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A good understanding of material and process selection is of particular importance to the success of the engineers design. Knowledge allows improvements to be made in areas such as; design, material selection, manufacturing and assembly processes. 

This report identifies and justifies the material and manufacturing processes used for the blades of wind turbines, whilst considering the different types of manufacturing processes and systems available with the relevant assembly systems and techniques, health and safety considerations, environmental impacts, quality control, quality assurance requirements and the anticipated manufacturing volumes driven from the process.

[bookmark: _Toc504771667]Wind Turbines

According to Energy Saving Trust (2017) ‘Wind turbines use large blades to catch the wind. When the wind blows, the blades are forced round, driving a turbine which generates electricity. The stronger the wind, the more electricity produced’. 
Wind turbines were previously portrayed as an inefficient source of power by many articles. For example, in (2011) The Telegraph stated that ‘a study carried out for the Trust into the energy generated by dozens of wind farms found they actually ran at 22 per cent of capacity’. However, due to advancements in technologies there is a rapid rise in the volume of wind turbines being manufactured and installed worldwide due to the reduced costs, the continuous expanding policy support from the government and growing investors. The cumulative wind capacity systems installed more than doubled from 2011 to 2016 globally as per Figure 1, which shows a substantial increase and reflects positively on wind as an alternative renewable energy source. 
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Figure 1 - (Research Gate, 2017) 
[image: Image result for graph wind turbine installations worldwide]
[image: https://windeurope.org/wp-content/uploads/Wind-energy-in-Europe-Scenarios-for-2030-infographic.jpg]
Power generation from renewable sources is growing every year. Wind Europe (2017)reports that there is ‘three possible scenarios for wind energy capacity installations in 2030 based on WindEurope’s analysis of the potential conditions determining wind energy’, see Figure 2. The central scenario estimates that ‘the wind energy industry would invest €239 bn by 2030 and provide employment to 569,000 people’.
Figure 2 - (Wind Europe, 2017)


 ‘Since 1980, the diameter of the rotors of wind turbines has doubled each decade, and therefore increased the turbine height. Each generation of turbines was predicted to be the biggest, but turbines keep growing in an effort to capture the stronger winds accessible at higher elevations, and improve performance. New materials have made this possible.’ (ChemViews, 2012). 
[image: Size and Power Evolution of Wind Turbines Over Time]Industries must continue to improve their manufacturing techniques to meet the increasing customer demand, whilst maintaining the products high quality and competitive pricing.
Figure 3 - (ChemViews, 2012)
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Material selection is critical to the success of manufacturing wind turbine blades. The blades must meet multiple design requirements as well as be appropriately designed for manufacture too.  Energy.gov (2017) described how the ‘increase in the demand for renewable energy has led to the production of larger turbine blades capable of harnessing more wind energy. This increase in size has brought with it a need for stronger materials that effectively retain their shape and strength when subjected to varying wind conditions, as well as other physical and environmental stressors. It is crucial that the surface quality of each blade stays pristine throughout its lifetime’.

No single material is appropriate to manufacture large scale wind turbine blades due to the difficulty of ensuring the part produced is not too heavy but also stiff enough to withstand the tough environmental conditions.  DTC (2018) documented that ‘it didn’t take long for engineers to figure out that composite materials were the way to go with blade design’. 


As defined by (RSC Advancing the Chemical Sciences, 2017) a ‘composite material is made by combining two or more materials – often ones that have very different properties. The two materials work together to give the composite unique properties’. RSC continue to explain that ‘the biggest advantage of modern composite materials is that they are light as well as strong. By choosing an appropriate combination of matrix and reinforcement material, a new material can be made that exactly meets the requirements of a particular application. Composites also provide design flexibility because many of them can be moulded into complex shapes. The downside is often the cost. Although the resulting product is more efficient, the raw materials are often expensive’ (RSC Advancing the Chemical Sciences, 2017). Figure 4 and 5 support the reason for choosing composites as the material choice. Composites densities, tensile strengths and tensile modulus aligned perfectly with turbine blade design specifications in particular reinforcement fibres; glass or carbon.

Figure 4 shows a comparison of different material characteristics - (Hexcel, 2005)
[image: ]




Figure 5 shows typical mechanical values on epoxy pre-preg laminates - (Hexcel, 2005)
[image: ]

When considering the desired characteristics of a composite, tensile strength for example, it is important to know how the stiffness and volume content of the fibres will directly affect them. 
Glass fibres are split into three main variations; they are E-glass, S-glass and R-glass. Traditionally, Lean Mishnaevsky states that it is E-glass fibres that are used as the main reinforcement in composites (2017). Therefore, it would be simple to believe that by increasing the volume of fibres within a composite, it would directly relate to increasing values in tensile strength, stiffness, and compression strength but this would be incorrect. Brøndsted (2017) reports findings in their research that composites with a high volume of fibres, typically above 65%, create potential pitfalls such as dry areas without resin between the fibres and therefore the strength of the composite decreases.

When considering glass fibre composites for wind turbine blades, it is common practice for the total percentage of weight to be around 75% glass and this has led to investigations towards the development of fibres which are stronger than E-glass (Jr., 2017). It was these advancements that brought about S-glass and R-glass. Mishnaevsky (2017) expands on these developments and discusses S-glass, where the S represents “Strength”, and R-glass in his report. He explains how S-glass and R-glass was created in the 1960s and shows tensile strength increases of up to 40% and 30% respectively, higher than that of E-glass. This considered, S2, which is a commercial version of S-glass, will cost around ten times that of E-glass and is therefore not always a simple alternative when manufacturers need to balance costs. 

Carbon fibres are considered to be a very promising alternative to the glass fibres as ‘they show much higher stiffness and lower density than the glass fibres, thus, allowing the thinner, stiffer and lighter blades. However, they have relatively low damage tolerance, compressive strength and ultimate strain, and are much more expensive than the E glass fibres’ (Grande, 2008).  Carbon fiber reinforced composites are sensitive to the fiber misalignment and waviness: even small misalignments lead to the strong reduction of compressive and fatigue strength. ‘Carbon Fiber Composites also exhibit highly anisotropic electric conductivities, which require special attention in terms of lightning protection, primarily in what concerns electrical bonding’ 24th Nordic Insulation Symposium on Materials, Components and Diagnostics (June 2017).





[bookmark: _Toc504771669]Manufacturing Technique Options
There are three core manufacturing processes for manufacturing turbine blades; wet layup, vacuum resin infusion and pre-preg moulding. Each engineering method has its differences and therefore a critical decision for any manufacturer is choosing the most suitable method, which should be dependent on the required output. 
[image: http://www.plastics.gl/resources/image/articles/2013/issue3+4/PY9_Huntsman_BuildIt/build_it_huntsman_bu3_3_different_processes_web.jpg]Figure 6 showing the three core mould preparation methods- (Huntsman, 2017)

[bookmark: _Toc504771670]Wet Layup
Derek Berry (2017), of the National Renewable Energy Laboratory (NREL) in Colorado states that the ‘wet layup is a moulding process that combines layers of reinforced fiber with liquid resin to create a laminate’. The process titled Wet Layup consist of impregnating resins manually by hand into the fibres of woven fabrics with support of rollers, brushes and nip-type impregnators to force the resin into the desired locations. 
[image: ]Figure 7 showing Wet Layup process - (NPTel, 2018)





The Wet Layup method has many advantages including the technique being ‘the simplest method of composite processing’ turbine blades and ‘laminates are cured under standard atmospheric conditions and room temperature’ resulting in low tooling costs (NPTel, 2018), the process is not the most appropriate for manufacturing turbine blades. Some of the disadvantages include that the laminate quality is very dependent on the operator’s skill level, it is crucial that voids are not created as it adds costs to the process to rectify. The resins used for Wet Layup such as polyesters and vinyl esters require expensive extraction units to limit the airborne styrene to meet Health & Safety regulations. The Wet Layup process needs the resin to be a low viscosity to ease the manual process however; working with the resin in this state is a high risk to operators too due to the resin being capable of penetrating clothing.
[image: ]
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Resin Infusion is a ‘technique that uses vacuum pressure to drive resin into a laminate. Materials are laid dry into the mould and the vacuum is applied before resin is introduced. Once a complete vacuum is achieved, resin is literally sucked into the laminate via carefully placed tubing’ (Composites Ugent, 2016). 
Figure 8 showing process steps for Vacuum Resin Infusion - (Composites Ugent, 2016)


Vacuum Resin Infusion process advantages include the product having a ‘higher quality, good interior finish, better consistency and higher glass content (up to 70% fibers by weight)’ resulting in the end part having a ‘higher specific strength and stiffness’.  The composite product has a faster cycle time than the Wet Layup process, however tooling costs are higher as the process requires the addition of a vacuum. Equipment needed for Vacuum Resin Infusion is complicated to set-up and often needs numerous trials to prefect which is time consuming. If the vacuum has a leak, the whole part would be required to be scrapped. The curing cycle time is faster than Wet Layup process due to the additional heat, typically by an oven, and pressure, by means of a vacuum. A manufacturing improvement could be to monitor the cure with the use of ‘dielectric cure monitors to measure the extent of cure by gauging the conductivity of ions — small, polarized, relatively insignificant impurities that are resident in resins. Ions tend to migrate toward an electrode of opposite polarity, but the speed of migration is limited by the viscosity of the resin — the higher the viscosity, the slower the speed. As crosslinking proceeds during cure, resin viscosity increases. Other methods include dipole monitoring within the resin, the monitoring of micro-voltage produced by the crosslinking, monitoring of the exothermic reaction in the polymer during cure and, potentially, the use of infrared monitoring via fiber-optic technology’ (Composites World, 2016)

[bookmark: _Toc504771672]Pre-preg
Pre-pregging is the process of reinforcing carbon, fiberglass, aramid fiber or cloth by dipping the material through the liquid resin. Pre-preg process steps summarised; 
1. Pre-preg is removed from refrigeration to warm to room temperature
1. Pre-preg is cut to the desired size on a cutting bench
1. Pre-preg is positioned and laid on to the mould surface 
1. Roller removes trapped air between each pre-preg sheet as it is layered
1. Once all pre-preg sheets are applied the vacuum bagging arrangements begin by applying release film, bleeder, barrier film, breather, and bagging materials
1. The entire assembly is then autoclaved to cure. Once cured the part is removed from the vacuum bag. Paraphrased from (Didattica)
[image: ]Before considering the manufacturing of turbine blades using the pre-preg process, it is vital for the manufacturer to consider where they source their pre-preg material from. As stated previously in this report, pre-preg is initially removed from refrigeration to warm up prior to being formed into a product. This refrigeration and storage will come at a high cost for the manufacturer, one which could be avoided if the pre-preg was initially created in-house. Capital investment based on Internal Rate of Return is the main consideration here and according to Keith McConnel (2013) President of CDI. The capital investment needs to be compared to other factors that add value to the internal process that increase its value to a manufacturer, not just long term cost savings but also removing unnecessary logistics, refrigeration and storage costs almost entirely. The improvement could also protects any change in resin formula, or product alterations for example that may allow them to gain an advantage over competitors in niche markets which sourcing changes from outside contractors would slow down and potentially release information to a wider audience. Additionally there are smaller pre-preg manufacturing facilities available for lower costs as they were traditionally put in place for large manufacturers such as Airbus and Boeing R&D areas but now they have up scaled resulting in facility availabilities (Sloan, 2013). It is therefore essential to consider whether smaller, less expensive R&D lab sized machinery is sufficient or if a larger scale is required. To aid with this, Ted Hile (2013), Director of sales at CDI, has gathered data from his company and created a calculus which considers all areas they deem relevant to weighing up the advantages of an in-house pre-pregging system. Table 1 illustrates how a carbon fibre input process could impact profit/loss figures over the space of a working year. The table shows how the potential savings per year, over a 5 year period, would exceed the systems capital cost of investment by more than three times. Moving on from the initial complications of whether an in-house or out-sourced approach is best, when considering the manufacturing of turbine blades, pre-preg has very low volume capabilities due to the complexity of the process. According to Fisica (2017) three challenges that increase the complexity and reduce the speed of the pre-preg process are ‘maintaining accurate fibre orientations’ as they are laid down by hand, ‘obtaining void free parts’ by removing entrapped air between layers and ‘achieving warpage or distortion free parts’. Fisica (2017) expands on how labour costs are very high when the work is carried out manually however there is lots of potential to automate the line and therefore reduce the costs involved over the long term. 

A report by Hexcel (2005) elaborates on the technology advancements in pre-preg industries and has created a graph, as shown below in Figure 9, to highlight that although pre-preg strengths do not lie with high volume, it does in fact boast a higher performance and standards than other fabrication processes.
Figure 9 shows a comparison of production volume against performance - (Hexcel, 2005)
[image: PREPREG TECHNOLOGY
4HEXCEL COMPOSITES
B - Why use composites ?
Comparison of different material characteristics :
Composit...]
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The turbine blades design and material selection is a critical aspect of reducing the risk of product defects. A defect is defined as anything that impairs the quality of the produced part. Defective blades can result in parts being scrapped as they are no longer sellable.  If defects are not spotted, the wind turbine commissioner, owner or surrounding area is at danger. For example if the blade has a fracture, a shard of the blade could split off whilst rotating at a high velocity and cause harm. Figure 10 displays that 19% of all wind turbines related incidents are on account of blade failure. Figure 11 shows that 36.7% of all wind turbine failures is due to manufacturing defects.  
Figure 10 shows the percentage damage types from Wind Turbines- (Bangert, 2017) [image: Sensors 14 07312f2 1024]
Figure 11 shows the failure causes of wind turbine blades - (Bangert, 2017)[image: Image result for wind turbine statistics defects]
Manufacturing defects of wind turbine blades have been discovered in the forms of porosity, in-plane waviness, and out-of-plane waviness as per figure 12. Hexcel (2013) explains that ‘porosity and homogeneity of infused parts is lower than pre-preg parts’. Defects can also include adhesive de-bonding, joint failure, channel cracks, delamination and the splitting of fibres as shown in figure 13.
Figure 12 shows composite defects - (Xiang Li, April 2014)
[image: Multiple Adhesive Joints in Modern Wind 
Turbine Blades
 ]

Figure 13 showing Frequent Locations of Damage on Wind Turbine Blades - (Xiang Li, April 2014)[image: Image result for composite fibre defects turbine blade]


Quality controls are in place to identify any part defects before parts leave shop floor. These quality controls are critical to ensure engineers have confidence in their product and to ensure the turbine blade meet the user and function requirements. Any unknown damaged part released to a customer is a risk to a company’s reputation. 

Many composite defect tools are available to support manufacturers to test their products via a non-destructive method such as vibration analysis, thermography, X-ray imaging and IR imaging. IR imaging, as per figure 14, is one of the most common analysis techniques that can be used to indicate the locations of fibre defects within turbine blades.
Figure 14 showing blade defects via IR imaging – (Sandia , 2014)
[image: Related image]

[bookmark: _Toc504771674]Environmental Affects
There is a pressure globally and in particular the UK via the Waste Implementation Programme on both individuals and industries to act greener and recycle more. Wind turbine blades have increasingly attracted the interests of manufacturers and owners as recycling the blades is a challenge due to the structure of the blade and the composite materials used. In (July 2016) Composites UK Ltd stated that ‘composites are by nature strong, durable and non-homogeneous, which makes them inherently difficult to recycle and commercialisation of recycling routes has been challenging’. It is a ‘common misconception that thermoset composites cannot be recycled due the presence of crosslinks’ (National Composites Network, 2006). The composite material used in blades form a thermosetting matrix. ‘Unlike thermoplastics, thermosetting matrix cannot be remoulded to form new product. So the options are either to reuse the blade and the composite material elements as they are found in the blade or to transform the composite material into a new source of material’ (Leon Mishnaevsky, 2017). Waste glass fibre composites can be ‘incinerated in a cement kiln for energy recovery; the incombustible parts (glass fibre, filler) can be used as raw material for cement production’ whereas carbon fibre composites can be ‘converted into the Carbiso range of products including chopped and milled fibre, oversized tow and non-woven mats or other products using recycled carbon fibre, including injection moulding compounds’ (Composites UK Ltd, July 2016).

[bookmark: _Toc504771675]Health and Safety Implications 
Legalisations are in place to promote best practises in industries to encourage safety and hold people accountable for any wrong-doings. ‘The Health and Safety at Work Act 1974 is the primary piece of legislation covering occupational health and safety in Great Britain’ (HSE.Gov, 1974). Manufacturing should access all health and safety risks related to a process before introduction. Assessment pre-introduction ensures any identified risks are minimised as much as is reasonably possible. For example, Wet Layup is heavily reliant on operators working very closely with resin therefore there is a risk of the resin penetrating clothing due to the resins low viscosity.  Vacuum Resin Infusion has the tendency of being less operator dependent due to automation improvements; therefore the likelihood of resin-to-human contact is far less than in the Wet Layup process. If resin is not spread out over a large surface area the heat will not be able to dissipate naturally. As ‘heat builds within the resin mass it accelerates the cross-linking, which creates more heat, and so on. The resultant bubbling, smoking, fiery mess is called an uncontrolled exotherm. The smoke from such an occurrence is toxic and inhalation should be avoided at all costs’ (Mellema, 2002).
All three core manufacturing techniques require extraction units or respiratory protection to limit their inhalation to limit the airborne styrene. Pre-preg process is different from Wet Layup and Vacuum Resin Infusion due to the resin already been impregnated with hardener, therefore the need for operators to mix epoxy is removed which reduces their exposure to potentially harsh chemicals. Another risk is during machining of cured laminates liberates short fibres and allows them to become airborne, for example fibres become airborne when drilling turbine roots for guide pin holes. These airborne fibres can become trapped deep in the lung and damage lung tissue.

[bookmark: _Toc504771676]Conclusion

To conclude, the manufacture of turbine blades varies hugely dependent on which method is chosen. Each process has its differences but they can all successfully manufacture turbine blades however, particular methods are certainly more favourable than others dependent on the customer requirements and demands. Wet Layup is a relatively simple operation, but very manual and slow. Vacuum Resin Infusion as a process is more complex due to the equipment set-up however the process can be automated consequentially having faster cycle and cure times than the Wet Layup process too due to the aid of the warm, pressured vacuumed environment. Rate of curing can be accelerated by either an autoclave or a hot press. Autoclaves are the cheaper option due to low complexity of the equipment needed, however autoclaves are more appropriate for low volume products due to the slow cycle time. Hot press is a faster alternative to cure parts, but equipment and tooling costs are expensive, and have limited flexibility changes. The hot press is not commonly used within turbine blade manufacture, instead more commonly used with smaller shaped, high volume composite parts for industries such as automotive. Pre-preg on the other hand lends itself to turbine blade manufacturing more naturally due to the high performance and standards compared to that of other fabrication processes. Pre-preg process strengths do not lie with high volume, which is arguably not a drawback due to relatively low output demand of turbine blades compared to that of automotive composite parts. 
Analysing turbine blade manufacturing processes was found to be challenging due to resource limitations and conflicting data.  There are plenty of articles, reports and informative literature available via the internet however many of the sources often showed tendencies that lent towards their professional preferences rather than a more diverse approach. When analysing sources it was common for the same manufacturing data from reoccurring companies to publish their engineering findings, thus making it difficult to gain a broad knowledge of the manufacturing processes. 
The purpose of this report was to analyse the processes and material data available with turbine blade manufacturing and not that of which is greater, thus leaving that decision undetermined. One certainty however is that both the market growth and technological advances within renewable energy is increasing consistently and with a globally united front to excel within renewable energy sources it is of an industry and worldwide interest to see which composite process will develop most over the next decade.
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TYPICAL MECHANICAL VALUES ON EPOXY PREPREG LAMINATES
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Step 1 The Mold
Prepare your mold
Select your reinforcement
Select your flow media and/or core material

Step 2 Resin and Vacuum Lines
Select your resin feed lines
Select your vacuum lines

Step 3 Vacuum Bag
Build your vacuum bag
Allow for prohibiting resin from entering the vacuum

Step 4 Vacuum Pump
Attach the pump
Ensure proper vacuum

Step 5 Prepare for Infusion
Select your resin
Resin bucket set-up

Step 6 Resin Infusion
Catalyze your resin and allow it to start infusing
Clamp off resin line

Step 7 Experiment and Test for Improvement
Helpful supplies for vacuum infusion
Typical variations in set-up
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TABLE1 | EPREGGING COST vs.

Machine operation schedule

Hours/day 16

Days/week 5

Weeks/year 25
Machine output

mhr 45

m?/day 720

m?/year 90,000
Carbon fiber price input 25/kg
Resin content by weight 35 percent
Fully loaded labor rate $65/hr
Direct costs 6.22/m?
Indirect costs $0.62/m?
Materials cost $6.47/m?
Total manufactured cost 11.35/m?
Accelerated payback 5 years
Fiber areal weight 150 g/m?
Current purchase cost 30/m?
Potential savings per year 1,502,525
Net present value (NPV) of project* $2,630,593
Internal rate of return 154 percent

Profitability index (NPV/initial investment) = 3.51

“NPV assumes 10% opportunity cost of capital, 5-year term with
IRS MACRS depreciation schedule and 35% corporate tax rate)
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INTRODUCTION

The benefits of composite materials are well documented and the great variety of applications for composites ranging
from "industrial” and "sports and leisure" to high performance aerospace components indicates that composite materials
have a promising future.

This guide has been written to provide a greater understanding of PREPREGS, how they are manufactured, processed,
their properties and varied applications.

Information i provided to assist with the choice of the most suitable prepreg and processing method for an application.
To assist with product selection Hexcel has produced the PREPREG MATRIX SELECTOR GUIDE which is available
on request. For more information on our product range, prepreg selection or processing techniques please contact
Hexcel.

A - Main technologies for high performance composites

The position of prepreg technology in terms of performance and production volumes is compared below with other
fabrication processes.
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Failure Causes

Lightening 3.7% Loosening of parts 3:4%
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Effects of Defects:
Understand Defect Types

+ Waves: bending or waviness along fiber length
* In-plane (IP): fiber waves on surface (left)
+ Outof-plane (OP): fiber waves through thickness (right)
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Type 2: Adhesive joint failure (chanal cracks)
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Type 2: Adhesive joint failure
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Splitting along fibres
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Aturbine blade is
shown during normal
operation. No defects
present

Asimilar wind turbine
blade with fiver wave
defect indications
located in the carbon
fiber spar cap.
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