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2.11
Discussion
The aim of this chapter is to give an overview of all the work carried out and to contribute further to the explanations given in the previous sections. 

The first part of the research required a comprehensive understanding of compressive strength, but more specifically the factors that influence the compressive strength of unidirectional carbon fibre composites. This was accomplished through reading relevant literature and a review of the data recorded at Gurit UK. 

2.11.1
Effects of Manufacture 

Different thickness test laminates were manufactured in two different batches, in order to find the optimum thickness suitable for a compressive test specimen. A total of four laminates were manufactured to provide different thickness. From the test results and the use of the Euler buckling equation it was agreed that the further work should utilise the thickness with the most potential for improvement. The most appropriate thickness was 1.9mm, which was 4 plies of T600-50C unidirectional carbon fibre material. 

The use of a different material for the tabbing was researched briefly. The woven carbon fibre tabs were exchanged for the glass triax tabbing. The use of the carbon tabs did not result in lower coefficient of variation or higher compressive strength. Additionally the woven carbon fibre is costly and is also not so readily available as the glass triax material. It was felt that not enough time was dedicated to this section of the research and will be addressed later in the Further Work Chapter. 

2.11.2
Effect of Edge Quality and Surface Preparation

The set of testing for the edge effects showed correlation between the edge preparation methods and the results from the compressive testing. From the Talyscan results there was a distinct inconsistency within the Method A edge roughness values, whereas the Method B provided a consistent surface finish between 4-5(m. 

Five different surface preparation techniques were tried and tested. The wet and dry sandpaper and the grit blasting relied on a secondary manufacturing techniques. This has been deemed too time consuming and not economically feasible for a commercial environment. The following three surface techniques used three different coarseness grades of peel ply, which is applied to the surface of the laminate during manufacture and remains on the surface until cutting of the panel. The Release B peel ply did not provide a sufficient surface finish for the secondary adhesion of the tabs, the surface was just too smooth and resulted in 50% of all the specimens tested failing via adhesion failure of the tabbing. 

Release A is the peel ply that is used by Gurit UK. This provided the roughest surface finish, but it left deposits of resin on the surface of the laminate, which could be failure initiation sites. The deposits that were left on the surface were measured using the Optical Microscope and Ominet Software. The deposits measured to be 0.7mm of the total thickness of the specimen. This is a significant thickness considering the specimen is only 2mm thick. On the other hand, Release G was slightly smoother but still provided a suitable surface for the secondary adhesion for the tabbing. This did leave some residue of resin on the surface but not in the form of deposition sites. It was more consistent and only 0.15mm of the total thickness. 

Using Release G as the peel ply to manufacture compressive strength specimens will be beneficial as it produces a consistent surface finish with sufficient surface roughness for secondary adhesion.

2.11.3
Effect of Compression Rig Design

The cross testing completed at the ITC and Gurit UK raised some very important issues. Firstly, different interpretations were perceived from the ASTM D 695 M [11] Standard. The test rig that has been constructed by the ITC has been over complicated by the addition of the surrounding cage, the load transferring rod and the spring (stiffness unknown) to hold the cruciform in position. The cage made it very difficult for the operator to set up each compressive test specimen the same as the previous one, as the cruciform had to be removed each time. The rod induced end crushing into many of the specimens. Additionally the spring, if too stiff would be transferring the load from the test specimen to the cruciform and if not stiff enough the cruciform can move within the test rig. 

Secondly, the ITC test fixture was susceptible to misalignment of the test specimen and the cruciform that held the specimen in place. The detrimental effect of misalignment of the compressive test specimen has already been discussed. However, the cause and effect of misalignment has not been addressed in any of the relevant standards. Considering the research that has been conducted [13, 18, 21 and 54] on misalignment of fibres, and the detrimental effect that they cause when under compression, the standards may need to be updated and revised in accordance with the recent research that has come to light. 

2.11.4 Failure Modes

Through the duration of this research patterns seemed to develop. From the edge quality research completed there were very strong indications that the in-plane shear failure mechanism was a result of poor edge quality or misalignment within the cruciform or testing rig. During the testing at ITC both of the batches (specimens prepared using Method A and Method B) experienced in plane shear failure as the most common failure mechanism. It is unknown if the specimens were misaligned and by how much, but the geometry of the testing rig indicated that misalignment must be a key contributor to the initiation of failure within the compressive test specimens. 

From the batches tested at Gurit UK there was significant evidence to suggest Method A did indeed encourage in plane shear failure as 80% (Details of data in Appendices 5.11, 5.13, 5.14, and 5.17) of the specimens failed by this mechanism, whereas only 18% of the batch prepared by Method B failed via this mechanism. The common failure mode that was reported for Method B batch tested at Gurit UK was through thickness shear failure (this will be addressed in the following paragraphs). 

Release stitch A encouraged through-thickness shear failures. These failures were common (about 50%) within the Release stitch A, and the surface deposits provide evidence for possible initiation sites. This failure initiated at any point on the free surface within the gauge length. The through-thickness shear failures from the Release G batches initiated at the end of tab area where the load is transferred to the carbon fibre. This would indicate that the stresses caused by these deposits from Release A are more significant than first appreciated. These deposits obviously cause very high stress sites on the surface of the compressive test specimens. 

The results that have been gained through the completion of this report 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. 

From the research completed in this report there is evidence to suggest that the presence of edge defects encourages the in plane shear failure mechanism as experienced by 80% of the batch prepared using Method A and tested at Gurit UK. There also appears to be a maximum of approximately 1000MPa that this failure mechanism will occur, above this point the failure mechanism of through thickness shear is the more common failure mode.

Additionally, the through-thickness shear failure initiates from the surface, and if the surface is too rough (i.e. the surface left by Release stitch A peel ply) this failure mechanism is common. This was shown in the 4-ply batches using preparation Method B and tested at Gurit UK from the cross testing results, and the surface preparation batch, that on average 50% of the compressive test specimens failed via through thickness shear failure. The through thickness shear failures tend to occur from 1100-1200MPa compressive strength value.

The final failure mode that indicated a trend was the complex mode of failure or buckling. There was evidence from the 2-ply laminate that failed by this mode at its Euler buckling limit. This mode of failure achieves the highest compressive strength results from the 4-ply laminate, this is due to the fact that it has not yet reached the Euler buckling load limit. These complex failures occur from 1200MPa to 1350MPa.

As stated previously there is not enough evidence within this report to substantiate these assumptions. For more information regarding this topic it is revisited in the Further Work section 4.4.

2.11.5
X-Ray Tomography – Failure Progression Analysis

The failure progression analysis enabled the operator to view failure initiating within the compressive specimens. 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 to use with easy access within the United Kingdom. 
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