inc, 2017) that in order to optimise this part of the process, the pressure of the cooling water is optimum at around 6bar.  APEX continue to explain that although lowering the cooling temperature to the lowest possible would be ideal, it is not always possible. This is due to the disruption that is experienced in the blow moulding process when cooling temperatures will require adjusting during high humidity times. Therefore a solution they recommend is to in fact lower the melt temperature instead to a level that is still workable with the same quality standards but means the cooling water temperature does not need to be held at such a low state continuously. 
Material selection when manufacturing with blow moulding is vital. For example, PE is a very common material selection for containers and bottles and therefore for PE the standard is now an Al alloy with Beryllium-Copper bottom and neck inserts as although stainless steel is a possibility, it holds up better but conducts heat a lot slower (APEX Container Tech Inc, 2017), blow tips are the same. 
Consideration with cycle times can lead manufacturers down many paths to try and reduce them. With blow moulding there is a lot of time spent during exhaust periods with the machinery. These periods are often set by the manufacturer to a standard that is not specific to operation, therefore reducing these exhaust times and delays in machinery movement can also improve the cycle times. One example of this is during the blow process. Most machines are fitted with a delay timer that lifts the blow pin out of the bottle, however this timer may result in the blow pin being exhausted once it has completed its operation, but exhaust for a time period before lifting the blow pin out ready for the next cycle, resulting in an unnecessary way to increase cycle times.
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  When considering the materials available to blow moulding processes it is important to consider the final product required. In the interest of this report on bottle assembly, the ideal choices are high-density polyethylene (HDPE) resins or Polyethylene Terephthalate (PET). Addressing HDPE resins first, their properties are suitable for household containers such as detergents or chemicals due to their stiffness, strength and hardness (Lee, 2006). Lee goes on further to explain how HDPE resins hold attributes such as high impact strength, low temperature toughness, resistance to chemicals and does not require drying prior to melting. All of these properties make HPDE resins suitable for the blow moulding process for production of bottles that may hold chemicals such as cleaning products or fuel (Charloma Inc., 2017). 
It is important to consider the change in physical properties on resins when they undergo heat and pressure treatment and the time of which the cycle takes place too. Thermosets for example undergo a chemical change under heat and setting which cannot be reversed (Mechanisms, 2017), making thermoplastics the ideal choice for blow moulding due to their ability to be taken to their melting point, cooled and formed to the desired shape and then repeat the process again in future without significant degradation.
When considering blow moulding with polymers such as polyethylene, the heat treatment it undergoes will unavoidably result in a shrinkage percentage during the cooling stage. With shrinkage being a common problem in polymer manufacturing, (Mechanisms, 2017) provides figures showing the shrink rate of LDPE is between 2.4-3.1%, which is larger than that of HDPE, standing at 1.7-2.9%, which shows another benefit to blow moulding with HDPE over LDPE. According to FPC USA, HDPE has a lower shrink rate due to its semi-crystalline structure and they state that,
“HDPE is a semi‐crystalline thermoplastic material and mould temperature will affect the cooling rate of an ejected part. This will change the amount of crystallinity in the finished part which will affect the finished part properties. An increase in the rate of cooling will decrease the amount of crystallinity, which can improve environmental stress crack resistance and decrease part shrinkage and top load strength.” (2017)
Comparing many differences between LDPE and HDPE, a consideration for businesses within the bottle assembly sector is cost of materials. Although LDPE is cheaper, it becomes more economical to choose the more costlier HDPE alternative as the wall thickness of the bottles can be thinner (Mechanisms, 2017), therefore less material usage, reducing both cost and waste.
When considering production of bottle for goods and beverages, such as water bottles, PET is the most common choice (Charloma Inc., 2017). PET as a raw material is globally recognised as a safe, non-toxic, strong, lightweight, flexible material that is 100% recyclable (Ecostar, 2017). The table below shows some of the properties of PET that make it ideal for blow moulding.
	Density
	0.0499 lbs/cu 

	Tensile Strength
	11500 psi

	Melting Point
	490°F

	Water Absorption over 24 hours
	0.1%


Table 4.1
PET was discovered in the mid 1940’s by DuPont, it was during their search for materials for use in textiles that developed PET. Since then, a PET blow moulded bottle was first recycled in 1977 from which it has grown rapidly to become the most recycled plastic in the world today (Ecostar, 2017). More commonly referred to as Polyester in the textile industry (Creative Mechanisms, 2017), it is naturally transparent and therefore an ideal candidate when in the form of PET for bottled goods. With bottle production being on such a mass scale, PET lends itself well as it is readily available and relatively inexpensive and has a high strength to weight ratio which is ideal for bottle production (Creative Mechanisms, 2017). PET has hygroscopic properties, whereby the polymer pellets are able to absorb moisture from its surrounding atmosphere, which although problematic for manufacturers initially, it can easily be overcome by placing the raw material through a dryer prior to it being passed into a hopper where it moves along to begin the melting down process. If moisture was not removed from the pellets prior to this, then the raw material would become compromised and therefore the quality of the bottles produced would too.
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  For bottle manufacturing there are several advantages extrusion blow moulding holds over injection. One of which is lower mold costs (Berk, 2015). Berk goes on to elaborate on cost and time savings further by stating,
“In terms of logistics and cost benefits, EBM mold fabrication time is often shorter and relatively inexpensive compared to other blow molding methods, and many EBM manufacturers have interchangeable mold parts which allow the same bottle to be molded with different neck finishes, body, or embossment inserts. Since the inserts are interchangeable, the job change-over time is often relatively short.”
Resin manufacturers supply PET resin in the form of pellets, weighing approximately 0.05g, and it is 35g of these pellets that can be used to produce a 1.5 Litre plastic bottle (Muriithi, 2017). Due to the manufacturing process, PET as a raw material has to remain in an elastic state for the entire operation so therefore temperatures throughout the process are constantly high. Kenplas (2016) explain how the optimum orientation temperature for PET is 105°C. “Orientation can improve products' mechanical property, solvent resistance, transparency and antipermeability. Polymer molecule is long-chain structure which is unbalanced. Orientation happens when stretching. Orientation means molecule chains arrange along stretching direction parallel.” This is applicable to carbonated bottles specifically as Kenplas expand on how carbonated beverage bottle are required to be between 0.45 and 0.55mm. However, for stretched and blown bottles a thickness of 0.25 to 0.38mm will be sufficient because orientation will improve products' quality.
This however does result in cost savings as energy is saved by following this one-step method as compared to a two-step where the parison is allowed to cool and is re-heated at a later date using further energy supplies. One other side benefit of following a one-step method during bottle production is that the parison avoids any contact from storage in between so therefore the surface finish after the blowing operation can be a lot higher. Although the one-step method to blow moulding is a lower cost process and initial investment due to not needing to purchase two machines like that of two-step, it is also associated with having a lower output of the two options (Muriithi, 2017).
During the heating stage, if the parison temperature reaches 260° then the production of Acetaldehyde is possible. This will result in an acidic taste becoming present in the liquid being stored in the bottle. This cannot be masked if for instance, the bottle is to contain water (Muriithi, 2017). 
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  Companies will always strive to improve efficiency on a consistent basis. This covers cost reduction, reduced cycle times and waste reduction. In the moulding of plastics, if the correct decisions and considerations are taken with part design, mould design and the precision of the operation, then productivity and waste can be reduced while optimising cycle times (Pitfalls in Molding, 2017). Starting at the design stage, it is vital to consider the processes during the cooling stage as this takes up over 50% of the cycle time (Pitfalls in Molding, 2017) when including the mould de-clamp and ejection stages as shown in Figure 4.1.
[image: https://www.pitfallsinmolding.com/cycletimelinks/cyclepiechart.jpg]Figure 4.1
Pitfalls expand on the time it takes during the cooling period and below is an equation showing how the minimum cooling time can be calculated. This equation takes into account many factors which, from a design point of view could allow engineers to edit certain characteristics of their processes to allow a successful operation while cutting cycle times.

α = Thermal diffusivity, h = Wall thickness,  = Mould wall temperature,  = Melt temperature,    = Ejection temperature.
Mould tools are lined with channels of flowing fluid, usually water and glycol mix which has been through a chiller system. The tool will have an inlet and an outlet where heat will be transferred to the chilled water and withdrawn from the tool. Therefore it is recommended that the mould design engineer should consider both the thermal conductivity of a steel or aluminium tool and their influences on the rate of heat transfer (Pitfalls in Molding, 2017). 
Wall thickness is an area whereby design can improve the process greatly. As stated in this report, the design considerations when creating the polymer, by using variable orifices for example can improve the thickness of the walls in areas that need it more, regulating uniformity. Design engineers also need to consider the thickness of the walls and the cooling time associated with that. As the wall thickness increases then so must the cooling channels within the mould tool. For example a wall thickness of up to 2mm in many studies suggests a channel diameter of between 7-10mm is optimum, whereby up to 6mm can be anything from 10-16mm channel diameters. These considerations however would be directly linked to material choice, wall thickness and the capabilities of the chilling system which would need to be tested in-house by a manufacturer to obtain optimum performance. 
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  When production of any product hits mass volumes, the importance of reducing costs associated with it is paramount to any company. This considered, if a water company could produce bottles on a mass scale, with little variance in the product needed all while at a lower cost and average quality, it is easy to see the attraction. The UK consumed 3.2b litres of water in 2016, compared to that of 10 years ago when the figure stood at 2.21b litres (Global, 2016). This large increase in demand over a relatively short period of time has put pressure on companies to increase production rates efficiently while meeting customer expectations. 
It was reported in 2015 that Princes Gate, in Wales, would be introducing a new bottling line, capable of producing 37,000 bottles an hour (News, 2015). This statistic alone demonstrates the capabilities of blow moulding and the importance for companies to be able to keep up with demand to maximise sales.
Blow moulding can also be beneficial at lower volumes if required. Many companies show very little variance in their bottle design for their products as this is their brand image and what is recognisable by the consumer. Therefore, should a lower batch of bottles be required then the same die and mould tools could be used to produce such quantities at no further expense from new tools or processes etc. 
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  As previously stated in the report, the author addresses that the thermoplastics used for bottle production can be melted down and reused in future. Recycling a material such as PET in the form of bottles can not only be put back into bottle production but also recycled into carpets, textiles and non-wovens (Muriithi, 2017).
Although thermoplastics harness such properties as being reusable, it appears it isn’t always that straight forward. When considering a larger market than the United Kingdom, the United States of America for example, it highlights the problem facing manufacturers such as how to communicate with their consumers to recycle their bottles to allow the plastic to be reused. According to (Fishman, 2007) Americans consumed in total around 50 billion plastic water bottles in 2006. However, America’s recycling rate for plastic in 2006 sits at only 23 percent. Therefore this resulted in 38 billion water bottles worth more than $1 billion of plastic, to be wasted that year. Furthermore, research shows that plastic bottles and jars contribute an estimated 75% of all plastic containers by weight. So when looking deeper into the statistical breakdown for recycling in America, PET and HDPE represent about 86% of that plastic container market (Muriithi, 2017).
Blow moulding as a process creates a lot of waste, waste that is commonly referred to as plastic scraps (Kamaruddin, 2016).  He goes on to explain how one study carried out by ANOVA shows that the melting temperature of the molten plastic is the most vital factor when considering contributions to plastic wastage during production. Furthermore (Zakarria, 2016) states that this is due to the melting temperature being too low, thus resulting in a higher viscosity fluid whereby the flow rate is reduced as a result. This reduced flow rate will lead to thickening of the parison tube and therefore a waste in material. 
One area of weakness for extrusion blow moulding compared to injection is the cooling time. Extrusion has a longer cooling period as it only cools from the outside. Extrusion blow moulding carries an inherent ability to create thinning in areas too. Corners and walls at the largest diameters of the blown mould commonly see thinning; this is then a direct cause of thicker areas developing where the rest of the polymer melt ends up being displaced. Referring back to extrusion blow moulding cooling times, this is then worsened as thicker parts of the mould will take even longer to cool down, therefore increasing cycle times further and wasting time and energy used to create each part (Pitfalls in Molding, 2017). 
The parison is a crucial part of the blow moulding process. Many steps can be taken here to ensure the wall thickness of the blow moulded part once compressed air is passed into the parison, is uniformed. Even if the parison is created with uniformed wall thickness, this will not mean the final product will follow suit as the wall thickness depends on the amount of stretching the material goes through during the blowing operation (Pitfalls in Molding, 2017). Pitfalls go on to elaborate on this problem,
“The extent of change in wall thickness depends on the amount stretching it undergoes. To overcome the problem of wall thickness variation in the finished bottle it is necessary to provide thicker wall where melt is expected to stretch and expand more and similarly provide thinner wall thickness where expansion or stretching is not much. Such wall thickness variations can be programmed on the parison control so that parison of suitable wall profile can produce bottles of intricate shape with uniform wall thickness in finished bottle.”
It is once the blow operation and cooling process has been completed, that the newly bottles will be transferred to the next stage of the production line where they will undergo de-flashing and cutting at both the top and the bottom of the mould. The top is trimmed so that the connecting part of the parison to the blower is removed and the bottom to remove flashing from where the mould cavity had clamped. 
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  Blow moulding as a complete operation is perfectly designed for bottle production. It enables mass manufacturing at extremely quick rates that are capable of keeping up with growing demand across the globe. Extrusion blow moulding also allows very dynamic shape and tolerance alterations due to the tool being easily customisable to suit the customer demands. 
  When considering material selection for bottle production it is important to consider the product that is being contained within. As the report states when chemicals and highly volatile fluids are being stored, HDPE is a strong candidate due to its barrier properties and resistance to chemicals. However, if the bottle being produced be for beverages and consumable goods such as water or condiments, PET is the global leader. This is due to its cheap cost and easy accessibility while maintaining durable characteristics and low risk of chemical release into stored goods. Its high strength to low weight ratio also allows it to be stacked and stored for transport without risk of damage while also being ideal for carbonated beverages where gases will increase in pressure within the PET bottle. 
  The design of a plastic bottle using extrusion blow moulding is a tried and tested method. It has been in production for almost half a century and with so many designs, sizes and stored goods involved, it is a trusted method. The capability to produce high numbers while maintaining consistent quality has also been proven worldwide, fulfilling confidence that this method of production is the right choice for bottle assembly. Prior to finalising the design elements to the tool and blowing operation, a CAD simulation can be created to test for any failing areas of the planned production. This will eliminate risk of any failed ops or highlight any potential improvements that need implementing. Improvements at this stage will help reduce cycle time, improve quality issues and reduce any higher costs involved in corrections once production has begun. Corrections implemented after production has begun will involve time lost while the machine is down, operator costs, revalidation costs and then any physical changes or parts that need to be included. 
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	HDPE
	High Density Polyethylene

	LDPE
	Low Density Polyethylene

	PET
	Polyethylene Terephthalate

	AA
	Acetaldehyde
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