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4.0
Discussion and Major Conclusions
This chapter discusses the research included in the main body of this thesis, with reference the two main chapters (Chapter 2 and Chapter 3). The contents of each of the chapters are summarised and assessed to evaluate the findings and their implications in the testing and manufacture of carbon fibre reinforced polymers for the automotive industry. Recommendations for further work are made, and overall conclusions presented.

4.1
Structural Applications

A repeatable and reliable process for the manufacture of compressive test specimens made from unidirectional carbon fibre was presented in Chapter 2. The application of varying thicknesses provided the optimum thickness for a compressive test specimen at 1.9mm. The use of different edge preparation techniques and surface preparation techniques produced a compressive test sample that had optimum edge and surface roughness of 4-5(m and 11.8(m, respectively. Then using the ASTM D695 M [5] testing method yielded maximum compressive test results at Gurit UK for the unidirectional carbon fibre tested. 

This compressive test specimen was then tested at Gurit UK and an Independent Test Centre. This research provided interesting results with regards to the ASTM testing standards, as each of the above named test centres follow the same ASTM testing standard, yet the testing rigs were very different in structure. This difference highlighted significant variation in the results from each of the test centres. The compressive test samples tested at Gurit UK gave higher results compared to the Independent Test Centre, where the testing rig actually had a negative influence on the results due to the geometry of the testing rig.

The results that have been gained through the completion of Chapter 2 indicate that there are links between the type of failure mode that is experienced and the defects that are within the compressive test specimen. There is not enough evidence within this report to confirm this, but there are however very strong correlations between failure mechanisms and defects that were noted within the compressive test specimens. 

The failure progression analysis enabled the operator to view failure initiating within the compressive specimen. The analysis completed using the CT unit showed that as the compressive load is increased cracks spread and increase in length and width. Additionally there were some images taken that indicated failure methods such as the through thickness shear failure (with the edge crack initiating in Figure 2.46 (a)) and the addition of an inclusion which would act as a stress raiser within the laminate under load (Figure 2.46 (b)). 

Unfortunately, the CT unit did not provide a high enough resolution for the images acquired to obtain the inside understanding of failure initiating within unidirectional carbon fibre compressive test specimens. To gain a higher resolution a much larger and more powerful unit is required, which at this time there is not one available within the United Kingdom. 

4.2
Surface Characterisation

It has been suggested through the application of models and the examination of cross-sections under the microscope that the sink marks and pinholes originate from the same source: porosity.

It has been shown with the aid of microscopes that the sink marks that had formed in the Class A surface were surrounded by porosity underneath the surface. Unfortunately, the same could not be achieved for the pinholes. Although, the subsequent research into the formation of worm tracks (Section 3.8.2) does provide sufficient evidence to suggest that the pinholes in the Class A surface originate from porosity. The worm tracks produce a collection of pinholes at the surface on the edge of the bonnet as there is a higher density of porosity under the Class A surface in the surface film resin. 

The worm tracks also originate from porosity (as stated previously), however, this is a localised concentration of porosity due to the fact that it is trying to escape from the component when the resin is at minimum viscosity and prior to the resin gelling under the encouragement of the vacuum pressure. 

All of the defects described above have originated from porosity within the resin. Additionally, each one of these defects is detrimental to the quality assessment of the final component, as the component would be deemed a scrap component, and therefore not used in production. This is costly for the supplier and if it persists it could become a major through put problem in the manufacturing of the components. 

The remaining defects that were present on the Class A surface of the manufacture DB9 bonnet are predominantly regarding the fibre/matrix relationship. 

The fibre bridging that was visible around the badge detail highlighted kitting errors. The polyester scrim had migrated under the surface and the subsequent layers of fibre in the CBS construction were under tension as they had to take into account the badge and vent curvature additional to following the line of the component, therefore travelling further. Due to the tows in the CBS and surfacing film being pulled taught as they are travelling a greater distance the resin from the CBS had seeped through to the surface film layer, this had then caused the defects on the Class A surface around the badge as the resin alone does not have the structural integrity to form and hold the required curvature. 

These findings suggest that the tows of the fabric in the CBS are under too much tension in this particular area. The solution to prevent the defects on the Class A surface from returning was to make a small incision in the kit (following the same line as the cross-section in Figure 3.40). The bonnets manufactured after this modification did not suffer with the same defect in this location.

The cause of the distortion around the vents (Teddy Bears Ears) was attributed to the type of vacuum bag used in the lay-up of the component. After analysing the data there was a clear connection between the types of vacuum bag used and the presence of the distortion around the vents on the Class A surface. 

However, the other factors discussed could contribute to the formation of the teddy bears ears in small increments. Unfortunately there is not an analytical method that can demonstrate which of these factors could be directly related to the formation of the distortion and those which are not. 

The print through that was witnessed on bonnet 1, the first DB9 bonnet to be produced and was a serious concern for Gurit UK. Although, the print through was only witnessed the once, the source of the print through was critically important to locate. If a component were not fully cured there would be increasing problems if it had slipped through the quality assurance and into production. Eventually, the component would have fully cured, however, as it had been removed from the mould there is not support to encourage the component to keep the same geometry. If the component were left in a warm environment (i.e. paint process) the component would soften as the Tg would be lower than nominal and there would be evidence of permanent distortion in the Class A surface. 

The tool is now calibrated using the thermal camera and thermo-couples regularly to ensure each component produced is fully cured over the whole surface area. 

4.2.1
Environmental Characterisation

The environmental test panels had been sent to America for environmental exposure in the three different locations – Tuscan, Arizona: hot and dry, Orlando, Florida: hot and wet, and Columbus, Ohio: chemical. These tests were intended to gain knowledge from this new and novel material regarding its behaviour in these harsh environments. 

The environmental test panels of the CBS 95 showed similar behaviour in all of the test locations. This is encouraging that the CBS 95 performs equally in these very different environments as the car and consequently the body panels could be left in a range of environments for long periods of time. 

Correlations were found between the actual weather data for the environmental test locations and the environmental data collected. However, it would have been beneficial to have further detailed data from these environmental test areas. For example, the hours of sunshine per day could have been used to compare the different test sights to see if that was the soul contributor to the yellowing effect (ultra-violet degradation). Additionally, the air quality at each location may have highlighted the differences between Arizona and Florida with Ohio. The humidity value at each destination again could have assisted when comparing each of the test locations.

The gloss of the environmental test panels was recorded to verify the L a b total colour change results. Additionally, the gloss results also reinforced the fact that the surface of the CBS 95 deteriorated over the twenty week exposure period in each of the test destinations due to a combination of extreme temperatures, ultra-violet exposure, precipitation, and air contamination. 

The microscopical analysis was completed to see if there was evidence within the environmental test panels that supported the L a b total colour change and gloss data, which indicated the CBS 95 had deteriorated over the twenty week exposure period. The panel tested in Ohio showed no signs of surface or internal degradation. On the other hand, the panels tested in Arizona and Florida showed blisters on the surface and in the extreme case of Florida a crack that had possibly formed from a surface blister into the surface film layer of the CBS 95. 

This proves that to prolong service life a ultra-violet/water proof protective surface coating is required for a body panel constructed from CBS 95 to achieve the surface finish in the working environment. If there were no surface coating the Class A surface would rapidly degrade and potentially fail as cracks would initiate from surface blisters and penetrate through the body panel possible increasing the risk of delaminations [79]. 

4.3
Major Conclusions
· The results obtained from the Talyscan indicated that an edge roughness of 4-5(m produces an optimum edge roughness to achieve the highest compressive strength results with minimum variation. 

· The inconsistency set by Method A correlated well with batch 1 prepared using this saw, as the batch achieved a high coefficient of variation and very low compressive strength value. Conversely, batch 13 manufactured using Method B with a consistent edge roughness achieved a low coefficient of variation and a mean compressive strength 25% higher than batch 7 manufactured using Method A. This indicates that with an automated method with a lubricant included within the cutting medium can produce superior specimens. 

· The optimum surface roughness was found to be 11.8(m, which was produced by the Release stitch G peel ply.

· It was found that the different interpretations of standards can lead to a very different compressive test set up. Due to the differences in the Independent Test Centre and Gurit UK testing rigs, the results achieved by Gurit UK are on average 100MPa (approximately 10%) higher than the mean compressive strength achieved by ITC, even though Method A batch 10 tested at Gurit UK had a higher coefficient of variation. 

· The failure progression investigation provided a good correlation between the strain readings and the average crack lengths corresponding to the various stages of failure. These increased strains with increased crack lengths indicate that at higher compressive loads the sample is bulging/bending. This bulging/bending effect combined with the increased crack lengths also lead to an increased relative angle of the fibres with respect to the load direction, in effect a local fibre misalignment resulting in reduction of compressive strength.

· Porosity or air entrapment is the origin of many significant problems with the use of carbon fibre for an aesthetic body panel. It has been proven to be the route causes of several surface issues that severely affect the quality and prevent the component achieving a Class A surface as demanded by the automotive industry. 

· The fibre bridging around the badge detail have been attributed to the tows of the fabric in the CBS being under too much tension in this localised area. The solution to prevent the defects on the Class A surface from returning was to make a small incision in the kit (following the same line as the cross-section in Figure 3.40). The bonnets manufactured after this modification did not suffer with the same defect in this location.

· The cause of the distortion around the vents (Teddy Bears Ears) was caused by the type of vacuum bag used in the lay-up of the component. After analysing the data there was a clear connection between the types of vacuum bag used and the witnessing of the distortion around the vents on the Class A surface. 

· The print through was attributed to the method of curing the component. Due to the shear size and mass of the tool coupled with the geometric features (as this is not just a flat plate being heated) the heat distribution across the tool varies. The tool is now calibrated using the thermal camera and thermo-couples regularly to ensure each component produced is fully cured over the whole surface area. 

· The environmental experimental testing proved the CBS 95 performs consistently in these very extreme and harsh environments. 
4.4
Further Work
4.4.1
Structural Applications

From reviewing the literature and the results obtained during this project, it would seem more profitable to focus the analysis trying to quantify the manufacturing variations that can cause certain failure mechanisms to occur. There is little research regarding the type of failure mechanism and the geometric affect that may have initiated the type of failure. It is therefore recommended that for the further work carried out in this field the following methods be tried out to quantify the initiation of these failure mechanisms. 

The reasons for this analysis not being carried out during the course of this project were that the amount of additional work required was too great for one individual; also during the meetings that were held with the supervisors at both Gurit UK and the University of Southampton it was agreed that the efforts of the project should be focused on the variables that could influence compressive strength results of unidirectional carbon fibre. One other reason is the amount of effort required for the preparation of the specimens for compressive testing (laying up, curing and sample preparation).

This further work is predicted to have a significant workload requirement, but it is complete, as it looks at the initiation of different failure modes, focuses on the approximate compressive strength value they achieve, and gives an indication of how to reduce the coefficient of variation and achieve a very near perfect compressive test specimen. 

The first step of the method involves the use of the findings from this current project i.e. the use of the Method B saw for edge preparation and Release stitch G as the surface preparation technique. 

To quantify the failure mechanisms a batch of specimens will be manufactured in accordance with the statement above, however, defects will be artificially inflicted on each batch to see if the failure mechanism can be related to particular defects. 

These controlled defects are given in Table 4.1 below. These will then be analysed using the X-Ray Tomography to gather further understanding. 

	Failure Mode
	Controlled Defect

	In Plane Shear
	· Misaligned plies

	
	· Specimen misaligned within test rig

	
	· Edge damage by scoring with sharp blade

	Through Thickness Shear
	· Deposits of resin on the surface

	
	· Surface damage by scoring with sharp blade

	Complex (Buckling)
	· Sections removed from the gauge length – of known area

	Splitting
	· No experience with this failure mode

	Delamination
	· Inserting non-perforated release film between plies


Table 4.1 – Controlled defects for each failure mode

4.4.2
Surface Characterisation

The possible areas for further work that would build on these initial building blocks and were consequently brought to light through the course of this research are:

1. Development of the manufacturing route, the tooling is the first of its kind to be applied to a process such as manufacturing carbon body panels for automotive application.

· Possible reduction of the mass on the underside of the tooling, and a more efficient heat exchange over the whole surface of the tool.

· Development of a regular self-testing for the temperature distribution across the surface of the tool and to monitor the cure cycle. The embedding of thermo-couples in the surface of the tool at designated locations across the tool in order to achieve accurate tool mapping. 

2. The development of consumables applied in the vacuum bagging process.

· The development of specific vacuum bags suitable for the manufacture of CBS 95 body panels.

· Consumables that can be reused and applied in one application to the lay-up, saving both time and money. 

3. To greater understand the origin/initiation/formation of the porosity.

· To further understand the origin of the porosity so it can be prevented in further manufacturing of the components from CBS 95.

· To understand why each of the surface defects revealed during the course of this research form – what initiates a sink mark, pore, or a worm track? What small difference causes one or the other defect to form?

· To understand what might encourage the formation of these defects – is there anything that can be done during the cure cycle to reduce the possibility of these surface defects forming from the porosity present within the CBS 95?

As the aim of an Engineering Doctorate is to build knowledge not only with the academic world, but also industrial. Further work on the cause of porosity would prove profitable to both areas. Porosity has been a consistent problem with components manufactured from carbon fibre composite causing mechanical and aesthetic degradation. The proposal for further work in this area would be to initially examine the original components that form the CBS 95 (i.e. resins and the fibrous materials used). This would include raw material evaluations and manufacturing routes of the resins (do they used minimal air inclusion methods, storage etc.). 

Additionally, to employ the use of the X-Ray Tomography unit (as used in the Structural Applications of CFRP within the Automotive Industry – Chapter 2.0), as this would mean a tool that could analyse components with the defects identified through this research via non-destructive testing. However, the use of the X-Ray Tomography unit at the University of Southampton may not prove successful as it does not give a high enough resolution, the use of a larger unit would provide this. 
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