
First A. Author, Second B. Author and Third C. Author 
ECCM18 - 18th European Conference on Composite Materials





Athens, Greece, 24-28th June 2018
6

Effect of defects on matrix cracking in carbon fiber-reinforced composites investigated by means of digital image correlation at different scales
Mahoor Mehdikhani 1,2, Eline Steensels 1, Axelle Standaert 1, Katleen A. M. Vallons 1, Larissa Gorbatikh 1,2, Stepan V. Lomov 1,2
1 KU Leuven, Department of Materials Engineering, Kasteelpark Arenberg 44, 3001 Leuven, Belgium
Email: mahoor.mehdikhani@kuleuven.be, Web Page: http://www.composites-kuleuven.be
2 SIM M3 program, Technologiepark 935, B-9052 Zwijnaarde, Belgium
Web Page: http://www.sim-flanders.be/research-program/m3
Keywords: Digital image correlation (DIC), Defects, Voids, Porosity, Transverse cracking
Abstract
Matrix cracks are one of the common damage mechanisms in multidirectional composite laminates. They can lead to more harmful damage types such as delamination and fiber breakage in adjacent plies. Therefore, investigation of their onset and evolution during loading can enrich the understanding of damage processes and failure in composites. In-situ characterization of the matrix cracks evolution is not straightforward, especially in carbon fiber-reinforced composites. The methodology, presented in the paper, employs Digital Image Correlation (DIC) for detection and quantification of the matrix cracks on the surface and on the edge of the tensile specimen. The analysis is performed on images taken from a “defect-free” and an “imperfect” carbon/epoxy laminate at three different scales: macro, meso, and micro (Fig. 1). The results show that defects, in particular voids, can cause initiation of matrix cracks, meaning that cracking starts earlier in laminates with defects. Moreover, the level of crack saturation is found to be sensitive to the presence of defects. 
1.
Introduction
Matrix cracking, which is called transverse cracking in plies oriented transversely to the loading direction, is a damage type occurring in multidirectional composite laminates. It has been reported that transverse cracking is sensitive to the presence of manufacturing defects, particularly voids. According to Talreja et al. [1, 2] and Sisodia et al. [3], and as reviewed in [4], voids can cause initiation of cracks, but this effect diminishes with the load increase as less voids without cracks remain available. Aratama et al. [5] measured the local strain around voids using Digital Image Correlation (DIC) and attributed the crack initiation from voids to the strain concentration caused by voids, leading to local plastic deformation.
The detection of transverse cracking is not straightforward, especially in carbon fiber composites due to their dark color. Indirect measurement approaches based on the correlation of transverse cracking with the laminate stiffness (for glass fiber composites), Poisson’s ratio, or Lamb wave velocity have been proposed, of which the accuracy is controversial. Application of acoustic emission is an alternative, which despite many benefits, faces interpretation challenges due to the indirect nature of the mesurement. Direct characterization of cracks has been feasible using such techniques as (edge replication) optical microscopy, electron microscopy, X-ray radiography or computed tomography, and ultrasonic C-scanning. The main drawback of these approaches is the need to stop the test and sometimes to remove the samples for inspection, which leads to stress relaxation, influencing the cracks. These methods also face the resolution issue, meaning that thin cracks can only be detected via selection of a small observation window.
Alternatively, in-situ observation can be performed, which is more easily applicable to transparent material e.g. in [6, 7]. However, for carbon fiber composites, this can be done only on the surface of the specimen, either on the in-plane surface or on the edge [8, 9]. Moreover, manual counting of cracks is laborious and may induce errors due to low visibility of not opened cracks. To address this, detection of cracks can be performed using full-field strain measurement techniques such as DIC. Although DIC is widely used for enhancement of crack observation, only in a few recent studies including [10, 11], the technique is used to characterize the ply-level cracking. Nevertheless, the details and precision of the strain fields are not discussed in these studies. Recently, DIC was also proven to be a trustworthy tool to analyze the micro-scale deformation in fiber-reinforced composites [12, 13].
In the current study, DIC is employed at three different scales to characterize evolution of transverse cracking in an aerospace-grade carbon/epoxy composite. Macro-scale analysis is performed on the surface of the specimen, allowing analysis of crack initiation and propagation. Meso-scale analysis is performed on the specimen edge, resulting in crack density evolution at the edge. Micro-scale investigation is applied on the specimen edge at a higher magnification, allowing analysis of the void-crack interactions. The study is carried out on a reference material and an imperfect material, including voids. The details of the methodology and results can be found in [14].
2.
Materials
The material in this study is an aerospace-grade carbon/epoxy composite made from Cytec unidirectional prepreg tapes. It consists of Tenax® - E HTS40 F13 12K carbon fibers (high-strength and standard-modulus) and a toughened epoxy resin, i.e. CYCOM® 977-2. Cross-ply laminates are produced with automated tape laying and cured in an autoclave at SABCA Limburg NV, Belgium. Two different cure cycles are employed to manufacture two different materials: the manufacturer’s recommended (high-pressure-temperature) cure schedule is applied to produce a reference material, and a low-pressure-temperature cure schedule to produce an imperfect material, containing voids. The average ply thickness is ~ 0.2 mm.
3.
Mechanical experiments with multi-scale analysis

3.1. 
Macro- and meso-scale in-situ investigation

Tensile specimens complying with the standard ASTM D3039 are cut from the [90/0]2s plates, grinded and polished on one of the thickness edges, and sprayed on the front surfaces to create the DIC speckle pattern. Uniaxial tensile loading is applied to the specimens with a deformation rate of 1 mm/min. Two sets of in-situ images are acquired during the test: one from the front surface (macro) and one from the thickness edge (meso). The window sizes are 57 × 43 mm2 and of 4.9 × 3.7 mm2, respectively. The images are captured via LIMESS cameras with the rate of 1 s-1. A major challenge for the meso-scale image acquisition is brightening the field of view. This is addressed by use of multiple LED spotlights as close as possible to the field of view.
3.2. 
Micro-scale in-situ investigation

The micro-scale DIC investigation is similar to that performed in [12, 13]. Bending specimens with the dimension of 80 × 10 mm2 are cut from the [90/0]4s plates. 3-point bending is appied to the specimens inside a scanning electron microscope, using a Deben mini-tester stage, with a rate of 0.2 mm/min. A suitable study zone is identified in the second transverse ply on the tensile (bottom) half of the specimen. Being close to the vertical symmetry line, the tensile stress is maximal and the rigid body rotation is minimal. The study zone includes two isolated voids for the imperfect material. Every 30 seconds, the loading is stopped and a micrograph of the study zone is acquired. The window size is (~ 706 × 610 µm2.
4.
Crack detection using DIC

DIC is applied to the images using the VIC-2D 2009 software to obtain strain maps of the deformation images. For each set of images, the strain profile along a horizontal line is plotted. Using MATLAB, the peaks that appear suddenly in the strain profiles are counted as cracks. This requires setting of thresholds for minimum peak height and minimum peak prominence, which involves some trial and error. Dividing the number of cracks by the length of the measurement line, the crack density is obtained, which can be plotted versus the corresponding applied strain for each image. The crack detection procedure is schematically shown in Fig. 1. For the macro-scale analysis, the cracks appear as width-direction lines with high strains in the horizontal strain maps and for the meso- and micro-scale analysis, they appear as lines mostly aligned in the thickness direction. The cracks in the macro- and meso-scale unprocessed images are not visible with the naked eye. Therefore, application of a tool like DIC for detecting them is necessary.
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Figure 1. Schematics of the crack detection methodology using DIC and MATLAB.
4.
Results and discussion

The macro-scale analysis of the defect-free (reference) composite shows that cracks appear in the outer ply at an applied strain of ~ 0.7%. The first cracks form randomly along the specimen’s length, whereas the spacing between cracks become more uniform with further loading. Cracks start from one specimen’s edge and propagate through the width reaching to the other edge. For some samples, more cracks initiate from edges while the previous cracks are propagating, especially in the beginning of cracking. The rate of crack propagation increases as loading continues. The macro-scale analysis of the imperfect material reveals that cracks initiate from the edge of the outer ply at very small applied strains (~ 0.03%), but they tend to multiply at the edge and rarely cross the width. It is observed that only a few cracks propagate through the whole width of the specimen. The macro-scale crack density measured along a mid-width line for the reference specimens is displayed in Fig. 2.
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Figure 2. (a) Macro-scale strain map at the last deformation step on the front surface of the [90,0]2s in the reference specimens; (b) DIC strain profiles of all deformation steps along a line along the mid-width line of the reference specimen (transverse cracks detected as peaks); (c) the processed crack density in function of the applied strain for the reference specimen.
The meso-scale gives the edge crack density. This is extracted for an inner and an outer ply of the reference and imperfect material and shown in Fig. 3. The cracking in the outer ply starts much earlier for the imperfect material and the saturation crack density of the imperfect material is higher, compared to the reference material. No transverse cracks could be detected in the inner plies of the reference material. In the imperfect material, cracks form a bit earlier in the outer ply than in the inner ply. However, the inner ply has higher saturation crack density, which might be due to higher constraints on the inner plies.
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Figure 3. Crack density evolution in an outer ply (Ply1) of the reference and imperfect materials and in an inner ply (Ply6) of the imperfect material, obtained via meso-scale DIC analysis.
The micro-scale analysis of the imperfect material shows details of void-crack interactions. The first two transverse cracks appear on the two voids in the study zone. The second two cracks, afterwards, form in void-free regions (Fig. 4). The spacing between the cracks is almost uniform and about 200 µm. DIC peak finding exercise at the micro-scale confirms that the peaks correspond to matrix cracks.
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Figure 4. Transverse cracks detected via DIC at the micro-scale – the numbers show the sequence of crack formation, showing the first cracks initiating from voids.
6.
Conclusions
DIC is used for detection and characterization of transverse cracking in carbon fiber reinforced composites at three different scales. It was noted that cracks that could not be observed with the naked eye were detected via DIC by means of the high local strain concentration they cause. The technique was used to compare transverse cracking in aerospace-grade carbon/epoxy laminates with laminates including voids. It was concluded that the manufacturing defects cause earlier start of transverse cracking as well as higher level of saturation crack density.
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