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The contour method has been applied widely to determine residual stress in metallic structures since it was first presented at ICRS6 (2000). The present research attempts to apply the contour method to determine residual stresses in polymer composites. A diamond wire cutting technique is implemented, for the first time, to section carbon fibre reinforced epoxy cross-ply laminates. The quality of the cut surfaces have been assessed and the out-of-plane deformation of the cut surfaces measured using highresolution (0.025mm pitch) surface topological scanning. The data from mating cut faces have been aligned, averaged and processed using standard approaches. Particular attention has been given to smoothing the data at an appropriate length-scale in order to capture the stress gradients. Measured residual stress results are mapped through the thickness of an asymmetric cross ply laminate (0 o , 90 o ) and compared with numerically predicted thermal contraction residual stresses. The research is at an initial stage but demonstrates how the contour method has the potential for determining the distribution of bulk residual stresses through the thickness of carbon fibre reinforced polymers.

Introduction

The manufacturing route for polymer composites inevitably introduces residual stress. This internal stress results in distortion during and after the curing regime leading to problems of "fit-up" post-manufacture. Consequently, the composite structures might need to be pre-loaded to get the desired assembly tolerances, creating additional internal stresses and reducing the overall performance of the product. Residual stresses in polymer composites also promote fatigue and other degradation mechanisms which can compromise the life and structural integrity of components in service. In order to optimize the design and structural integrity of polymer composites, knowledge of bulk residual stresses is required. Analytical and numerical methods have been developed to predict residual stresses in polymer composites, but these procedures are computationally expensive and require cure and temperature dependent physiochemo-rheological properties when the entire curing cycle is modelled [START_REF] Jianfeng | Numerical Analysis of Curing Residual Stress and Deformation in Thermosetting Composite Laminates[END_REF]. Experimental measurements offer an alternative solution for developing a quantitative understanding of the sign, magnitude, and distribution of residual stresses in polymer composites. In addition, experimental characterization is essential for validation of predictive methods. But there is no consensus regarding what experimental method to use for measuring bulk (through-thickness) residual stress in polymer composites.

The contour method is a well-established technique for measuring bulk residual stresses in metallic components [START_REF] Prime | Cross-Sectional Mapping of Residual Stresses by Measuring the Surface Contour After a Cut[END_REF]. It involves sectioning the component into two halves across the plane of interest, measuring the out of plane deformation of the created cut surfaces and applying the measured deformation map to a finite element model of the cut component to back calculate the original residual stresses at the cut section. The first research challenge in attempting to apply the contour method to non-metallic materials, such as Carbon Fibre Reinforced Polymer (CFRP) composites, is finding a suitable method for cutting the material. Here we present preliminary research results investigating, for the first time, application of diamond wire cutting to measure residual stresses in a reference two ply laminate (0 o , 90 o ). The topology of the cut surfaces is scanned at high resolution to measure the out-of-plane deformation contour that has been potentially introduced by relaxation of residual stress. The measured deformation cloud data are then processed and applied to a finite element model of one-half of the cut sample in order to back-calculate the associated residual stress distribution likely to be present in the sample. 

CFRP Test Sample

Metrology of Cut Surfaces

The quality of the cut surfaces of the sample was inspected by high resolution optical microscopy, scanning electron microscopy, and the topology by laser metrology. Figure 2 shows an optical micrograph of the cut face of the sample with various features marked up including markings in the wire traverse and cutting directions, cracks in the through-thickness direction, voids and evidence of fibre-matrix debonding cracks. The surface topology was also examined using a Leica DCM confocal microscope at high resolution and the surface roughness (Ra) measured in the 0 o and 90 o plies along the cutting direction (through-thickness) and along the length of the sample (see Table 2). Finally, the out-of-plane deformation of both of the cut surfaces was mapped using a Microepsilon scanning laser probe ILD2210-10 TP8 fitted to a Zeiss Eclipse coordinate measurement machine. A laser spot size of radius 50µm was used, and surface data logged at a pitch of 25 m. 

Contour Deformation Data Processing

Measuring the out-of-plane deformation using a point laser scanner produces a high volume of data with significant scatter even for a perfectly flat surface. The measured data from the pair of cut faces were first mapped onto a common grid and then averaged to eliminate asymmetric deformation artefacts giving the resultant deformation map shown in Figure 3. Next, outlying points were removed and the data cloud smoothed in order to eliminate the influence of random measurement noise and characterise the underlying displacement profile [START_REF] Hosseinzadeh | Towards good practice guidelines for the contour method of residual stress measurement[END_REF]. The most common data smoothing approach used for contour analysis employs bivariate cubic splines with either a judgemental selection of an appropriate length-scale (knot spacing) or quantitative selection using the iterative method of Prime [START_REF] Prime | Laser Surface Contouring and Spline Data Smoothing for Residual Stress Measurement[END_REF]. The latter quantitative method was initially applied to the CFRP deformation data, but this failed to give a unique minimum owing to the dominance of the stress discontinuity at the interface of the plies. Instead, a 'median smoothing' approach, developed by the Open University was implemented, where the data are effectively averaged over a small patch of user specified dimensions.

The line profiles of Figure 4 show how median smoothing gave a better conditioned fit to the scattered deformation data than cubic spline smoothing, for the same length-scale. Application of the best median fit to the raw data (Figure 3) gives the smoothed deformation contour map depicted in Figure 5. The sensitivity of the median smoothing fit to selected mask size is illustrated by the through-thickness deformation line profiles shown in Figure 6. It can be seen that a mask size of (7 x 0.125) mm gave the closest fit near to the ply interface (the critical region) at the expense of some low magnitude oscillation elsewhere. 

Residual Stress Results

The geometry of the cross-ply laminate was modelled using 156,600 reduced integration 3D brick elements (ABAQUS C3D8R). A mesh size of 0.125mm was used at the ply interface and increased to 0.5mm at the edge. The bottom left end of the modelled cut surface was pinned in the x and y-directions and the bottom right end of the model fixed in the y-direction to prevent any rigid body motion. Orthotropic material properties were defined for each uni-directional ply lamina as listed in Table 1. The model layup stacking sequence was defined by aligning the orientation of each layer's element co-ordinate system with the direction of fibre orientation of the 7.4 mm thick asymmetric (50% 0°, 50% 90°) composite.

The sensitivity of the back-calculated residual stress profile through the thickness to the smoothing length-scale (mask size) is illustrated in Figure 7. It is observed from the plot that the compressive residual stress profile in the 0 o ply increases asymptotically towards the ply interface at which point there is a step increase to tension in the 90° ply, and that a small mask size of (7 x 0.125) mm best captured this stress discontinuity. Note that the median smoothing approach needs at least 5 data points in each patch (in this case spaced at 15 microns). The final residual stress results for the best mask size (7 x 0.125) mm are shown in Figure 8. 

Discussion

Cooldown of composites following curing results in anisotropic thermal contraction of each ply that is restrained by the orthogonal stiffness of interfacing plies. The displacement misfits between plies can introduce significant residual stress in the final product. This mechanism can be simulated using a thermo-mechanical finite element analysis of the composite by setting an initial temperature of 120 ˚C and uniformly cooling the model to room temperature (20 ˚C). The composite sample measured by the contour method was analysed in this way by assigning anisotropic thermal expansion coefficient data and elastic properties to each lamina as listed in the Table 1. The predicted through-thickness stress distribution in the direction normal to the contour cut face is shown in Figure 9. It is reasonable to assume that a through-thickness residual stress profile of this form is likely to be present in an asymmetrical cross ply laminate. This is seen to be the case giving tentative confirmation that the contour method measurement has picked up ply to ply stresses spanning the sample thickness. Further validation work will be undertaken by applying an independent residual stress measurement method, such as slitting. This research study has looked at the simplified case of specially designed CFRP sample with 2 asymmetric thick plies. Future work will include refining the present approach for multiple ply CFRP (where each ply is typically 0.135 mm thick). This will require more accurate metrology, development of methods for aggregating the effects of multiple plies and finding cutting techniques suitable for complex geometry components.

Conclusions

A carbon fibre reinforced polymer composite sample (7.4 mm thick -2 ply) containing unknown residual stress has been successfully sectioned using a specialist diamond wire cutting machine. The cut quality was sufficiently good to measure the deformation owing to residual stress relaxation. With careful data processing, allowing discrimination of a sharp stress gradient at the interface of the plies, it was found possible to back-calculate the residual stress field likely to be present in the sample. The results compare well with a predicted residual stress field introduced by thermal contraction during composite curing. Nonetheless, the work is at an early stage and further validation is required before implementing the approach, at higher resolution, to measure through-wall residual stresses in multi-ply CFRP cross ply laminates.

Fig. 1 .

 1 Fig. 1. Photograph of CFRP sample and sketch showing its dimensions, layup of plies and the cutting plane for the contour method residual stress measurement. All dimensions are in mm.Table 1. Material properties of CFRP composite T700S (24K)/MTM46 (supplied by CETIM) Material Property Value

Fig. 2 .

 2 Fig. 2. Optical micrograph of the CFRP cut surface upon which defects are annotated.

Fig. 3 .

 3 Fig. 3. 2D map of averaged out-of-plane displacement data showing the cut and wire travel directions.

Fig. 4 .

 4 Fig. 4. Line profiles of smoothed (7.0 x 0.125) mm average displacements through the thickness at midlength (C-C) and along the length at mid-thickness (G-G).

Fig. 5 .

 5 Fig. 5. 2D map of averaged displacements smoothed with a median filter mask size of (7.0 x 0.125) mm.

Fig. 7 .

 7 Fig. 7. Line profiles of residual stress, σzz profile through the thickness at mid-length (C-C) showing for median smoothing with mask sizes ranging from (7.0 x 4.0) to (7.0 x 0.125) mm.

Fig. 8 .

 8 Fig. 8. 2D map of measured residual stress, σzz using median smoothing with a (7.0 x 0.125) mm mask size.Stress units are in MPa.

Fig. 9 .

 9 Fig. 9. Line profile of residual stress, σzz at section C-C through the thickness of the sample compared with a predicted thermally simulated residual stress field introduced by a notional curing temperature drop of 100 o C.

Table 2 .

 2 Roughness of Cut Surfaces

	Surface	Cut direction	Wire travel direction
	Parameter	Ra (m)	Ra (m)
	0 o orientation	0.94	0.95
	90 o orientation	1.15	1.21
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