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Abstract

This report aims to give a detailed review of work conducted to optimise the adhesive bond within a railway pantograph carbon collection strip where an epoxy adhesive is used to bond aluminium to carbon. Upon curing of the adhesive, cracks were forming within the carbon and across the bond due to stresses within the system and its brittle nature. A Six Sigma approach was used to define the problem and help identify a potential root cause which was determined as the choice of adhesive. 
A literature review of adhesives and epoxies was conducted to gain a fundamental understanding of how manufacturing methods effect the performance of the adhesives in terms of thermal and electrical conductivity, thermal expansion coefficient as well as ductility, toughness and strength. It was noted that to overcome one issue, e.g. thermal expansion, a sacrifice is made such as a product with a better thermal stability will inherently show a lower strength.
A substitute resin was selected and trialled as a replacement. Specified criteria to be met included shear strength, electrical conductivity and thermal stability. Along with thermal gravimetric analysis (TGA), shear strength testing and electrical resistance testing, deflection probes were mounted against a part to quantify the movement caused by heat treating.  Results showed that Resin B was superior in strength, showed a greater thermal stability and degraded slower under accelerated hostile conditions, adhesive A however showed a better electrical resistance profile and further work could be undertaken to help improve the conductivity of adhesive B.  
A range of cross liking times were trialled to try and increase ductility at the sacrifice of strength, however further work is required to fully characterise both adhesives optimise the bond to give the best balance of required properties whilst minimising carbon cracking on curing.
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[bookmark: _Toc512349737]Introduction
Morgan Advanced Materials are world leaders in the manufacture and supply of electrical current collector carbons which are used in pantograph assemblies for rail applications such as high-speed trains, city trams and trolley busses.
Carbonaceous raw materials are mixed and then extruded though a chosen die. The ‘green’ extruded carbons are heat treated and then fitted to an aluminium carrier sheath using various methods such as soldering, crimping, rolling and resin bonding. The material grade, shape, length of the carbon and the choice of bonding method used is customer and part number specific. The focus of the project will be on adhesive bonded parts which are cured at elevated temperature.

On carbon lengths which are bonded to an aluminium sheath using an epoxy resin, there has been a historical issue with the formation of cracks in the carbon following oven curing of the resin bond. These cracks are not acceptable for customer supply and hence are rejected internally. This will result in yield loss, increased manufacturing costs, requirement for increased inspection levels and longer lead-times for supply to the customer when cracking failures occur, no re-work loop is possible for a crack and is therefore critical. 

To reduce the cost of quality and to ensure that customer delivery dates are achieved, it is essential that the root cause for the crack formation in such carbons is understood and eliminated.

[bookmark: _Toc512349738]Aims & Objectives
The objective of the project will be to determine and understand the root cause of the crack formation in the carbon following bond curing and make an improvement. The known variables and areas to investigate will include:

· Homogeneity of the carbon microstructure.
· Aluminium sheath specification chosen
· Adhesive system used.
· Bond curing process, heat cycles, behaviour at different temperatures.
· Coefficient of thermal expansion and heat conductivity between carbon, resin and sheath.

A Literature review will be undertaken to gain understanding of adhesives and bonding before process variables are investigated and an improvement is selected. Once chosen, the ‘new’ parts will be tested and compared to the original product to help quantify any changes and ensure no major deviation from the original product have taken place, whilst monitoring if cracking defects are still present.  
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[bookmark: _Toc512349739]Product Application & Background
A full pantograph assembly sits on top of a train running on an electrified system. It provides the critical point of contact between the vehicles themselves and an overhead catenary wire which is powered from electrical substations. This effectively ‘plugs in’ the train to the power.  (RailSystem.net, 2015) According to (Alstom, 2013) the carbon contact strip is sprung loaded against the catenary wire to maintain contact and reduce arcing caused by wire sag. The carbon strip slides along the wire and transfers the electricity to the train to power the motors. Figure 1 below shows a pantograph assembly. (Ambrosio, 2013) emphasises the importance of constant contact between the catenary and the carbon by stating that electrical arcing will cause damage to both parts, premature wear and inefficient transfer of power to the train. Due to the importance of consistent contact, a uniform and high-quality carbon strip is required, (Ding, 2012) states electrical current will have lubricating properties under steady conditions but the coefficient of friction between the two parts will be at its most erratic when contact is non- uniform and that electrical arcing is the most prominent reason for accelerated wear rates. 
Morgan Advanced Materials are responsible for the manufacture and supply of the contact strips only and have to guarantee a high-quality product free of defects which could promote poor contact such as cracks, dimensional inaccuracies and surface finish. 
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· [bookmark: _Toc512325816][bookmark: _Toc512356358]Figure 1 – (Rail System.net 2015)
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[bookmark: _Toc512349741]Adhesion Overview
An adhesive can be simply defined as a material capable of permanently holding two or more surfaces together whilst remaining resistant to service environments. There are many applications where adhesives are utilised such as in construction, packaging and transport industries.  There are some critical requirements for an adhesive to fulfil which are the following:  
· Remain liquid during bond formation to fully wet the substrates.
· Form strong surface attachments through adhesion mechanism.
· Harden from liquid to solid to be suitable for load bearing application.
· Distribute loads evenly among the components in the assembly.
· Fill gaps and cavities. 
· Be compatible with assembly components to give a durable final product.
There are a wide variety of adhesives which are manufactured with a base polymeric material which is then combined with other materials such as fillers, stabilisers, plasticizers and pigments. The adhesives are generally categorised based on their original polymer although properties can vary greatly within the same family of resin based on manipulation of the additives or the polymer itself, this is often exploited to give desirable properties based on the required application (Petrie, 2007). When specifically considering strength as a property, adhesives can be separated into two basic forms, non-structural and structural. A non- structural adhesive is suitable for temporary applications and forms a less permanent bond such as wood glue, where as a structural adhesive would be used where strength and load bearing is critical, epoxies for example are a classic structural adhesive due to their good mechanical properties (Adhesives.org, 2017).
Adhesion between two substrates occurs when contact is made, and a force is required to remove them from one another.  Intermolecular forces between the adhesive and the substrate play a large role in adhesion oppose to chemical bonds which occurs less often and is more related to cohesion bonds within the adhesive system itself, rather than at the adhesive-substrate interface.  Making a successful bond however is ultimately a combination of a variety of factors, for example joint design should be designed specifically around making the bond as strong as possible in order to eliminate the chances of poor wetting, tolerances issues and miss-filled gaps.  Consideration for the environmental application in terms of temperature, load and chemical exposure is also critical in ensuring the bond is fit for purpose (Petrie, 2007). 
[bookmark: _Toc512349742]Advantages & Disadvantages
Using structural adhesives over other fastening methods has many mechanical advantages. Welding and mechanical fastening for example both results in localised stress near the weld or fastening point which will cause weakness in discrete areas in the assembly where holes have been drilled or welds have seen elevated temperatures in the heat affected zone. An adhesive should spread stress evenly across and between substrates.  Additional to this a weld will require dressing to be aesthetically pleasing and further provisions are required to enhance strength, especially when considering dissimilar materials due to differing thermal properties such as conductivity and expansion coefficients. Adhesive bonding eliminates these issues and gives an aesthetically pleasing join with an even stress distribution.  A good example of this is in aircraft where complex honeycomb-like components cannot be welded due to stress distribution and weight saving requirements, in the same application the adhesive can also act as a vibration damper by reducing oscillations. Some disadvantages however are related to process control, where surface preparation, mixing, curing and adhesive application needs to be critically controlled to give the bond required strength in use. In -use disadvantages include heat resistance, service life and associated limited environments it can perform in. For example, elevated temperatures, continuous stress and high moisture levels can vastly accelerate the failure of the bond between substrate and adhesive. The adhesive itself can also fail due to internal stresses caused by shrinkage on curing. Adhesives also perform better when stressing in shear, opposed to peeling forces which could result in premature failure depending on application (Petrie, 2007).
[bookmark: _Toc512349743]Bonding dissimilar materials
A significant and relevant application of adhesives is to bond dissimilar materials. A study by (McCleary, 1995) utilised and assessed the use of structural epoxy adhesives to bond aluminium to steel concluded that the join was suitable and durable enough to prove an advantage to the automotive industry. The use of dynamic mechanical analysis also showed that the adhesives with the highest glass transition temperature showed the best lap shear strength, but epoxies in general gave a relatively poor decrease in strength above 100°C which was related to thermal expansion coefficient differences within the system.  Using an adhesive gives the potential to overcome expansion differences by using a flexible adhesive which will help dissipate stress within the adhesive, and not cause stress concentration within the substrates themselves (Permanbond, 2018).
[bookmark: _Toc512349744]Degree of Cross linking
Literature suggests that there is a relationship between curing time and strength due to the degree of cross linking that takes places over time. A study by (Kotynia, 2017) showed that there was a direct link between curing time of a chosen epoxy and shear strength. A resin was taken to a chosen temperature of 80°C and held for 25 and then 35 minutes. The additional 10 minutes of cross linking was shown to provide extra strength consistently, nominally around 8Mpa. The test was also conducted simultaneously with differential scanning calorimetry to monitor the cross-linkage time against glass transition temperature. The additional time resulted in a slight increase in glass transition temperature of around 3°C which was deemed negligible. The increased strength however is likely to result in a decrease in ductility, (Abbott, 2018) states that too much cross linking can mean that stress dissipation is unlikely, and therefor can lead to cohesive failure of the polymer. This is further emphasised by (Kinloch, 2014) who states that ductility and fracture toughness are both sacrificed as a result of heavy cross linking.
[bookmark: _Toc512349745]Thermal Expansion
Some applications require dimensionally stable components with minimal expansion during service, such products include bonded microchips to circuit boards which use materials of differencing thermal expansion; the mismatch in properties causes’ expansion and contraction at different rates, resulting in a build-up of stress which is only relieved upon cracking, warping and other failure modes. Using materials of similar thermal properties is not always possible therefor it is advantageous to use an adhesive with an expansion coefficient somewhere in-between the two substrates to be bonded to help mitigate, however using a more flexible adhesive with lower young’s modulus is more effective in managing thermal stress (Brenner, 2012). Adhesive formulators can lower the coefficient of thermal expansion by adding fillers. This will help reduce internal stresses in the system(s) which are caused by bonding dissimilar materials. It is possible to alter the expansion coefficient of the adhesive to give the best compatibility with the substrates, however there is a point where too much filler will result in poor wetting ability and cohesive strength is lowered, which again emphasises the use of flexible adhesives opposed to a highly filled, low expansion option (Petrie, 2007). Expansion measurements were recorded by (Chang, 2011) using dilatometry where 3 filled epoxy adhesives were tested. A silica filled adhesive with two differing percentages of filler and a ceramic filled material were tested.  The 12% ceramic showed very low expansions rates as did both silica filled adhesives, with the lesser filled silica showing the most expansion, proving a direct relationship between coefficient of thermal expansion and filler content.
[bookmark: _Toc512349746]Thermal Stability
The ability of an adhesive to provide strength at elevated temperatures is arguably one of the key features when considering application within industries such as aerospace, electronics and automotive engineering. Measuring the thermal stability of an adhesive is critical in predicting service temperature of the product and heavily relies on the usage of thermo- gravimetric analysis, (TGA). Measuring thermal degradation and adhesive life relies on the relationship between weight loss rate and chemical bond strength, which is assumed as inversely proportional when conducting TGA testing. It is assumed that as chemical bonds are broken, volatile material is released which results in a mass loss. (Anderson, 2011)  A thermal degradation study was carried by (Anderson, 2011) out where an epoxy resin was isothermally held at a variety of elevated temperatures to monitor the extent of volatile released. The graph below in figure 2 shows the weight loss extent against time, where there is a clear relationship between operating temperature and volatile loss as higher temperatures show a greater extent of weight loss.
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[bookmark: _Toc512325817][bookmark: _Toc512356359]Figure 2 - (Anderson, 2011)


[bookmark: _Toc512349747]Ductility & Toughness
Plasticizers can be included in the formulation of the adhesive and will give flexibility to the cured adhesive but as a result will show a lower cohesive strength and glass transition temperature. Ductility and toughening additives are also considered solutions to stress management. These additives will resist stress by allowing some deformation in the system where as a toughened adhesive will have particles dispersed through the resin to provide sites within the bond to mitigate cracks. Both will effectively increase the area under a typical stress/strain curve, i.e. increasing the amount of energy the system can handle before failure (Petrie, 2007). Stress in a system can be partly attributed to small cracks and voids caused by the resins’ brittleness and introducing a more flexible bond would help reduce the overall internal stresses. (Yang, 2007)
In a study conducted by (Chu, 2016) a polymer filler material was added to a typical DGEBA epoxy matrix which resulted in increased toughness as a result of certain segments acting as hydrogen bonding acceptors. Diglycidyl ether of bisphenol or DGEBA is one of the most commonly used epoxies and when combined with liquid aromatic amine hardener gives excellent mechanical properties but is considered brittle.  When a filler material is used, ductility improves, however as filler concentration increases other properties such as tensile strength and glass transition temperatures where shown to considerably decrease as a consequence (Yang, 2007). Below figure 3 shows the chemical formula for a typical DGEBA epoxy adhesive: 
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[bookmark: _Toc512325818][bookmark: _Toc512356360]Figure 3- (Ren, 2016)
Research and experiments have been conducted with the aim to discover an adhesive that gave optimal toughness with respect to cyclic loading. One method trialled by (Kinloch, 2014) was to add a low-density rubber as a filler material, resulting in an epoxy matrix with rubber particles dispersed evening throughout. Upon curing, the rubber would polymerise and leave a multiphase microstructure. The newly modified matrix is more capable of absorbing energy and dissipating stress. This effect is largely attributed to localised plastic shearing around the rubber which creates voids within. The voids amongst the rubber particles allow the epoxy matrix as the stress moves from one rubber particle to another. A second adhesive was tested and was an epoxy- thermoset polymer blend which shows a similar effect as the rubber particles by utilising phase separation upon curing. Both these were tested against a control sample of an unmodified DGEBA epoxy where dynamic mechanical thermal analysis was used to measure the glass transition temperature. Results showed that the unmodified adhesive glass transition temperature was 134°C, the rubber filled epoxy was 132°C and the polymer modified epoxy was 125°C, resulting in a negative impact by the addition of fillers. Measurements of Young’s Modulus showed that the unmodified epoxy was the stiffest, and most brittle (3.53Gpa) whereas the rubber filled matrix was the most flexible with a modulus of 2.63Gpa, the polymer modified adhesive was between the two at 2.72Gpa.
[bookmark: _Toc512349748]Electrical Conductivity
The nature of the organic material used in adhesives results in insulating properties; however, the application of a pantograph is to transfer electrical current from overhead cables to the vehicle. The current must pass through several interfaces of the assembly - from copper wire through carbon, then through the resin bond, aluminium carrier and finally onto the train therefore reducing the resistivity of the polymer section is critical to maintain a strong electrical path. A common way of improving bond conductivity is to add highly conductive material as a filler to form a network of paths of low resistance across the bond.  Metal particles can be used such as copper or silver if there is sufficient concentration to provide contact between substrate, the particles themselves and the second substrate to promote the flow of electrons. Too high a quantity of metal particles however will result in a degradation of tensile strength and a lower degree of flexibility of the bond.  Conductivity relies heavily on a continuous path, so any break is likely to cause a high electrical resistivity and high operating temperatures. A broken path can be the result of several issues, for example thermal expansion stresses, metal particle oxidation, and poor distribution of the conductive filler. Particle size and shape also have a bearing on conductivity as an electrolytic flake-like structure will provide more contact points than atomised spherical particles but using flake particles exclusively will result in a higher viscosity and a less useable resin, therefore it is common for particles to be of a mixed variety to be used to give optimal properties (Petrie, 2007).   
[bookmark: _Toc512349749]Epoxy adhesives
Both current and replacement resin will be from the epoxy resin family. Epoxy resins are the preferred choice due to their mechanical properties and superior performance against hostile environments. According to (Cripps, 2017) epoxy resins will outperform most other systems in terms of adhesion and is the main adhesive material used in applications such as aerospace and boat building. This is emphasised by (Penn, 1982) who states that epoxy resins give the least amount of shrinkage whilst retaining the highest strength properties of any other polymer adhesive.  According to (May, 1988) curing conditions of thermosetting epoxies lends itself to low stresses, low volatile content and the ability to manipulate the amount of cross-linking, and therefore mechanical properties.  Unlike thermoplastic polymers which will soften, a thermoset epoxy will retain its mechanical properties until a point at which it will begin to simply burn (DeGarmo, 2003). 
By manipulating manufacturing methods, choice of hardener, chemical structure and heating cycles an epoxy can specifically be altered to give desirable properties such as a higher glass transition temperature, which is a principal factor when deciding on application of a resin. Glass transition temperature is the point, or a range of temperature, where the resin transforms from a solid to a softer, rubber like material. In general, an elevated temperature curing will give a higher temperature glass transition.  This is important because at this point the bond will begin to lose strength as the modulus decreases rapidly at temperatures higher than the transition temperature and the bond will begin to fail (Epotek.com, 2012). 
[bookmark: _Toc512349750]Structural & Non-Structural
Epoxy adhesives can be broadly categorised into their form and setting conditions. For example, there are adhesives which are two-part systems which again can be split into room temperature cured and elevated temperature cured. Then there are single part systems cured by using a catalyst and those cured by radiation. All of these can be considered reactive adhesives as they require a chemical reaction to promote cross linking. It is generally accepted that to achieve a bond that is heat resistant an elevated temperature cured adhesive should be chosen, this will also give a higher shear strength, higher glass transition and better environmental resistance, at the sacrifice of toughness and flexibility when compared to room temperature cured bonds.  Further to this, the original resin structure, chosen catalysts and additives/modifiers will also have a bearing on properties such as chemical resistance, thermal stability and strength.  
The chemistry of epoxy reactions states that a single amide will react with two epoxy rings, meaning that a commonly used diamine hardener will react with four epoxy rings, which leads to a heavily cross linked and brittle cured resin. Adding a blocked polyurethane pre-polymer to an epoxy is a method in adding flexibility as this means that the level of cross linking is decreased and therefore brittleness also decreased, with a relatively low penalty in glass transition temperature (Johnston, 2013). 






















[bookmark: _Toc512349751]Method & Materials
[bookmark: _Toc512349752]Defining the Problem
In order to identify potential causes for cracking in the carbon it is beneficial to track the parts history from start to finish. This can allow a broad identification of problems in the upstream process and help to identify a route cause for the failure, before further more detailed analysis.  Process mapping also allows to identify differences between the process written and real life ‘as is’ procedure by physically walking through the process. According to (Pyzdek, 2017) using a process map allows users to clearly visualize weaknesses and strengths in the process and to analyse what steps are contributing to adding value to the product.
[bookmark: _Toc512349753][bookmark: _Toc496209268]Carbon Extrusion Process Map 
[image: ]

The process flow broadly shows the route from raw material powders to a kilned carbon strip, before entering the finishing line. Raw materials are blended and press into a cylinder. This temporary shape is made to allow pre-blended material to be held as stock awaiting extrusion.  The cylinder is heated and fed into an extrusion press through a chosen cross section and laid on a flat board to hold its shape in a warm, soft condition. Parts are then sent for a two-stage heat treatment process where temperatures reach 1300°C to drive off all volatile content from the binder material. From here parts are cut to specified length and sent from inspection. Inspection criteria at this point is cross section dimensions, defects, and thickness as well as elevation deviation from a flat datum on two planes. Any bending out of tolerance cannot continue in the process as they will not be of correct shape for finishing.  Image below in figure 4 shows a rejected part as elevation from flat is greater than a specified tolerance, measured by feeler gauge. 
[image: ]
[bookmark: _Toc512325819][bookmark: _Toc512356361]Figure 4 – (Author taken 2018)
With respect to cracking defects, parts are generally of good quality after extrusion. Cracking is most evident after the next process within the finishing factory where the carbon is bonded to an aluminium sheath carrier and cured with a two stage process as below: 
[bookmark: _Toc512349754][bookmark: _Toc496209269]Bonding Process Map 
[image: ]
The finishing factory is of a cellular layout and carries out multiple operations to assemble a completed part. Once a carbon strip enters the line a slot is machined down its length which houses a silicone tube within which has pneumatic use. The carbon is then sent for a copper spray to increase electrical conductivity before being bonded to its matching carrier sheath. The assembly is then sent for bond curing at temperature. Cracks begin to appear after the bond has been cured and therefore, the investigation will be based heavily around the bonding process and oven curing where the variables are the materials themselves and curing conditions. Good parts are subjected to a serious of tests as per European railway standards require which include electrical resistance, shear strength and any leaks from the fitted air tube.


[bookmark: _Toc496209270][bookmark: _Toc512349755]Critical to Quality
A CTQ study shows what elements of the final product are important to the customer, and any changes made to the manufacturing should consider how it might affect these.
[bookmark: _Toc496209271][bookmark: _Toc512349756]Resistivity / Grade Selection
Grade selection is important as differing contact strips will behave in diverse ways when under electrical load. For example, a carbon & copper composite will be used where current is particularly high, this being because the copper is a good electrical conductor and will help lower the products electrical resistance.  Resistivity, according to (Miyachi, 2016) is a materials opposition to a flow of electrons, therefore a material with a low resistivity, such as copper will require a much larger amount of electricity to generate the same amount of heat as a material of a high resistance and there for copper products are chosen where temperatures are expected to reach high levels. Moderating temperature is especially important in pantograph applications where temperatures are generally high. A moving system will generate high temperatures when electrical arcing takes place and a static train at a station will have elevated temperatures at the contact point, therefore a low resistivity material is critical is helping to reduce operating temperatures of the assembly. In a study conducted by (Wu, 2016) it is determined that resistivity and related temperatures have a direct impact on the life and wear of a pure carbon pantograph strip. Figure 5 below shows the temperature is highest at the point of copper wire to carbon contact. Excessive temperatures can also result in a softening of the polymer used to bond carbon to aluminium and a failure of the part, potentially resulting in damages to the train and catenary system. (Bjork, 2010)
[image: ]




[bookmark: _Toc512325820][bookmark: _Toc512356362]Figure 5-(Wu, 2016)
Reducing resistivity and temperature is also critical to the catenary wire.  Should the overhead copper wire reach sufficient temperature in air, it can form a lesser conducting, higher resistance copper (II) oxide as per the formula 2Cu +O2 →2CuO which would result in accelerated wear of the railway infrastructure. (Bjork, 2010)                                                 
[bookmark: _Toc496209272][bookmark: _Toc512349757]Dimensional Accuracy & Weight
The customer requires parts of relatively high dimensional accuracy with respect to length, width and radial (or flat) profile. These dimensions are critical to fit their pantograph assembly and allow retro-fitting of the carbons which are consumable parts. Weight is also a key factor, should the mass of the assembly exceed a certain point then the sprung loaded pantograph will come away from the wire and cause an arc.  (Bjork, 2010) emphasises this where he states that a lack of upwards force will ultimately result in deterioration of both the strip and the wire.


[bookmark: _Toc496209273][bookmark: _Toc512349758]Physical Properties 
Impact strength is another crucial factor when considering key features for the customer. Due to the hostile environment and nature of rail systems the carbon strips are frequently submitted to impacts at high speed, e.g. changing from one wire section to another and continuous chipping from ice build-up, foreign bodies and lose catenary infrastructure. The carbons brittle nature can also mean that a poor strength part could break before its predicted end of life which means additional maintenance and inspection costs for the customer. (W.King, 1977).
[bookmark: _Toc496209274][bookmark: _Toc512349759]Auto-drop Detection
Auto-drop detection devices or ADD are increasingly common in pantograph applications. Pantograph heads are held in place by pneumatic systems where an airline runs through the length of the carbon. Should the strips have a sudden impact, or excessive wear the internal tube will burst, and the assembly will lower itself away from the wire. This feature is essential to some customers as it helps to prevent potential catastrophic damages to catenary infrastructure. (Morgan Advanced Materials, 2017) Figure 6 below shows a Morgan Advanced Materials designed cross section of a collector containing an ADD tube.
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[bookmark: _Toc512325821][bookmark: _Toc512356363]Figure 6- (Morgan Advance Materials, 2017)
[bookmark: _Toc496209275][bookmark: _Toc512349760]Life
As a consumable part the customer expects a carbon strip to have a relatively good wear rate and life span. Life is usually quoted in kilometres per millimetre. Whilst this is difficult to factor into design and manufacture a guarantee is given of a minimum life based on field trials and dynamic testing and hardness checks.
[bookmark: _Toc496209276][bookmark: _Toc512349761]Project Scope
The cracking defect under investigation is most prominent after curing of the epoxy resin at elevated temperature. Whilst the resin can be cured at room temperature, an oven cure is necessary to give the bond a higher strength when operating in hostile conditions. The focus and main detail of the project therefore will be on the interactions between the carbon, resin and sheath whilst bond curing. An Investigation into a substitute resin system will be carried out along with comparative analysis of the current adhesive used. The main focus will include curing method, associated temperatures, as well as critical properties such as thermal stability and shear strength of the bond.  The aim of using a more flexible and ductile bond will be to allow the carbon to move at temperature, rather than be held ridged and produce a crack.
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	September
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	December
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	February
	March
	April

	Submit Proposal 
	
	
	
	
	
	
	

	
	Gather information from colleagues & Literature 
	Define the Problem
	
	
	
	
	

	
	
	Map the process. 
Cause & Effect analysis
	
	
	
	
	

	
	
	
	Investigate Process variables
	
	
	
	

	
	
	
	Choose potential cause to investigate
	Identify an improvement
	
	
	

	
	
	
	
	Make changes lab tests & trials
	Analysis of results
	
	

	
	
	
	
	
	
	Formulate conclusion
	

	
	
	
	
	
	
	
	Final report



The timing plan from September 2017 to April 2018 will follow the steps as listed above. 










[bookmark: _Toc512349763]Cause & Effect Analysis (Carbon Cracking)
Using a fishbone or Ishikawa diagram is a powerful method of helping to identify the root cause of a problem. First developed by Professor Karou Ishikawa it has gone to become one of the most commonly used quality tools in the manufacturing industry. (Pyzdek, 2017)
 It explores six critical factors in a process which are Man, Material, Method, Machine, Measurement and Mother Nature. Constructing a fishbone diagram gives a visual representation of contributing factors that could be causing the failures. Figure 7 below shows a fishbone diagram created with input from the Morgan Advanced Materials Quality department, bonding operators and applications engineers.
[image: ]Ishikawa Diagram






















[bookmark: _Toc512325822][bookmark: _Toc512356364]Figure 7 – (Morgan Advanced Materials 2018)
Potential causes were ranked highest (9) and highlighted in red as being the most likely contributors to carbon cracking.
The highest-ranking causes selected for further investigation were the rigidity of the bond, differing thermal properties of each component, the oven curing method and the way the parts are clamped.
[bookmark: _Toc496209281][bookmark: _Toc512349764]Variables & Inputs in Current Process
[bookmark: _Toc496209283][bookmark: _Toc512349765]Carbon Microstructure
The raw materials used in the extrusion process to manufacture the carbon strips are graphite, petroleum coke and a coal tar pitch binder which cokes when heat treated. If material is not mixed correct, uniform and homogenous there could be binder rich areas which when heat treated can give off more volatile than expected within concentrated areas. This could cause a micro-crack or a pre-cracked material which although not detrimental at this stage will propagate into a larger crack when put through the downstream bonding process in question. Other contributors could be a non-uniform particle size of cokes and graphite as well as larger areas of porosity culminating the weak spots prone to cracking around large aggregate associated with shrinkage and contraction under temperature.
A cross section from a pantograph strip was cut, ground and polished to be analysed under polarised light microscopy. Graphite, coke and binder material all have different optical properties and using a polarised light filter allows to identify each constituent.
 Figure 8 below shows a micrograph of a cross section from a carbon strip.
[bookmark: _Toc496209284][image: ]
[bookmark: _Toc512325823][bookmark: _Toc512356365]	Figure 8 – (Morgan Advanced Materials - Analytical Laboratory, 2018)
The micro structure shows a relatively uniform distribution of coke, graphite and binder material within the carbon portion of the image (upper section), there are some larger particles such as the left-hand side of the image where a large graphite particle of around 400µm is shown, however there are minimal shrinkage cracks associated with this. The large central crack continues (or begins) through a small layer of copper spray and into the resin bond itself which leads to the suggestion that the crack is caused by external stresses and not a poor base material, which would see the crack remain within the carbon microstructure where it is most brittle. Therefore, it is concluded that the base carbon material is not a contributing factor to the larger cracks present.
[bookmark: _Toc512349766]Aluminium Sheath
It is worth noting the specification of aluminium to asses as a variable input. The grade used for the sheath is an extrusion grade 6063-6 which contains silicone and magnesium as main alloying constituents. According to (Aalco, 2017) this alloy is chosen where complex extrusion sections are required, gives good corrosion resistance and is commonly used in rail applications.  Figure 9 & 810below shows the chemical composition and physical properties of 6063-6 aluminium respectively.
[image: ][image: ]
[bookmark: _Toc496209285]
                                                                                    







[bookmark: _Toc512325824][bookmark: _Toc512356366]Figure 9  - (Aalco, 2017)                                                                                                                 Figure 10 - (Aalco, 2017)
The scope of the project doesn’t allow for a major supplier change and the aluminium part of the assembly will remain constant throughout.







 
[bookmark: _Toc512349767]Resin System
The adhesive system currently used is an epoxy - hardener adhesive which according to the supplier retains a low electrical resistivity and is heat resistant to 200°C when cured, both of which are required for its application. Supplier quotes the following properties and curing method from their data sheet: 
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[bookmark: _Toc496209286]
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(Robnor resins, 2018)













[bookmark: _Toc512349768]Bonding & Assembly Method
It is important to review the current work instructions for assembling the pantograph strip to ensure the method is still relevant and not outdated, potentially missing critical or using redundant, non-value-added steps.  
It is also important to walk to process and view watch the ‘as is’ state in case there is a difference between what is instructed and what is physical carried out. The process of bonding the sheath to the carbon is as follows as per Morgan Advanced Materials quality instruction WI-5056.
Resin application
· Adhesive to be handled stored and mixed according to according to manufactures specification. 
· Prepare bonding station with correct bonding clips and pressure bars ready for use. Set up bonding fixture to ease assembly of clips, position and set clamps to hold down assembly during tightening sequence. If copper gauze is required, dry check correct gauze is provided, if auto drop is required, dry check auto drop tube assemblies supplied for correct fit.
· Apply generous amount of prepared adhesive to the aluminium face and spread evenly to cover the face completely. Repeat on the carbon face. Check to ensure adhesive wets the surfaces before assembling.  Fit copper gauze to aluminium, align holes in gauze to holes in aluminium; bend down ends to loosely hold in place. Apply generous amount of prepared adhesive to the gauze face. Carefully pick up carbon and fit carbon to aluminium locating connector ends through aluminium using thin rod in connector hole to help guide connector. If required fit lock nuts to ends of air connectors hand tight.   Lay pre-selected pressure bar on top of carbon, pick up and slide over the assembly enough hose clips to fully secure the product. 
Clamping
· Select the required pressure bar required for the job and count the number of segments.
· Select one jubilee clip per segment on the pressure bar.  Note: For metal carbon composite material an additional clip must be positioned as close as possible to each end of the carbon to maintain contact between carbon and sheath.
· Tighten clips using nut runner working from one side of the centre clip and alternating the tightening operation either side (working from the centre outwards).
· Check the finished assembly for excess epoxy running along the length of the aluminium on both sides. Remove excess by wiping with rag & solvent.
· Stack finished assemblies horizontally and carbon side up in the appropriate racking.
Figure 11 below shows an assembled part prior to oven curing of the bond.
[image: ]
[bookmark: _Toc512325825][bookmark: _Toc512356367]Figure 11 – (Author taken, 2018)
Bond Curing
· Load parts to pre-cure oven; ensure parts are horizontal with carbon on top. Note: This can be carried out at any time up to a maximum of 5 working days after assembly.
· Check drawing for oven setting requirements. If no specific requirements are indicated, use standard cure settings Set oven and run programme. (Epoxy Resins use program 4 pre-cure).
· Remove from oven and allow cooling to room temperature before marking 1st cure complete with yellow paint.
· Load for 2nd cure and set to 10°C per hour ramp rate and hold at 160°C for 1 hour to final cure the bond.
[image: ]


[bookmark: _Toc496209287]





· Remove from oven and cool to room temperature (do not remove any clips before cooling to room temperature). Mark with green paint as 2nd cure complete.
On observation, operators were following the method as per instruction. The scope of the project does not allow fundamental changes to the production method which has already been optimised by historical data and trials in terms of number clips, pressures involved, and adhesive quantity applied. The pre and post cure oven cycles are also on recommendation from the adhesive supplier to give optimal properties of the resin, so an assumption is made that the current assembly method is appropriate and will remain a constant. 
[bookmark: _Toc512349769]Behaviour at Temperature
Differing thermal properties between each component was identified as a contributing factor in crack formation. 
The linear thermal expansion of a material refers to the change in length related to the original length, expressed by Δl/l0. These changes are directly proportional to the change in temperature (ΔT). The expansion coefficient is the fractional change at changes in temperature and often quoted as alpha (α). The SI unit used is K-1 or 1/K. (Helert, 2017)
Bonding materials of significant differing thermal expansion can result in warping and distortion in products cured at elevated temperatures, as well as this, resins cured at room temperature generally do not perform well at above 100°C so it is difficult to avoid the issue by not heating the parts in the first place. (Lee, 1967)
There are four materials in total in the system, an aluminium sheath, a copper mesh, the adhesive and the carbon strip. All of which behave in differing ways at elevated temperature.  The table 1 below shows the thermal expansion figures of each component in the assembly.
	Component

	Aluminium
	Copper
	Carbon (graphite)
	Epoxy adhesive(supplier spec)

	
Expansion coef. 
(K-1)

	
23.5
	
17
	
8
	
40



[bookmark: _Toc512326232][bookmark: _Toc512326443]Table 1 - Expansion coefficient data
The different expansion coefficients mean that as the bond is cured each part of the assembly is behaving in a different way and expanding at different rates. This suggests that if there isn’t any flexibility in the system there will be concentrated stress points.
[bookmark: _Toc496209289]According to (Luth, 1994) bonding dissimilar materials with different thermal expansion is not uncommon, however the problem is amplified when an environment of heat or high power is involved.  Using dissimilar expansion materials encourages permanent deformation and fractures relative to each interface, industry has over the years used several methods to try and overcome the problem. For example, minimising the mismatch by using similar materials is preferred but limits materials selection whereas low temperature bond curing (another common method) will not give the required strength in service. Other options are to reduce the amount of bonding required by design or to use another intermediate layer to provide a step change in expansion to buffer the other parts of the assembly (Winther, 2005).  The differing expansion rates are inherent of material selection and cannot be altered, however the effects can be potentially mitigated by using a more flexible bond to dissipate stress and allow movement under curing.
[bookmark: _Toc512349770]Resin Substitution 
[bookmark: _Toc496209291]It was previously determined by Ishikawa analysis that one of the major primary causes of cracking was due to the differing coefficient of thermal expansion between each material, aluminium, resin and carbon. Therefore, it would be advantageous to either reduce the heat required to cure the bond or to use a more flexible adhesive system which would allow some movement of the parts and decrease the potential of cracking defects. Due to the required strength at temperatures in service curing at room temperature isn’t possible however a substitute resin is an appropriate option with the aim of giving a more flexible bond whilst retaining the required properties of the current system. 
The current adhesive used, Resin A is supplied as an epoxy system cured by a hardening agent, which according to the supplier gives good strength properties, long working life, heat resistance and good electrical properties. To give the required shear strength, it is cured to the suppliers recommended specification of 160°C at a specific ramp rate as shown in the bond curing process and held at temperature for one hour. 
Resin B, also a hardened, epoxy system designed in use for aerospace is claimed by the supplier of given optimal properties and requiring a much lower curing temperature of 93°C.  
It is known that using resin A produces cracked carbon with the thermal interactions at 160°C acting as a main contributor. Therefore, it is beneficial to either use a more flexible bond or to avoid the temperatures that cause the issue at source. Several comparative tests can be conducted to characterise the adhesives, beginning with analysis of how the part behaves on heat curing of the bond. This is carried out by using a specific rig built with linear variable differential transform probes mounted intermittently across the length of the pantograph strip to monitor the parts movement under heating. This will give an understanding of how much movement there is in each system.
Thermal gravimetric analysis can also be conducted to identify precisely at what point the volatile is given off and assess thermal degradation which will help characterise both resins in terms of curing behaviour, thermal stability and help quantify the use of filler material. 
Shear strength of the bond at temperature is a critical property for the customer and therefore resin B must have the required strength comparative to resin A to meet customer specifications. Additional to this the bond must remain electrically conductive to pass current easily and keep operating temperatures low therefore an electrical resistance test will be carried out on a final assembly.  





[bookmark: _Toc512349771]Test Methods
[bookmark: _Toc512349772][bookmark: _Toc496209292]TGA
Thermal degradation will be analysed on a T.A instruments TGA Q50 with the following technical specification shown in figure 12.
Using TGA will allow to critical analysis of each adhesive and how they breakdown at various stages of thermal loading. This will help qualify moisture, solvent and other decomposition reactions and at what points in the curve they are given off. Holding at an isothermal period will give information on thermal stability at a constant temperature. Measuring weight loss in an inert gas will allow a clear quantification of inorganic filler material.
[image: ]
[bookmark: _Toc512325826][bookmark: _Toc512356368] Figure 12 (TA instruments, 2015)
A sample of the cured resin(s) will be heated at a rate of 10°C per minute and isothermally held for 1 hour at 300°C in an inert nitrogen atmosphere. This will help gather comparative data between the two resins of how they breakdown at an elevated temperature, assess filler content, solvent loss and how each effects thermal properties. Tests will also be undertaken within a normal oxygen environment as a more representative, real life situation where oxidation will take place.



[bookmark: _Toc512349773]Shear Strength 
A shear test is conducted on a sample of parts to ensure that the bond has sufficient strength and falls within specification (minimum 5Nmm2).  The bond strength at the carbon - aluminium interface is a critical design characteristic of the product and is monitored by in-process testing on a regular basis. Innovative designs are also tested to determine design integrity prior to first supply and a change of resin would be considered an innovative design.  
The mechanics of the standard test is to cut the product up into standard test sample and apply a constant force using a Denison force tester to each until the bond is broken. Thus, recording the force needed to shear the bonded carbon from aluminium sheath. 
According to BS EN 50405 Railway Current Collection Testing Methods, shear test the method is as follows:
Sample Preparation
[image: ]
[bookmark: _Toc512325827][bookmark: _Toc512356369]Figure 13 - (BSI, 2015)
1) Contact strip
2) Test sample 30mm ±3mm
Take the selected collector for shear test and mark 32mm sections from the length of the collector. (A 30mm section is required + allowance of 2mm for the band saw cut).  Cut the samples using an appropriate saw.
Taking a sample from each end and the centre, mark the 30mm pieces to identify where they came from along the length of the strip. Using a 1mm drill bit; drill a hole 15mm down between the aluminium carrier and the carbon bond. File any of the aluminium swarf from the edges so the sample will sit flat in the sample holder.




Test Procedure
[image: ]Taking prepared samples fit to the suitable sample holder. The sample when fitted should be a snug fit and not be able to rock or slope forward ensure the base of the aluminium is flat to the sample holder. As shown below in figure 14:










[bookmark: _Toc512325828][bookmark: _Toc512356370]Figure 14 - (BSI, 2015)
1) Test section
2) Sample holder
Fit the sample holder into the holding jig. Locate the holding jig into the centre hole on the base plate of the Denison press. Figure 15 below shows a side on view of the jig setup.
[image: ]
[bookmark: _Toc512325829][bookmark: _Toc512356371]Figure 15 - (BSI, 2015)

1) [bookmark: _Toc496209293][bookmark: _Toc496209294]Sample sheath
2) Sample carbon
3) Force applied downwards
4) Press tool
5) Adhesion area
Measuring the strength of the bond is important as it is relevant to impacts in service that might occur on railway applications such as ice breakup, directional changes, birds and foreign objects along the overhead wire. 
[bookmark: _Toc512349774]Electrical Resistivity 
The test is used to determine the electrical resistance between the carbon contact face and the aluminium which connects through to the pantographs structure. A 10 ampere DC current is passed though at chosen points and resistance in milliohms is recorded. The equipment set up will be as shown below in figure 16: [image: cid:image001.png@01D3BADB.8328A700]
[bookmark: _Toc512325830][bookmark: _Toc512356372]Figure 16 - (BSI, 2015)
1) Carbon contact point
2) Aluminium sheath
3) Current contacts
4) Voltmeter
5) Power supply

Multiple points will be tested to establish a resistance profile across the length of the part. This will help quantify any differing electrical resistance across the whole bond as well as establish an overall average resistivity.






[bookmark: _Toc512349775]Deflection Analysis
A rig was made in house to monitor the movement of the part whilst undergoing bond curing. LVDT probes are mounted across the length of the part which continuously data log displacement during the full heating and cooling cycle. Probes are mounted in the following positions as figure 17 below: 
[image: ]
[bookmark: _Toc512325831][bookmark: _Toc512356373]Figure 17 - (Author drawn, 2017)
It is advantageous to use as it allows quantifying a dynamic representation of the part when submitted to a thermal load. It will also help understanding of how the part behaves during cooling and whether heat treated permanently distorts the bond, or whether it will return to its original position.  It will be possible to assess whether the parts are plastically deformed after bond curing or if a more elastic deformation in taking place. 
A 1-meter length strip is selected with probes mounted at 0, 33cm, 66cm and 1metre points. Probes were of following speciation given in figure 18: 

[image: ]
[bookmark: _Toc512356374]Figure 18 - (Newtek Sensors, 2018)

[bookmark: _Toc512349776]Results
[bookmark: _Toc512349777]TGA
Graphs below showing both adhesives, weight vs time (figure 19) and weight vs temperature (figure 20). 
(10°C a minute ramp rate, isothermal at 300°C for one hour)[image: ]











[bookmark: _Toc512356375][image: ]Figure 19 - Morgan Advanced Material Analytical Laboratory 2018













[bookmark: _Toc512356376]Figure 20 – Morgan Advanced Materials Analytical Laboratory 2018 
Both adhesive A and adhesive B behaved in similar ways when submitted to an accelerated test in a nitrogen environment as per figure 19. Adhesive A showed an 8.5% weight loss overall and began to degrade at around 15 minutes (150°C ) and then rapidly after around 30 minutes where temperatures reached target of around 300°C and continued for an additional 10 minutes, weight loss then remained relatively uniform throughout the isothermal period and is proportional to time under thermal load. Adhesive B showed a slightly less overall weight loss of 8% and could be attributed to additional filler content in the matrix. A slower weight change was also present between 100°C and 200°C, however upon reaching the isothermal temperature a similar rapid weight loss is shown and is also proportional to the time held at temperature. The slower rate of volatile loss and less overall weight loss shows that adhesive B contains additional filler content which has a subtle but positive effect on thermal stability.
[image: ]Figure 21 below shows a closer view of initial weight loss between 100 and 98%, as a function of temperature. Figure 22 shows the same data with respect to time.















[bookmark: _Toc512356377]Figure 21 - Morgan Advanced Material Analytical Laboratory 2018
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[bookmark: _Toc512356378]Figure 22 - Morgan Advanced Material Analytical Laboratory 2018
Both adhesives show a similar trend when taken to around 100°C. An initial weight gain is present, possibly resultant of reactions with the purge gas or absorption of ambient moisture. This is possible to quantify on more sophisticated TGA equipment. Following this a volatile element of moisture is given off in similar quantities for both A and B which on heating evaporates. After this however adhesive B appears to loose volatile in a more aggressive manner which suggest a higher content of organics and solvent. The slower weight loss rate in adhesive A can be attributed to more complex chemical reactions taking place. (PerkinElmer, 2001)











When comparing the tests in oxygen (figure 23) and nitrogen (figure 24), it is evident that the oxygen present tests degraded at a slower rate. Resin B specifically lost weight at a slower rate than resin A when oxidation takes place. This is possibly down to the fact that as oxygen reacts with a component of the adhesive, it will require additional energy and time to scissor the newly formed bonds and thus a slower reaction will take place.
[image: ]Oxygen













[bookmark: _Toc512356379]Figure 23 - Morgan Advanced Material Analytical Laboratory 2018
[image: ]Nitrogen 










 
[bookmark: _Toc512356380]Figure 24 - Morgan Advanced Material Analytical Laboratory 2018
[bookmark: _Toc512349778]Shear Strength
Samples were cut and tested at 3 differing temperatures – ambient room temperature, nominally 20°C ±5, 100°C and 150°C. A heating element was inserted into the jig and temperature was recorded with a contact thermometer at the adhesion point.
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[bookmark: _Toc512356381]Figure 25 - Morgan Advanced Materials Product test laboratory 2018
Figure 25 above shows that Both Resin A and Resin B showed a considerable decrease in strength from room temperature and 100°C. A continued decrease in strength is shown to 150°C but at a slower rate of decay. Both resins showed a similar pattern however resin B gave better results over all and is the stronger of the two at anything above room temperature.
The failure mode of the two seems to differ in that resin A figure 26, has failed at the bond – substrate interface, whereas Resin B, figure 27 appears to have failed at the carbon, suggesting a much stronger adhesive bond between the substrates. The samples shown below are from the 100°C test. Sample A, shows the aluminium sheath (top) with some carbon and copper mesh remaining, whereas sample B shows almost a complete surface of carbon which suggests the bond has withstood the test and samples have failed at a carbon to carbon interface.  Results suggest that additives which have been used to promote adhesion to the substrates can have a detrimental effect to cohesive strength within the adhesive, which is a possibly effect seen on sample A where the carbon has remains adhered to the aluminium.
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[bookmark: _Toc512356382]Figure 26 - Morgan Advanced Materials Product test laboratory 2018
[bookmark: _Toc512356383]                                                                                                 Figure 27 – Morgan Advanced Materials Product test laboratory 2018
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[bookmark: _Toc512356384]Figure 28 Morgan Advanced Materials Product test laboratory 2018

Example of a test piece post-test. (Figure 28)

[bookmark: _Toc512349779]Resistance Profile
15 measurements were taken at equal intervals across the length of the strip and recorded as follows in table 2: 
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	A
	0.14
	0.11
	0.12
	0.10
	0.11
	0.09
	0.11
	0.1
	0.12
	0.11
	0.12
	0.12
	0.12
	0.13
	0.12

	B
	0.16
	0.13
	0.12
	0.14
	0.16
	0.13
	0.14
	0.13
	0.15
	0.15
	0.15
	0.13
	0.12
	0.13
	0.19


 
[bookmark: _Toc512326444]Table 2 - Resistance measurements
[image: ]
[bookmark: _Toc512356385]Figure 29 - Morgan Advanced Materials product test Laboratory 2018
With respect to figure 29 above, both bonds show a similar pattern across the length of the part, with adhesive B showing a consistently higher resistance baring measurement point 3. Part B will still fall below upper resistance specification of 0.30mΩ. The increased resistance could be attributed to additional filler content as observed previously in TGA work. The slightly higher resistivity of part B can be somewhat mitigated by the improved mechanical properties as the resulting higher operating temperature will not be detrimental due to a more stable bond at elevated temperature when compared to adhesive A.   








[bookmark: _Toc512349780]Deflection
A part containing adhesive A was placed on the LVDT rig and sent for the 2nd curing cycle where it is believed the most movement takes place. Four probes were placed intermittently as shown in test method. Ramp rate was 10°C per hour and held for one hour isothermally before being allowed to cool within the oven. Figure 30 below shows time vs temperature of the complete curing cycling.
[image: ]
[bookmark: _Toc512356386]Figure 30 Morgan Advanced Materials Process Control dept. 2018
Data probe 1 as shown in figure 31 was placed on the left had side of the strip and a positive deflection was observed with around 2.5mm displacement taking place, which recovered upon cooling. A more erratic trace is present on heating due to probe sensitivity and over temperature control. Probe 2, figure 32, (left centre position) showed a higher deflection of around 5mm and upon cooling showed a negative deflection passed its original datum point suggestion a permanently distorted, plastically deformed bond. Probe 3 figure 33 (right centre position) showed a similar trace to probe 2. Probe 4 figure 34 (right hand side position) showed the highest deflection of around 9mm which partially recovered upon cooling.

[image: ]

[bookmark: _Toc512356387][image: ]Figure 31- Morgan Advanced Materials Process Control dept. 2018












[bookmark: _Toc512356388]Figure 32- Morgan Advanced Materials Process Control dept. 2018
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[bookmark: _Toc512356389]Figure 33 Morgan Advanced Materials Process Control dept. 2018

[image: ]
[bookmark: _Toc512356390]Figure 34 - Morgan Advanced Materials Process Control dept. 2018



Results show that when the part is cooled to room temperature the bond is permanently distorted and plastically deformed passed the point of elastic recovery and will inherently contain some internal stresses caused by the work submitted. Figure 35 below shows a visual representation of the deflection the hottest point in the cycling and the lowest with respect to each probe.
[image: ]
[bookmark: _Toc512356391] Figure 35 Morgan Advanced Materials Process Control dept. 2018
A summary of each deflection probe relative to time is shown below in figure 36:
[image: ]
[bookmark: _Toc512356392]Figure 36 Morgan Advanced Materials Process Control dept. 2018
Adhesive B was measured using the same method and showed a similar pattern, however the deflection was much lower in comparison and appears the adhesive shows greater thermal stability when undertaking second curing. Figure 37 below shows the hottest point and lowest point of the cycling and the respective deflection data.
[image: ]
[bookmark: _Toc512356393]Figure 37 Morgan Advanced Materials Process Control dept. 2018
Whilst adhesive B showed a better stability than adhesive A, there is still movement present and cracking defects remain due to the deformation shown. Even if the reaction was elastic at the polymer component of the assembly, it is still highly likely that the carbon would crack as the young’s modulus would be a lot higher and therefore more brittle and susceptible to a fracture.
The assembly as a whole appears to go past the elastic point (A) as shown in typical stress/strain curve in figure 38 below. Keeping the part steady and below the elastic limit would prevent distortion to the point permanent deformation.
[image: ]  
[bookmark: _Toc512356394]Figure 38 - (Mishra, 2016)
[bookmark: _Toc512349781]Further Work
[bookmark: _Toc512349782]Cross linking time
Due to the higher cost of the substitute resin it would be beneficial to experiment with the current process to help add a degree of ductility to the system.  Decreasing the cross-linking time could reduce the rigidity of the bond and allow a degree of movement under curing, resulting in less cracking failures whilst continuing to use adhesive A
The current process requires the bond to be held at temperature for 1 hour. Parts were assembled using the original adhesive A and cured for a varying amount of time and shear tests were undertaken to quantify the bond strength. Bonds were cured as normal but held at 10 minutes steps, for example a soak time of 50,40,30,20 and 10 minutes are plotted against shear strength to determine at which point the strength to flexibility ratio is optimal, where strength is retained, and no cracking failures are present. 
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[bookmark: _Toc512356395]Figure 39 Morgan Advanced Materials Process Control dept. 2018
Figure 39 above shows that the longer the soak time at 160°C, the higher the strength, however parts held for 30, 40, 50 & 60 minutes all still show signs of cracking within the carbon due to a stiff bond. Samples held for 10 and 20 minutes have no cracks but begin to decrease in strength is an obvious step change and would be detrimental in performance. According to literature, bonds cured for longer will generally show a higher strength and this study appears to confirm that. 


[bookmark: _Toc496209295][bookmark: _Toc512349783]Conclusion
In conclusion, the study proved a relative success. Initially investigating the overall problem of cracking defects proved extremely broad and assessing an individual variable proved valuable. Focusing on the adhesive and gaining an understanding of how manufacturing methods, such as including higher filler material effects product properties was critical in understanding the application and material selection of adhesives from a wider perspective. The comparative tests proved useful by showing that both systems behaved relatively similar, but with some differences such as rate of volatile loss and movement under thermal load, which proves critical in appraising both adhesives. Limitations in the testing however reduced the quality of analysis available. For example, the TGA work undertaken at 300°C is possibly too aggressive. An isothermal period at temperatures around 200°C could prove more representative in assessing how the adhesive would degrade in conditions closer to service temperature. Results showed however that adhesive B met internal specifications to be considered a permanent change, showing a superior thermal stability and strength, however the additional added cost of around 20% is arguably not cost effective as some cracks are still present when using the new adhesive.   
Other identified variables could be investigated alongside the adhesives to further improve the process and help eliminate the defects shown and increase production yield.  
[bookmark: _Toc496209296][bookmark: _Toc512349784]Recommendations
[bookmark: _Toc512349785]Evolved gas analysis
It would be beneficial to carry out evolved gas analysis on the volatile generated by TGA work. Doing this would allow a more detailed characterisation of the major constituents of both adhesives with respect to solvent identification and quantities involved. This would be done by connecting the TGA exhaust and using Fourier-transform infrared spectroscopy (FTIR) to generate a spectrum to compare against a standard, a comparison could also be made in terms of fractional difference and what stage of breakdown the solvents are given off to allow further understanding of the mechanisms and reactions involved.
[bookmark: _Toc512349786]Annealing 
Limiting the stresses in the system would encourage the part to remain steady under thermal load. Annealing the aluminium sheaths to at least the same temperature as the bond curing would be a method of pre-stress relief. Heating and cooling slowly would allow the aluminium to relax, meaning that any potential stress within that component would be eliminated and not present during curing of the bond. This could be quantified by using the LVDT rig and comparing deflection data to previous, non-annealed assemblies. 
[bookmark: _Toc512349787]Clamping Method
The adhesive is just one variable component of the assembly and other potential causes of cracking could be investigated. Clamping method for example could be alerted to include a more clamps, different forces applied and different quantities of adhesive. Literature also suggests using a ’buffer’ layer to provide a step change in thermal expansion, this could be applied by using a thicker copper mesh, or a copper strip which would remain electrically conductive.
[bookmark: _Toc512349788]Carbon Ductility
Undertaking work to improve the toughness and ductility or the carbon strip itself could be beneficial in eliminating cracking. By altering raw materials and heat treatment it is possible to alter the physical properties of the end product in terms of hardness, breaking strength which are related to Young’s modulus. Lowering the Young’s modulus would result in a more flexible part, meaning any stresses caused by bond curing would be dissipated. A study would be required to measure modulus against any process changes to quantify the physical change, before the modified parts are bonded and assessed for defects.   
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CHEMICAL COMPOSITION

Alloy 6063
% Present
Magnesium (Mg) 0.60 - 0.90
Silicon (Si) 0.30 - 0.60
Iron (Fe) 0.15-0.35
Chromium (Cr) 0.0 -0.15
Others (Total) 0.0 -0.15

Zinc (Zn) 0.0 - 0.15
Manganese (Mn) 0.0 -0.15
Other (Each) 0.0 - 0.05
Copper (Cu) 0.0 - 0.05
Titanium (Ti) 0.0 - 0.05

Aluminium (Al) Balance
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GENERIC PHYSICAL PROPERTIES

Property
Density 2.70 g/cm3
Melting Point 600 °C

Thermal Expansion 23.5 x10°6 /K
Modulus of Elasticity 69.5 GPa
Thermal Conductivity 200 W/m.K
Electrical Resistivity 0.035 x106 Q .m
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Physical Data (approx. — values)

Resin Hardener Mixed
Colour Black Light Amber Black
Specific Gravity 1.2 0.95 1.10
Flashpoint 170 175
Viscosity (mPa.s) @ 25°C Thixotropic 70-120 Thixotropic
Temperature Wod_(ing Life Ge_l Time Light Handling Full Cure
(minutes) (minutes) (hours) (hours)
RT 240 480 - -
50°C 30 60 12 -
160°C - - - 16
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Typical Properties

Test Result Unit
Hardness >70 Shore D
Operating Temperature range -40 to +200 °C
Thermal stability 200 °C
Compressive Strength 210 -220 * N/mm?
Flexural Strength 80-90 * N/mm?2
Coefficient of Linear Expansion 40 x 106* mm/mK
Thermal Conductivity 18* W/mK
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Oven curing programmes _and cycle times

Programme N° Rate of Rise (°C/hr) | Soak Temp (°C) Soak Time (Hr)

1 55 55 6

2 30 160 1

3 60 50 1
7777777777777777 thel 10 | w0 | 1|

Operator controls
soak time
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Temperature Compensaied Themobalance Incluced

Maximum Sample Weight 1o
‘Weighing Precision +/-001%
Sensifvty 01pg
Baseline Dynamic Dif* <50pg
Fumace Healing Resstance Wound
EGAFumace Oponal
Temperature Range Ambien 161000 °C
Tsothermal Temp Accuracy PAKS
Tsothermal Tomp Precision +/-01°C
Controled Heating Rate (C/min] 011100
Fumace Codling forced air / Ny 1000 1 50 ‘C <12 min
Temperaiure Calibraton Curie Foint
Autoloader Included

Auto Stepwise TGA Included
TGA/MS Oeration Opional
TGA/FTIR Operation Optondl
Plafinum™ Soffware Included
Sample Pans Plafinum 50, 100 pL

‘Ceramic 100, 250, 500 pL

‘Aluminum 100 1
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Mechanical and b
Electrical Specifications

Nominal Range (Inches) +1.0
Nominal Range (mm) £25.4

Input Voltage 3 Vrms (Nominal)
Input Frequency 400Hz to 10KHz
Sensitivity (mV/V/.001 Inch) 0.25
sensitivity (mv/V/mm) 9.78
Primary Impedance () 400
Linearity +0.5% Full Range Tyj
Null Voltage 0.5% Full Range
Hysteresis <0.019% of Full Range Typical
Repeatability <0.01% of Full Range Typical
Body Weight  grams) 300
Core Weight (grams) 0.5

Environmental Specifications

Operating Temperature -65°F to 1000° F (-55°C to 538°C)
‘Thermal Coefficient 25 ppm/°F (45 ppmy/°C) of Full Range

90% R.H., 240 Hours.

1000, 11 ms

20gt02KHz
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