

[image: image1]
Analysis of Impregnation Mechanism of Weft-Knitted Commingled Yarn Composites by Staged Consolidation and Laboratory X-Ray Computed Tomography












	
	ORIGINAL RESEARCH
published: 11 October 2019
doi: 10.3389/fmats.2019.00255






[image: image2]

Analysis of Impregnation Mechanism of Weft-Knitted Commingled Yarn Composites by Staged Consolidation and Laboratory X-Ray Computed Tomography

Abderrahmane Ayadi1,2, Mylène Deléglise-Lagardère1,2, Chung Hae Park1,2* and Patricia Krawczak1,2


1IMT Lille Douai, Institut Mines-Télécom, Polymers and Composites Technology & Mechanical Engineering (TPCIM) Research Lab, Douai, France

2Université de Lille, Lille, France

Edited by:
Laurent Orgéas, UMR5521 Sols, Solides, Structures, Risques (3SR), France

Reviewed by:
Francesca Lionetto, University of Salento, Italy
 Florian Martoia, Institut National des Sciences Appliquées de Lyon (INSA Lyon), France
 Baris Caglar, École Polytechnique Fédérale de Lausanne, Switzerland

*Correspondence: Chung Hae Park, chung-hae.park@imt-lille-douai.fr

Specialty section: This article was submitted to Polymeric and Composite Materials, a section of the journal Frontiers in Materials

Received: 09 July 2019
 Accepted: 25 September 2019
 Published: 11 October 2019

Citation: Ayadi A, Deléglise-Lagardère M, Park CH and Krawczak P (2019) Analysis of Impregnation Mechanism of Weft-Knitted Commingled Yarn Composites by Staged Consolidation and Laboratory X-Ray Computed Tomography. Front. Mater. 6:255. doi: 10.3389/fmats.2019.00255



Absorption-based microcomputed tomography (μCT) scans using polychromatic X-ray sources are frequently used to analyse the microstructure of polymer-matrix composites. Assuming the proportionality between linear X-ray attenuation coefficients and gray levels in the reconstructed μCT images, segmentation techniques can be used to conduct qualitative and quantitative analyses. Nevertheless, the reliability of such analyses is limited in partially consolidated composites formed of commingled yarns due to low contrast induced by beam hardening and partial volume effect. This paper aims at investigating the possibility of using low-contrast μCT images to analyse fiber bed deformation and impregnation mechanism by staged consolidation of a weft-knitted fabric of commingled thermoplastic/glass yarns. The experimental work is focused on the effect of the compaction ratio of the consolidation cycle. Absorption-based μCT analyses are conducted for representative samples using a voxel size of 10 μm and a constant energy-level of the X-rays source. Preliminary qualitative analyses of the raw reconstructed images indicate that beam hardening is the most significant in the case of the non-consolidated sample and that partial volume effect makes it difficult to visually distinguish between dry and impregnated zones inside the yarns at a compaction ratio of 63%. Thus, two image-quality descriptors, viz. contrast and signal-to-noise ratio are evaluated based on the K-means clustering method to follow their variation for four consolidation levels. The corresponding volume fractions of glass fibers, thermoplastic matrix, and voids are compared with the results of a second weight-controlled thresholding method. Considering that the weight-controlled thresholding method is less sensitive to beam hardening, it is confirmed that obtaining reliable segmentation results based on the K-means method requires a contrast around 0.5 and signal-to-noise ratio lower than 3. The results from the comparison with the classical consolidation scenario of commingled yarns confirm the potential of using μCT images of different qualities to characterize partially consolidated weft-knitted fabrics.
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INTRODUCTION

In the automotive industry, the transfer of composite manufacturing technologies from the laboratory to the industrial scales is mainly determined by the productivity level and the quality of the produced parts. The basic concept to prepare structural composite materials consists in impregnating a fiber reinforcement by a liquid resin and then consolidating or curing the fiber-resin system under controlled temperature and pressure. Thermoplastic matrix composites are gaining their popularity because of their recyclability and high impact resistance. Another advantage of thermoplastic matrix composites is their shorter processing time than that of thermoset counterparts where a long resin curing reaction is required. Nevertheless, one of the main challenges of thermoplastic matrix composites is the relatively high viscosity of thermoplastic melts compared with thermosets (Alagirusamy and Ogale, 2004; Risicato et al., 2014), which makes impregnation more difficult. Among the potential solutions to reduce the manufacturing cycle time of structural thermoplastic composites while keeping the high quality of a final part are the reduction of the flow length by means of through-thickness impregnation (Kim and Park, 2017), the use of low viscosity engineering thermoplastics (Studer et al., 2019) or the thermo-consolidation of fiber-matrix premixed semi-products. The existent technologies using pre-mixed semi-products include the stacking of polymer film between fiber plies, the powder impregnation of bundles or the commingling polymer and reinforcing fibers inside the yarns (Svensson et al., 1998). In the recent years, numerous technologies were adapted to process thermoplastic prepreg or pre-mixed semi-products. For example, automated tape laying processes are used to fabricate composite laminates from prepreg tapes. The local and online consolidation of thermoplastic tapes during an automated placement has become possible by using a robotic deposition head with laser heating (Schaefer et al., 2017) or ultrasonic energy sources (Lionetto et al., 2015). Over-molding processes can add some technological functionalities to thermoplastic prepreg sheets (Studer et al., 2019). Hot-press processes are also used for the manufacturing of long fiber reinforced thermoplastic composites (Wang et al., 2011). The use of induction-heating systems is recently reported to reduce the consolidation duration of a woven commingled fabric of flax/polypropylene to avoid the thermal degradation of natural fibers (Ramakrishnan et al., 2019). Another potential method to reduce the cycle time of hot-press processes is by combining consolidation and shaping of pre-impregnated or semi-impregnated thermoplastic composites (Wysocki et al., 2008). By combining a commingling method of reinforcement and thermoplastic filaments with a weft-knitting technology, pre-mixed dry semi-products may present a promising alternative to reduce cycle-time. In particular, biaxial weft-knitted fabrics (BWKF) are potential candidates to obtain composite parts with a complex geometry at a reduced cycle-time (Li and Bai, 2009; Risicato et al., 2014; Demircan et al., 2015). However, the better understanding of the consolidation mechanism is still required to optimize the impregnation quality of obtained products.

In the literature, numerous studies have been conducted to characterize the effect of consolidation parameters namely temperature, pressure and impregnation duration (Ye et al., 1995; Trudel-Boucher et al., 2006; Liu et al., 2014). Based on the 2D characterization techniques, such as reflexion light microscopy and SEM micrographs, the chronological sequence of consolidation steps of commingled yarn composites is generally considered to analyse multiple primary phenomena. During the consolidation cycle, the initiation of the fabric compression after melting the matrix is associated with the elastic deformation of reinforcement filaments and the compression of yarns. These two processes lead to a quasi-instantaneous squeeze-out of the molten matrix from the core of the reinforcement yarns which result in the formation, bridging and coalescence of molten matrix pools outside the yarns (Phillips et al., 1998; Bernet et al., 1999). With the increase of the pressure holding time, the pressure builds up inside the fiber bed and the molten thermoplastic matrix impregnates the individual reinforcing fibers inside the yarns. The excessive resin is then squeezed-out from the reinforcement yarns and is forced to flow between the yarns to evacuate air (Van West et al., 1991; Long et al., 2001). This consolidation mechanism has been proposed from 2D surface observations which have a limitation to provide further information about the real 3D arrangements of the matrix and of voids in consolidated fabrics.

X-ray microcomputed tomography (μCT) is a non-destructive imaging technique which describes the internal microstructure of materials at different length scales. Thanks to the progress in X-ray CT imaging during the last decade, several recent studies have focused on composite material applications. For instance, conventional or laboratory scale μCT equipment can be used to analyse the fibrous architecture in composites (Centea and Hubert, 2011; Pazmino et al., 2014; Straumit et al., 2018) and to characterize process-induced defects, such as voids (Nikishkov et al., 2013; Mehdikhani et al., 2019). The obtained real microstructure can be used as an input for the numerical estimation of a preform permeability (Plank et al., 2015; Soltani et al., 2015) or the development of mesoscopic mechanical models of textile composites while considering the local artifacts, such as voids (Liu et al., 2017a; Chen et al., 2018). Higher energy X-ray beams, such as those in synchrotron facilities are more adapted to the in-situ μCT imaging which is required for the in-situ characterization at high time resolution and at resolutions lower than one micrometer. In-situ μCT analyses are more suitable to monitor damage (Böhm et al., 2015; Rolland et al., 2017; Yang et al., 2017; Jespersen et al., 2018; Wang et al., 2018), to characterize time dependent phenomena taking place during the process, such as the impregnation of reinforcement (Vilà et al., 2015; Sisodia et al., 2016; Larson and Zok, 2018) and the fiber bed compression (Latil et al., 2011; Ferré Sentis et al., 2017). In case the readers need more information about application of μCT characterization of polymer matrix composites, some reviews are already available in the literature (Maire and Withers, 2014; Duchene et al., 2018; Garcea et al., 2018).

In the case of commingled yarn thermoplastic matrix composites, μCT-based studies are still far from evaluating the impregnation quality and residual voids of totally consolidated composites (Madra et al., 2014; Patou et al., 2019), where a void represents an unfilled space within the composite due to the poor impregnation of fibers or the entrapment of air bubble. To the best knowledge of the authors, due to the limited energy level of laboratory X-ray sources compared to high resolution μCT imaging facilities, the absorption-based μCT has not yet been used to characterize the consolidation mechanism of BWKF (Carmignato et al., 2018). Based on the physics of X-ray/material interaction in absorption-based μCT scans, the gray level of each voxel encodes physical information about X-ray absorption at the corresponding spatial position within the analyzed object. Nikishov et al. have investigated the effect of X-ray energy levels on the contrast of some reference materials used, such as air, low density polyethylene, and glass (Nikishkov et al., 2013). They concluded that attenuation coefficients of X-rays are proportional to the material density in the cases of high beam energy (>100 kV) and of materials with low effective atomic numbers, such as epoxy and thermoplastic macromolecules. Consequently, the density of the constitutive materials of the analyzed objects is proportional to the gray levels of the reconstructed μCT images. In practice, the gray levels in μCT images not only encode physical information but also are affected by noise from the electronic detection equipment, such as dead pixels resulting in ring artifact after reconstruction (Maire and Withers, 2014). The local density variation inside the analyzed object where the regions including low density materials are in the vicinity of high density ones can also cause a local change of gray levels by beam hardening. Indeed, beam hardening is an artifact which takes place during the acquisition step using polychromatic beams generated by X-ray tubes in laboratory CT systems. By passing through an object, the photons of lower energy levels forming the X-ray beam are more easily filtered than those of higher energy. Thus, the average energy level increases. This effect is known as the “hardening” of the X-ray beam. By increasing the average energy levels of photons, the apparent density of a material increases and leads to a localized density variation. During the post-acquisition step, beam hardening is manifested in a homogeneous object (composed of the same material) according to a gradual darkening toward the interior in the reconstructed images. In the objects composed of different materials including voids (which can be considered as a very low density material), the regions with lower density materials which are in close proximity to higher density materials are affected. In fact, the lower density materials may appear to have higher densities than their effective ones. Consequently, it is difficult to distinguish between actual material variations and beam hardening artifacts. Technologically, beam hardening can be reduced by filtering low energy X-rays during the calibration step of the CT system before scanning the object. It can also be filtered during the post-acquisition step by using calibrations and filters which are integrated in data reconstruction software. For more detailed information the reader may refer to the following references (Ketcham and Carlson, 2001; Djukic et al., 2013; Maire and Withers, 2014; Hanna and Ketcham, 2017;Carmignato et al., 2018).

The achievable voxel size has also a direct incidence on the discretization of the analyzed sample. When an elementary volume representing a discrete region of a material includes more than one single phase, the resulted linear attenuation coefficient encodes a single equivalent linear attenuation coefficient corresponding to the mixture of the phases. Such effect is known as the partial volume effect and it is more significant for relatively coarse voxel sizes and near interfacial domains separating different materials (Schell et al., 2006; Bull et al., 2013; Kierklo et al., 2014; Léonard et al., 2017). As reported by Schell et al. the achievable resolution has a significant influence on the segmentation quality and it is dependent on the diameter of the virtual tube overlapping the scanned domain of a sample (Schell et al., 2006). In the case of polymer matrix/glass fiber composites the achievable voxel size can get down to 2 μm for sample sizes ranging between 2 and 20 mm by animating the scanned object according to helical acquisition path during the scan procedure (Ayadi et al., 2016).

There are numerous image segmentation techniques including manual operations based on the strong ability of human eyes to differentiate between objects (Arbeláez et al., 2011; Borra et al., 2019) and more automated operations. In the case of μCT images, manual segmentation operations are not reliable to conduct quantitative analyses. Berg et al. provided an overview of potential segmentation methods including absolute thresholding, region growing, contour detection and automatic clustering method involving machine learning (Berg et al., 2018). For composite materials, segmentation techniques are required to separate the constituents of the composite for numerous reasons, such as monitoring the geometric changes of the cross-sectional shapes of reinforcement yarns (Liu et al., 2017b), monitoring the compressibility of a fiber bed (Ferré Sentis et al., 2017) and inspecting the impregnation quality (Madra et al., 2014; Patou et al., 2019). Nevertheless, the aforementioned μCT flaws prohibit the existence of a standard segmentation method and thus, may limit the reliability of quantitative analyses (Berg et al., 2018).

The present study combines the partial consolidation of biaxial weft-knitted fabrics of commingled thermoplastic/glass fibers and the μCT scans using laboratory systems to investigate the impregnation mechanisms. First, the qualitative and quantitative evaluation of reconstructed μCT images is performed considering the effect of compaction ratio. Second, two segmentation methods are compared to better understand the effect of beam hardening and the partial volume effect. Third, the segmented images are used to analyse the consolidation mechanism of the commingled yarn fabric material. It should be kept in mind that the porosity levels in partially consolidated sample are very high. Hence, the mechanical characterization is not performed because of its low reliability.



MATERIALS AND METHODS


Materials

In the current study, biaxial weft-knitted fabrics (BWKF) are consolidated to form thermoplastic composite plates. By varying the mold cavity height, composite plates with different thickness values are fabricated. BWKF is a semi-product which is composed of hybrid yarns which, in turn, are obtained by commingling polypropylene (PP) and glass fiber (GF) filaments. The yarns are arranged into a 3D architecture formed of horseshoe-shaped loops and of unidirectional (UD) reinforcement yarns (Figure 1A). The UD reinforcement yarns are arranged into four layers by alternating their alignment along the wale and course directions. Further information of the BWKF is provided in Table 1.


[image: Figure 1]
FIGURE 1. Biaxial weft-knitted fabric and manufacturing process. (A) Arrangement of yarns of the biaxial weft-knitted fabric (top-left). (B) Schematic of the mold set-up (bottom-left). (C) Temperature and mold plate displacement cycles during the compression molding at cycle C (CR = 35%) (right).



Table 1. Parameters of the biaxial weft-knitted fabric.
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Staged Consolidation

The compression molding process is conducted on a 120T press (Pinette PEI, France) equipped with a mold of a single rectangular cavity of 100 × 100 × 2.1 mm3, in the POPCOM advanced composites manufacturing platform. An optimized consolidation cycle similar to the one reported in Madra et al. (2014) is adopted to consolidate a stack of four plies (with a layer stacking sequence of [0/90]s) of the BWKF. The processing sequence begins by placing the stack of fabrics inside the mold cavity (Figure 1B) and closing down the upper platen of the press to get in contact with the top surface of the preform without applying any compressive force. Then, the material is heated up to 240°C at a constant heating rate of 10°C/min. After maintaining this temperature (i.e., 240°C) for 30 min to ensure a homogeneous temperature distribution of the preform, a compression force of 60 kN is applied to close the mold and consolidate the composite. For 15 min, the mold is maintained to be closed. Then, the temperature is decreased by the air circulation in the cooling circuit of the press while maintaining the compression force. The composite plate is taken from the mold once the temperature reaches 40°C (Figure 1C). The staged consolidation procedure consists of using the same sequence and processing parameters of the optimized cycle to form partially consolidated plates by applying different compaction ratios (CR) which is defined by the following equation.

[image: image]

where th0 is the initial thickness of the fabrics stack and th is the final thickness of the consolidated plate.

For this purpose, polished metallic spacers are used to control the final mold cavity height. A total of four processing cycles are considered (Table 2).


Table 2. Compaction ratios and porosity volume fraction of the thermoplastic composite plates manufactured by different process cycles.
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Absorption-Based μCT Scans

To perform μCT scans, representative samples of almost 10 × 10 × th (mm3) dimensions are cut off at the center of the consolidated plates using a diamond saw and water lubrication to avoid over-heating of the thermoplastic matrix. The exact dimensions of the samples after the cutting operation are provided in Table 3. The dimensions in XY plane were defined to include at least two or three adjacent horseshoe-shaped knitting loops in each direction. The fiber and matrix weight fractions of the cut specimen were calculated using a burn-off test according to ASTM D 2584. The specimens were inserted into a furnace in an inert environment for 4 h at 450°C. The fiber mass fraction was then calculated based on the specimen weights before and after burn-off test. Average void contents from at least three adjacent specimens were calculated according to Equation (2):

[image: image]

where, ρa is the apparent density which is measured using Archimedes principle according to ASTM D 792 and ρt is the theoretical density of the composite, which is evaluated by Equation (3) using the densities (ρFand ρM) and the mass fractions of fiber and matrix (wt%M and wt%F):

[image: image]

The characterization results from density measurements and burn-off tests are provided in Tables 2, 3, respectively.


Table 3. Volume fractions of the segmented μCT images according to the K-means clustering and to the weight-controlled-methods.

[image: Table 3]

Absorption-based μCT scans are conducted using a CT system (UltraTom, RX-Solutions, France) equipped with a flat-panel-detector of 1,920 × 1,536 pixels (Varian, USA). The imaging protocol consists of mounting a sample on a cylindrical holder located, by a controllable distance, between the aligned detector and the punctual source X-ray photons (Figure 2). Particular attention is paid to the orientation of the samples within the manufactured plates. This distance is adjusted to expose the entire volume of the sample to a conical beam emerging from the source of X-rays. A voxel size of 10 μm is chosen using an acceleration voltage of 80 kV, a current of 115 μA and a beam power of 9.2 W. The same voxel size is used to analyse all the composite samples with respect to two considerations. The first consideration is to achieve a highest possible resolution to detect individual glass fibers (13 μm of diameter). The second consideration is to analyse the complete volume of each sample. Given that the achievable image resolution is inversely proportional to the diameter of a scanned volume (Schell et al., 2006), the lowest voxel size which satisfies both considerations was 10 μm. During each scan, the sample holder is animated at an angular increment of 0.25° to collect a single radiograph from average six X-ray projections. In total, 1,440 radiographs are obtained by describing a complete rotation (360°) at a cumulated duration of 17 min. During all the conducted acquisitions, no metallic filter was mounted on the X-Ray tube to reduce the beam hardening artifact.


[image: Figure 2]
FIGURE 2. Photo of the computed tomography system of the ISIS4D Platform.




Reconstruction of μCT Images

X-Act software (RX-Solutions, France) is used to reconstruct a 3D digital clone for each scanned sample from the collected radiographs by applying the filtered back-projection method (Zhuang et al., 2004). 3D images are then reoriented in the Cartesian coordinate of the manufactured composite plates and then cropped by defining the narrowest region of space delimiting the analyzed sample from surrounding air (Figures 3A–D). The exact dimensions of the scanned composite samples are provided in Table 3. The output data is stored as a sequence of 2D images coded in 16-bit (i.e., gray levels range between 0 and 65,535). To make direct comparisons between reconstructed images possible, operations, such as smoothing, filtering and histogram normalization are avoided. The data set includes four 3D images and constitutes the basis of all the following qualitative and quantitative results. Avizo Fire software (Thermo Fisher Scientific, USA), Matlab (MathWorks, France), and the open-source software ImageJ (NIH, USA) are used to segment and visualize μCT images. All image post-processing operations are conducted on a workstation (HP Z840) equipped with 192 GB of RAM.


[image: Figure 3]
Figure 3. (A–D) μCT images for all the compaction ratios. (E) Corresponding histograms of gray levels.




Qualitative Analysis of Gray Levels in μCT Images

The histograms of the reconstructed 3D images indicate the co-existence of at least three classes of voxels (Figure 3E). The first class which represents glass fibers, is identified by a bell-shape distribution at the highest gray levels. The second class is indicated by the decreased number of voxels at low gray levels following the increase of the compaction ratio. It corresponds to air within the non-filled zones within the composite, because air is considered as void in this study. The third class is the voxels of intermediate gray levels between the two major peaks. These intermediate gray levels may correspond to a mixture of voxels located within spatial domains of PP matrix or include more than one phase due to the partial volume effect. In fact, the considered voxel size of 10 μm is relatively coarse to detect microstructural arrangements at lower length scales. Consequently, a single voxel may induce the linear attenuation from a region including more than one phase (Schell et al., 2007). Due to the absence of a clear distinction among the three classes in the non-bimodal histograms, it is difficult to perform any quantitative measurement based on gray levels thresholding techniques, such as IsoData, Maximum of Entropy, Otsu (Sezgin and Sankur, 2004).

By considering a few representative raw μCT slices (Figure 4), it can be seen that beam hardening flaw which can be verified by the contrast of the gray levels in the porous zones (for example in zone “i” in Figure 4A), is the most significant for the non-consolidated sample (CR = 0%) and decreases as the fiber bed is more and more compacted. Moreover, the partially consolidated samples do not exhibit any difference between impregnated and dry zones in the cross sections of the reinforcement yarns. To clearly show the effect of staged consolidation on the obtained gray levels, the profiles along the dashed lines (from right to left) in Figure 4 are presented in Figure 5. All the profiles show significant transitions between maximum peaks (higher than 3.5 × 104) of glass fiber and low gray levels (around 2 × 104). Nevertheless, the transitions between void and matrix are relatively limited and range between 1.5 × 104 (CR = 0%) and 2 × 104 (CR = 63%).


[image: Figure 4]
Figure 4. (A–D) Representative 2D slices from four different samples. Z direction corresponds to the thickness of the manufactured plates and arrows indicate the direction of compression inside the mold in partially consolidated samples. Subdomain (i) illustrates beam hardening artifact in porosity domains. Subdomain (ii) shows the variation of pixel gray levels representing glass fibers due to partial volume effect.



[image: Figure 5]
FIGURE 5. Gray levels variation along the dashed lines indicated respectively in Figures 4A–D. (A–D) Correspond respectively to the compaction ratios of 0; 35; 47 and 63%.




Quality Measurement of the 3D μCT Images

From the set of reconstructed μCT images, background voxels (which theoretically represent air in non-filled spaces within the composite formed of commingled yarns) do not have uniform gray levels according to the imposed compaction ratio (Figure 4). An automatic gray-level clustering technique based on K-means algorithm was adopted using Matlab's built-in functions. The clustering algorithm included three main steps: (i) initialization of the centroids of a pre-defined number (k) of clusters, (ii) identification of the similarity of each voxel to the initial centroids based on the squared Euclidean distance as a distance metric (Singh et al., 2013), and (iii) updating the gray levels of the k centroids based on the newly formed clusters. The algorithm consists of iteratively repeating steps (ii) and (iii) to minimize the intra-cluster variance. More details about this method can be found in the literature (Gonsalves et al., 2015; Chauhan et al., 2016).

In this study, two computations are conducted on the set of 3D μCT images. The number of clusters is set as three during the first series of computations (designated by K-means-3c) by assuming that a voxel can only provide information from the attenuation of X-rays by void, matrix or glass fibers. For the second series of computations (designated by K-means-5c) this number is increased to five assuming a higher influence of the partial volume effect. In the literature, the k-means clustering method is known to provide local optima and to depend on gray levels attributed to the centroids at the initialization step. In the current study, two verification procedures were considered to check the convergence of the k-means clustering algorithm. The first verification procedure relied on conducting the k-mean clustering procedure for five times using different centroids at the initialization step. In this context, the initial centroids were defined by using a random 2D slice from the μCT data and a random seeding technique built in Matlab (Arthur and Vassilvitskii, 2007). The second verification procedure consisted of using the multilevel Otsu thresholding (MLT) as an equivalent global image segmentation technique which relies also on an intra-cluster variance minimization criterion (Liu and Yu, 2009; Singh et al., 2013). Nevertheless, unlike the k-means clustering technique, the MLT requires the computation of the histogram of gray levels of the 3D μCT image to be segmented and it provides (k-1) thresholds (or cut-off gray levels) as output. This global histogram-based segmentation method was only conducted to obtain two gray level thresholds to distinguish between void/matrix and matrix/fibers. To compare both segmentation techniques, the thresholds of gray levels were computed as the average of consecutive optima identified by the k-means clustering technique. The results of all the thresholds of gray levels are presented in Figures 6A–D and the corresponding volume contents of the different clusters are provided in Table 3. The results in Table 3 obtained from both the local and global segmentation methods (with consideration of three clusters of voxels) indicate that the variation between volume contents of all three phases (void, matrix and fiber) does not exceed 3%.


[image: Figure 6]
Figure 6. (A–D) Gray level histogram of the segmented 3D μCT images with the thresholds evaluated according to the WCT, k-means-3c, k-means-5c, and MLT methods. (E–H) Segmentation out-put of the same 2D slice from the non-consolidated sample (CR = 0%) according to the four methods. Numbers correspond to the obtained clusters sorted in an increasing order of gray levels.


Figure 6 shows the segmentation output obtained by the local and global segmentation methods based on the intra-cluster variance minimization criterion. The difference in the background voxels which correspond to cluster number 1 in Figure 6F (segmented using K-means-3c) is composed of two clusters of voxels in Figure 6E (segmented using K-means-5c). Such a difference provides the quantitative information about the beam hardening effect which mostly affects low gray levels representing voids. The volume fraction of beam hardening affected voxels (cluster number 2 of μCT 3D images segmented using K-means-5c) presents a gradual drop from 30.8; 16.7; 13.4 to 11.3% (Table 3). On the other hand, the K-means-3c method provides three clusters of voxels representative of the three phases of the polymer composite (glass fibers, matrix and void).

Nevertheless, as the image clustering method is sensitive to the low-contrast in μCT images, objective indicators about the image quality are required and the results should be compared with those by a more physically controlled segmentation method. Kraemer et al. and Yu et al., reported the use of signal-to-noise and contrast to evaluate the quality of μCT images (Kraemer et al., 2015; Yu et al., 2016). Contrast in absorption-based μCT scans can be quantified as expressed by Equation (4).

[image: image]

where mvoid is the mean gray level of background voxels which corresponds to void and mcomposite is the mean gray level of the complementary population of voxels within the reconstructed μCT image.

Signal-to-Noise Ratio (SNR) is defined as the ratio of the mean gray level (m) of a considered volume of interest (containing preferably void, matrix and fiber voxels) to the noise of gray levels which corresponds to the standard deviation (σvoid). Thus, the SNR can be expressed by Equation (5).

[image: image]

The evaluation of both quality descriptors is based on the output of the K-means-3c method. Despite using the same μCT acquisition parameters, the increase of the CR caused a decrease of contrast from 0.51 to 0.33 and an increase of the SNR from 2.6 to 7.1 (Figure 7). Both trends indicate that the consolidation of the same fabric (which couples densification of the fiber bed and impregnation of the fibers) requires the development of a calibration procedure of the energy of the X-ray source to obtain similar image qualities.


[image: Figure 7]
FIGURE 7. Variation of image quality indicator according to the compaction ratio of scanned samples.




Weight-Controlled Thresholding Method

Based on the previously observed sharp transition in profiles of gray levels (Figure 5) and the localization of beam hardening effect in unfilled area within the composite, a weight-controlled thresholding (WCT) method is suggested. The procedure consists of measuring the mass of the organic and non-organic constituents of the scanned samples using the results of burn-out tests in Table 3. First, the mass of the non-organic residue (i.e., glass fibers) is measured. Then, it is used as a target criterion of an iterative and decreasing sweep of gray levels from 65,535 to 0. For each step, the total mass corresponding to the voxels of gray levels which are higher than the considered threshold is calculated based on the known density of glass fibers (Table 1). The same procedure is then applied to define the threshold of the PP matrix based on the mass of the burned organic matrix. By using the scanned composite sample and its exact μCT 3D image, the thresholds of fiber and matrix gray levels are identified. The WCT method consists in using these identified thresholds to segment fiber and matrix voxels in any sub-domain extracted from the same μCT data. As can be noticed from Table 3, the obtained matrix mass fractions at CR of 47 and 35% are higher than the corresponding value in the case of the non-consolidated sample (27.9 and 26.8 > 25.5). Such variation can be related to the poor control of the size of the used μCT samples according to the cutting technique. The lowest matrix content is obtained from the totally consolidated sample (CR = 63%) which can be explained by an expulsion of thermoplastic matrix. Because the WCT method is also based on the global histogram of the reconstructed 3D images, it can be sensitive to the increase of the noise-to-contrast ratio. Thus, relative errors which may result from an inaccurate evaluation of both thresholds of glass fibers and of PP are calculated as indicated by Equation (6).

[image: image]

where Voli is the volume fraction of residual void for the modified couple gray level thresholds of glass fibers and PP. Vol0 is the volume fraction of residual void obtained by the WCT method. Figure 8 shows that relative errors are below 10% with a variation of ±0.5% around the identified glass fibers and PP thresholds from the 16-bit coded μCT images. With the increase of the CR, an inaccurate choice of the threshold for glass fibers clearly induces greater errors than the gray values threshold for PP. Such variation is mostly related to the partial volume effect (zone “ii” in Figure 4A) and the more significant wetting of fibers by the matrix. As a matter of fact, partial volume effect takes place when the gray level of a single voxel encodes the information from more than one single material. An increase of the CR induces higher packing of the fiber bed and better impregnation of the fibers. Given the voxel size of 10 μm, the same elementary volume elements encode potentially more than a single phase in the most compacted composite samples.


[image: Figure 8]
FIGURE 8. Relative error distributions due to the imposed changes of gray level threshold for glass fibers and PP matrix. (A–D) Correspond respectively to the compaction ratios of 0; 35; 47 and 63%.





RESULTS AND DISCUSSION


Comparison Between K-Means-3c and WCT Segmentation Methods

The evolution of volume contents of void, matrix and fibers obtained from μCT images after segmentation operations according to the K-means-3c and the WCT methods exhibits similar trends (Table 3). At a CR of 0%, the void contents are 52.1 and 55.1% for the K-means-3c and the WCT methods, respectively. With the increase of CR, the difference between these void contents becomes more significant. The void contents are 11.5 and 1% for the K-means-3c and the WCT methods, respectively, in the case of the totally compacted sample. According to the variation of contrast and SNR along the increase of CR (Figure 7), a contrast value which ranges between 0.45 and 0.5 (with a SNR ranging between 2.6 and 3.8) seems to guarantee comparable values for both the image segmentation methods. However, this result still requires more extensive μCT characterizations on other samples of compaction ratios lower than 35% while using the same acquisition parameters. Complementarily, according to density measurements in Table 2, the K-means-3c method seems to provide more reliable estimation of porosity contents when the partial volume effect is the most significant (at the highest compaction ratios).

As indicated in section Quality Measurement of the 3D μCT Images, the beam hardening artifact affects the low density materials, in particular air in non-filled zones (zone “I” in Figure 4A). Because of the sequential segmentation of fibers, matrix, and voids, the WCT method can be considered less sensitive to the beam hardening artifact. The comparison between both the segmentation methods also confirms that the efficiency of automatic gray-level-based clustering is decreased by partial volume effect rather than by beam hardening. For the subsequent analyses, only the segmented images obtained by the WCT method are considered.



Impregnation Mechanisms

The consolidation of commingled yarns is involved in both the mechanical deformation of the fiber bed and the polymer impregnation between the yarns and inside the yarns. For the sake of clarity, these two phenomena are analyzed in the subsequent sections.


Effect of the Staged Consolidation on Fiber Bed Deformation

Because the analysis of μCT images of the BWKF requires a priori knowledge of the arrangement of yarns, a color coding operation based on the structure tensor computation is considered (Rezakhaniha et al., 2012; Naouar et al., 2014). The computations were conducted slice by slice with consideration of a 2D Gaussian window of one pixel. The fiber orientation in the XY plane is considered to separate the reinforcement yarns aligned in the X direction (90°) and those in Y direction (0°). By this color coding operation, knitting yarns appear in a myriad of non-homogeneous colors due to their horseshoe-shape in the XY plane (Figures 9A,B). Based on the structure tensor data, the fiber area fractions along the thickness (Z direction) of each analyzed sample were quantified and presented in Figures 9C–F. Angular deviations <15° from the X and Y direction were tolerated. Qualitative analyses of μCT images in Figure 4 show that at the non-consolidated state of the BWKF, inter-yarn voids form a microscopic network of open pores resulting from the characteristic arrangement of the plies and from the overlaying sequence of preform in the thickness direction (Z direction). Given the voxel size of 10 μm, it is very difficult to draw any conclusions about intra-yarn porosity. The fiber area fractions in Figure 9C show a clear alternation between optima in X and Y directions. These optima correspond to the alternating four plies of reinforcement yarns of the used commingled yarn fabric. The increase of the CR gradually affects the fiber bed deformation and the network of macro-voids. At a CR of 35%, the compression of the fiber bed in the thickness direction (Z direction) is associated with a compaction of the cross sections of the reinforcement yarns and the width of the area fraction peaks in Figure 9D. However, the compression force is not high enough to close macroscale voids between the plies, which represent 23.5% of the volume. At a CR of 47%, the cross-sectional shape of the yarns is significantly flattened. Also, the visual inspection of reinforcement yarns which are aligned in the X direction show an increased tortuosity and intra-yarn voids are located within the plies of the fabric. From the results of the fiber area fractions, it is demonstrated the number of peaks of fibers aligned in the X direction (Figure 9E) is decreased compared with the non-consolidated sample (Figure 9C). These observations imply the initiation of yarn nesting between the fabric layers (Djukic et al., 2013; Doitrand et al., 2015). At the highest CR (63%) the reinforcement yarns are more flattened and the residual voids between the yarns are located in the vicinity of the knitting bundles.


[image: Figure 9]
Figure 9. (A,B) Color coded glass fiber orientations from μCT 3D images which were segmented using the WCT method. (C–F) Fiber area fraction distributions along the Z direction with glass filaments aligned in the X and Y directions.




Effect of the Staged Consolidation on Matrix Localization

Given the proportionality between gray levels and X-ray attenuation coefficients, the shift of the gray levels from low to medium and to high range values encodes the information about the localization of each voxel. In fact, the matrix voxels of high gray level range are in the vicinity of glass fibers viz. at the interface and imply good impregnation. Conversely, a matrix voxel of lower gray level range represents a localization of neat matrix far from glass fibers viz. outside the yarns. In line with this speculation, only the gray levels of voxels representing the matrix are kept unchanged in the segmented 3D images (Figure 10). Due to partial volume effect, voxels encoding impregnated and/or dry glass fibers are coded as fiber voxels. The localization of the matrix is inspected at the macro- and meso-scales and results are confronted to representative optical microscopy based observations (Figure 10). Macro-scale qualitative analyses indicate a non-homogeneous distribution of the matrix through the thickness of the samples. The impregnation of yarns depends on their contact with neighboring yarns and on the commingling method which is different between the reinforcement and knitting yarns. In fact, in the non-consolidated sample (Figure 10A), the polymer melt is likely to impregnate the non-packed isolated filaments of glass fibers. Due to the absence of any external load applied to the fiber bed, the impregnation of fibers is supposed to be related to the initial distribution of PP filaments. By using black ink to dye the partially impregnated yarns, the optical micrographs of the same plate show that the ink easily infiltrates non-packed clusters of dry glass fibers and non-contact zones between neighboring yarns (Figure 10B). With the increase of the CR (CR = 35 and 47%) the compression of the fiber bed enhances the penetration of the matrix in the yarns with a relatively low packing of glass fibers (Figures 10C–F). The presence of macro-voids confirms that the matrix does not fill the macroscopic channels between the yarns (Figure 10E). At the highest compaction level (CR = 63%), the matrix is squeezed out from the fiber bed and is more agglomerated in some pockets between crossing over yarns (Figure 10G). The optical micrograph in Figure 10H shows that the squeeze out of the matrix from a yarn results in a partially impregnated center of packed glass filaments behind the matrix front. With consideration of the partial volume effect in conventional absorption-based μCT analyses, the large gray spots defined according to the color coding seem to represent the zones of poor impregnation of glass fibers with relatively low concentration of matrix.


[image: Figure 10]
Figure 10. (A,C,E,G) Color coded matrix voxels from μCT 3D images which were segmented using the WCT method using the same scale bar. (B,D,F,H) Optical microscopy observations in the XZ plane of the composites samples.


A local analysis is conducted to provide more insight about the impregnation mechanisms at the yarns scale. Qualitative analyses show a difference between knitting and reinforcement yarns and a dependence on the contact or non-contact with adjacent yarns. Without application of a compaction pressure on the heated preform, the melted PP filaments form matrix pools and coalesce inside and outside the yarn by surrounding the clusters of glass filaments. Tubular pores parallel to glass fibers are formed inside the yarns by bridging the matrix pools at the interface of adjacent clusters of glass filaments (Figure 11). However, the infiltration of PP in the yarn cross-section is more significant far from the contact area. At a CR of 35%, glass fibers are impregnated especially in the regions adjacent to macro- and meso-scopic voids. The deformation of yarn cross-sections can be observed and the local deviation of glass fibers at the external layer of the yarns is detected. The compression pressure in the contact zone between crossing-over yarns is high enough to decrease the yarn permeability which makes the impregnation difficult. At a CR of 47%, the polymer is squeezed out from the core of yarns due to the high compaction of the filaments of glass fibers. The core becomes a potential dry zone and the PP matrix is more localized along the confined edges of the yarns. This implies that the flow is more significant along the main direction of the reinforcement yarns. At a high compaction ratio (CR = 63%), the macroscopic pockets of matrix agglomerate around the contact areas formed after yarn nesting. The matrix also agglomerates in confined spaces delimited by contact surfaces between the reinforcement yarns (oriented at 0 and 90° in the XY plane) and inside the flattened horseshoe-shaped knitting loops. Meanwhile, the matrix infiltrates mainly between glass fibers in the vicinity of these matrix pockets. In the case of the knitting yarns, the mesoscale observations in Figure 12 indicate a significant out-of-plane deformation of those yarns with poor impregnation of the side zones of glass fiber yarn. It is also noticeable that the horseshoe-shaped loops are potential sites for macroscale void formation.


[image: Figure 11]
FIGURE 11. Impregnation degree of reinforcement yarns in the case of non-contact (A,C,E,G) and contact (B,D,F,H).



[image: Figure 12]
FIGURE 12. Impregnation degree of knitting yarns. (A–D) Correspond respectively to the compaction ratios of 0; 35; 47 and 63%.






CONCLUSIONS

In the current study, the combination of staged consolidation and laboratory μCT scans was proved to be as a promising method to analyse the consolidation mechanisms for biaxial weft-knitted fabrics made of commingled glass/thermoplastic yarns. The results of the K-means and weight controlled thresholding methods indicated that the use of automatic algorithms based only on gray levels requires a contrast value which ranges between 0.45 and 0.5 (with a signal-to-noise ratio ranging between 2.6 and 3.8) seems to guarantee comparable values for both image segmentation methods. Nevertheless, this result still requires more extensive μCT characterizations on other samples of compaction ratios lower than 35% for the same acquisition parameters. It was also demonstrated that partial volume effect is more critical than beam hardening of X-rays.

Based on the structure-tensor-based coding of segmented glass fiber and on the localization of the thermoplastic matrix, the impregnation mechanisms were analyzed. The qualitative analyses demonstrated a high correlation between the fiber bed compaction and the localization of the matrix as well as a difference of the impregnation mechanism between the reinforcement and knitting yarns. The knitting yarns are the most difficult to impregnate due to their high out-of-plane deformation and their initial side by side arrangement of thermoplastic and glass fiber filaments. The horseshoe-shaped loops have been identified to be potential zones for the residual intra-yarns void formation. From a processing point of view, the impregnation of glass fiber yarns by the thermoplastic is the most efficient at a compression ratio that ranges between 35 and 47% rather than at 63%. Thus, the increase of dwell time at an intermediate compaction ratio employing a low compaction speed before the final closure of the mold during consolidation may enhance the impregnation quality of a final part.

More work is needed to identify the optimal sequence of compaction to further reduce air entrapment and hence the amount of residual voids. The current study represents a first step toward developing a consolidation model for biaxial weft-knitted fabrics made of commingled thermoplastic/reinforcement fibers. Taking into consideration the physics provided by μCT scans, the coupling between the mechanical deformation of the fiber bed and the flow of the thermoplastic matrix should not be neglected.
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