Effects of Debulking on the Fiber microstructure and void distribution in carbon fiber reinforced plastics
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ABSTRACT
Carbon Fiber Reinforced Plastics (CFRPs) are widely used due to their high stiffness to weight ratios. A common process manufacturers use to increase the strength to weight ratio is debulking. Debulking is the process of compacting a dry fibrous reinforcement prior to resin infusion. This process is meant to decrease the average inter-fiber distance, effectively increasing the fiber volume fraction of the sample. While this process is widely understood macroscopically its effects on fibrous microstructures have not yet been well characterized. The aim of this work is to compare the microstructures of three CFRP laminates, varying only the debulking step in the manufacturing process.  High resolution serial sections of all three laminates were taken for analysis. Using these scans, the fiber positions were reconstructed. Statistical descriptors such as local fiber and void volume fractions, fiber orientation, and void distribution and morphology were then generated for each sample.  Fiber clusters present within the material were identified and analyzed for each level of debulking applied. Using these descriptors, the effects of debulking on the morphology and organization of the composite microstructure was evaluated. 
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INTRODUCTION
Carbon Fiber Reinforced Plastics (CFRPs) are widely used as a high-performance material due to their high strength to weight ratios. Traditionally, such CFRPs are manufactured with a carbon fiber textile reinforcement, pre-impregnated with matrix resin (i.e., “prepreg”). To reduce costs, the industry has been moving towards molding with dry reinforcements using a family of processes known as Liquid Composite Molding (LCM). Compared to prepreg materials, working with dry reinforcements incurs fewer material costs, less material waste from both trim and expiration, less freezer storage energy, and more flexibility with complex part geometries. In LCM, the dry reinforcement is laid on the tool, and the fibers are subsequently wet-out with the resin, either by over-pressure in Resin Transfer Molding (RTM) or vacuum draw in Vacuum Infusion (VI). VI is more cost effective for larger parts as the mold consists of one-sided tooling, only rigid enough to support vacuum pressure, and a vacuum bag covering the other side of the reinforcement [1]. 
Due to the use of a flexible vacuum bag, the driving force for the resin infusion of the fibers in VI is limited to vacuum pressure only, whereas wet-out in RTM may be performed at whatever pressure the equipment is capable of. The ability to consolidate the CFRP is limited as vacuum pressure by itself will result in a higher porosity and thus more resin content, compared to applying over-pressure to the bag in an autoclave cure, or the high pressures usually involved in RTM. This in turn limits the achievable fiber volume fraction which can be directly tied to the part’s mechanical performance. The lower pressures involved in VI can also result in higher void content. Air bubbles trapped in the part after resin cure are then known as voids and act as a further detriment to mechanical performance [2]–[7] . In comparison with prepreg, all forms of LCM processing also suffer from a less homogeneous distribution of voids due to the in-plane pressure gradient applied during resin wet-out [8]–[10]. Some prepreg materials, specifically unidirectional tapes, will have less of a tow structure, and thus less of the capillary-viscous flow differences exhibited by textile reinforcements [11], thus further promoting void microstructural homogeneity. 
A common process manufacturers use to mitigate the thickness gradient and low fiber content in VI is debulking. In the context of LCM processing, debulking is the process of compacting a dry fibrous reinforcement, via cyclic loading, prior to infusion to induce fiber nesting. The term “debulking” is also used with prepreg materials, where compaction is used not as much to induce fiber nesting but to squeeze out excess resin. In the context of LCM i.e. debulking of dry reinforcements, a hysteresis is seen through repetition of the compaction, where the reinforcement moves to a more nested and compressed state [12]–[17]. Upon VI processing of such a debulked reinforcement, the same vacuum application and ambient pressure will result in a higher fiber volume fraction than without the debulking [17]. In addition, a debulked reinforcement exhibits less compliance, and thus less of a thickness gradient along the resin flow path [17]. 
The literature on debulking has focused on experimental determination of the changes in required material thickness to reach a target pressure, or vice-versa, while iterating parameters such as compaction rate, ply count, and reinforcement material [12]–[17]. Such studies have shown that 1) higher compaction rate causes less compliance [14], [15], 2) varying the ply count causes a significant difference in compressibility for only very low ply counts [16], and 3) the increase in nesting between cycles decreases with each subsequent cycle [12], [13], [15], [17], [18]. Similar reinforcement compaction studies have focused on the compressibility of the reinforcement during VI processing [19]–[22], without examining the effects of pre-infusion debulking. 
One common observation on both micro-CT scans and serial sections of CFRPs is the presence of voids. Voids appear as extremely dark regions that lay in between individual fibers as well as in between other fibrous structures such as tows and plies. During LCM processing including VI, small amounts of gas are mechanically trapped as bubbles due to the dual scale flow including flow between the fiber tows, and flow within the fiber tows [23]–[25].The trapped gas comes from either the resin itself, or from lingering atmospheric gas amid the fibers. Inter-tow macro-voids are formed when the flow front velocity is low and the intra-tow capillary flow outpaces the inter-tow bulk flow [23]. Intra-tow micro-voids may be formed in the opposite case when the flow front velocity is high and outpaces capillary flow [26], [27]. Although debulking may result in enhanced mechanics, it comes at the cost of processability. Greater debulking causes an increase in the fiber volume content, and thus slower filling velocities. As per the dual scale void formation theory outlined above, this should result in more formation of macro-bubbles, i.e., those formed between the tows. With the tighter fiber packing, this will also result in less ability for the trapped bubbles to be flushed to the flow front and out of the resin [28], thus increasing the final void content. No previous studies have investigated this trade-off, namely, how much of an increase in filling time and void content result from a particular amount of debulking.
The effects of debulking on the organization of fibrous microstructures have not yet been well characterized. The one known study on this subject showed a lateral spreading of the fiber tows during the first compaction cycle, leading to a significant rise in the maximum fiber volume fraction and a dependence on the frictional characteristics of the fiber contacts for later cycles [13]. This difference in mechanisms between the first compaction and later ones suggests that the models developed for the compaction occurring during VI processing, based on no debulking [21], cannot accurately predict the behavior of a debulked reinforcement. While the microstructural mechanisms of reinforcement compaction have thus been studied for low cycle counts, only more empirical results have been presented for true debulking practice involving several cycles. Industrial debulking practice is typically developed in a trial-and-error process by individual companies or even individual operators, and usually involves many cycles. This study aims to investigate the actual microstructural mechanism that leads to increased compaction during several cycles of debulking, to enable a better understanding of what process parameters lead to the fastest and most effective debulking practice.
[26]One of the many aspects of CFRPs that has been studied is entanglement. Entanglement is a phenomenon that occurs when fibers cross over and nest inside one each other. While numerous methods exist for quantifying the entanglement of fiber reinforced composites, little is known about the actual effect of debulking on the entanglement within a microstructure[29]–[35]. One of the methods for studying entanglement is looking at micrographs of unidirectional CFRPs at sub-micron resolution [31]. Using these images, fiber paths can be reconstructed, and various measurements can be made. 
Fast et al., observed that the microstructure underwent deformation that was potentially indicative of the loads the composite was subjected to during manufacturing [26]. One of the major conjectures in this paper was that the final formation of a fiber bundle, from manufacturing, was likely to influence the distribution of resin during infusion and, consequently, the distribution of cracks during failure.  This led to the question of whether studying the microstructure itself could provide any information on how the composite was manufactured. The question remains whether the effects of a single manufacturing step could be seen by observing the microstructure using a series of metrics. These include spatial measurements such as local fiber volume fraction and unique neighbor change rate, as well as measurements of the orientation of the fiber with respect to the axial direction. Additionally, observations of key features such fiber cluster can be made. Fiber metrics can also be studied inside these clusters, to get a sense for how clustered fibers behave. Numerous works have been done with the goal of understanding the microstructures using a series of metrics [36], [37]. However, the current state of the art has not fully linked the manufacturing process used to create a composite to the resulting organization of the microstructure.
The aim of this work is to compare the microstructures of three CFRP laminates, varying only the debulking step in the manufacturing process. High resolution serial sections of all three laminates were taken using the UES ROBO-MET at the NASA Glenn Research Center in Cleveland, Ohio [38]. Using these scans, the fiber positions were measured and connected to make fiber paths. Statistical descriptors such as local fiber volume fraction, unique neighbor change rate, and void volume fraction and void distribution and morphology, were then generated for each sample and compared. Fiber clusters were also detected in each of the three laminates and analyzed by measuring aspects of their shape and distribution. Additionally, a study on the presence and characteristics of voids was also performed. Using these descriptors, the effects of debulking on the composite microstructure can be measured. 
Method
Three four-ply stacks of unidirectional dry carbon fiber textile were prepared, with each ply cut to a 254 mm x 254 mm square. The reinforcement used for all samples was a 24K fiber/tow carbon unidirectional weave. This weave has an areal weight of 756 g/m2 and fiber density of 1770 kg/m3. The resin used was RIMR-135 epoxy resin with RIMH-1366 curing agent. Two of these ply-stacks were subjected to three different levels of debulking before infusion. The third ply-stack was not subjected to any pre-infusion debulking. During the debulking procedure various measurements, such as thickness and pressure, were made and recorded. The ply stacks were each infused separately with resin and cured, and then samples were taken from all three laminates and prepared for imaging. After imaging, the scans were analyzed and fiber paths, void locations and statistics were measured. Metrics describing the density distribution, clustering, and orientation for both the fibers and voids were then generated.
Debulking and Compressibility Testing
Various amounts of debulking were performed by compressing the dry reinforcement samples in a universal testing machine (UTM), between flat metal surfaces, at different cycle counts, displacement rates, and durations of compression (“dwell times”). The debulking could also be performed under a vacuum bag, but UTM is more commonly used in debulking studies [11-15,17] due to the greater control and repeatability. The compressibility of a reinforcement has been shown to be nearly identical for a UTM-pressed dry reinforcement and the same undergoing VI processing [18]. 
The thickness of the samples and applied pressure were measured over the entire debulking process. All thicknesses were measured from the machine extension and corrected for machine flexibility from similar testing with no sample. From the thickness measurements the volume fraction of the sample was calculated. It was observed that the thickness of the fibers would decrease with debulking steps and then relax back to a fraction of the original thickness. The pressure versus thickness results are shown in the appendix. The pressure versus thickness results are shown in the appendix.
Three different debulking cycle types were performed (Figure 1):
1) Cycle A: 100 kPa pressure applied in 2 second periods.
2) Cycle B: 3.5 kPa/s compression to 100 kPa, five minute dwell, and 3.5 kPa relaxation over a total of 6 minutes.
3) Cycle C: 4 mm/min compression to 86 kPa, 15 minute dwell, and 0.04 mm/minute relaxation of a 25 minute period.
The sequence of debulking for each of the samples is summarized in Figure 1. The sequence of debulking steps did not change for both samples, while the number of cycles per step did vary at steps 1 and 6. The fibers that underwent the most cycles of debulking per step were deemed the “High” debulking sample, while the other fibers were deemed the “low” debulking. All sample handling was done with care to minimize fabric shear or anything else that could influence the microstructure between the debulking steps.
[image: ]
[bookmark: _Ref90459197]Figure 1. Diagrams of the three basic debulking cycle types with a table of the applications of each process for both the Low and High debulk samples.
Sample Preparation and Imaging
Three laminates were manufactured by vacuum infusion under a vacuum bag, using a layer of flow media over the top to accelerate the filling time. Two of the laminates were prepared from the "low debulk” and “high debulk” samples from the debulking experiments, which were infused shortly after the last debulking cycle. The third laminate was prepared from a ply-stack straight from the fabric roll, with no debulking, referred to as the “benchmark” sample. Details of the resin infusion process can be found in the appendix. Rectangular 3mm x 20 mm x 50 mm samples were cut from each of the three cured laminates using a wet diamond-tipped saw. Samples were cut from the resin inlet corner of each plate, after the edges of the plates had been squared off. The samples were sanded to remove the peel ply texture from the bag-side of the laminate and to a consistent, uniform thickness of 2.8 mm. The peel ply was removed so that the images would consist entirely of fibers.
Serial sections were taken using the UES Robo-Met.3D machine at the NASA Glenn Research Center in Cleveland, Ohio. All three samples were stacked on top of each other and potted in resin as a single sample. The unified sample was placed in the Robo-Met for polishing and imaging. The serial sectioning process consists of a series of polishing steps outlined in Table 1. The resulting images were mosaics made up of 231 (33 x 7) individually captured tiles at an in-plane resolution of 0.51 m/px, and an average spacing of 2.5 m/image. The tiles were stitched together using the accompanying software for the Robo-Met machine. In total the process completed after approximately 2 weeks of continuous operation.
Table 1. Breakdown of polishing steps for serial sectioning procedure, including the pad and solution combinations used at each step. 
	Pad/Cloth
	Solution
	Time (s)
	Swap Speed (⁰/S)
	Rotation Speed (⁰/S)

	Largo
	6 m Diamond
	180
	60
	30

	DAC
	3 m Diamond
	180
	60
	30

	DAC
	1 m Diamond
	180
	60
	30

	MD-Chem
	Colloidal Silica
	180
	60
	30


Image Analysis
Analysis of the images involved the extraction of fiber positions from each cross-section, then connecting these positions to create fiber paths. Three factors added to the complexity of recognizing fibers in each cross-section. First, the serial sections corresponding to successive layers were imperfectly aligned, which was attributed to inaccuracies in the motion of the kinematic sample holder. Second, as the optical microscope scanned the specimen, uneven lighting created intensity variations within the 64 square-shaped sub-images that formed the total mosaic image. Finally, the optical images were often marred by what appeared to be films of liquid, presumably left over from the cleaning step of the polishing process. The frame misalignments were corrected with the help of ImageJ image stabilization software [39]. The disk and void detection algorithms, described below, were able to handle the local intensity changes due to uneven lighting. 
The correction of irregular hue variations due to liquid spills is illustrated in Figure 2. The fiber cross-sections in the image foreground consist of disks with soft, often partially overlapping boundaries. Grayscale images underwent a morphological erosion operation in MATLAB, with a disk structuring element of radius one half of the average fiber radius (3 pixels or 1.51 m). The images were then binarized, and Gaussian smoothing was applied, with a Gaussian kernel of radius equal to the average fiber radius. This replaces each convex disk by a locally convex function with a unique maximum. To detect the fiber centers, the MATLAB image processing functions “imregionalmax” and “regionprops” were used to locate the centers of each fiber cross-section.  

[image: ]
[bookmark: _Ref77013293]Figure 2. Image processing method to find fibers despite water droplets on the surface: a) cross section with distortion and sampled region for circle detection, b) eroded greyscale image, c) image with Gaussian filter, d) regional maxima, and e) resulting fibers detected
Due to the stiffness of the fibers and the relatively short spacing between images (compared with the fiber diameter), the fiber positions did not vary significantly between sequential cross-sections. This permitted the use of a nearest-neighbor search algorithm from one cross-section to the next to link fibers. The process for detecting and filtering fibers is documented in full within [40].
For each laminate, two types of samples were cropped: regions within a tow and global laminate samples, cropped to exclude regions where fiber locations could not be resolved. In each sample, fiber paths were extracted from both individual tows and macro-scale regions large enough to capture multiple tow parts, referred to here as “laminate” samples (Figure 3). The purpose of this distinction was to compare metrics of fibers within tows to sample fibers representative of the laminate as a whole.  
[image: ]
[bookmark: _Ref77085256]Figure 3. Cross-sections of the three samples imaged showing the analyzed tows (top) and laminate samples (bottom) used to compare inter-tow to intra-tow fiber behavior. These sections were chosen to avoid the occurrence of blurry regions within the scans

Metrics
Spatial fiber metrics were measured from the extracted fiber paths in order to observe the effects of debulking on each sample. Additionally, fiber clusters were detected from the extracted fibers and metrics on the shape and size of the clusters were calculated.
Local Fiber Volume Fraction
The local volume fraction, , is the ratio of a fiber’s cross-sectional area to the area of that fiber’s Voronoi cell in a cross-section (Figure 4). Unlike the global volume fraction, the local metric provides information on localized regions of high fiber density or sparsity within the sample. The local volume fraction (Equation 1) can be calculated as 
	
	 
	


where r is the average fiber radius of all fibers and  is the area of the Voronoi cell of fiber  at the cross-section . 
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[bookmark: _Ref77161814]Figure 4. Cropped section of a micrograph of carbon fibers showing the Voronoi tessellation (yellow lines) of the fiber centers (yellow dots) used to calculate the local volume fraction, , of each fiber

Fiber Unique Neighbor Change Rate
The neighbor change rate () is a measure of how often the nearest neighbors of fiber  change along the fiber direction [29]. The neighbor change rate was calculated using the Delaunay triangulation to get each fiber’s nearest neighbor in each cross-section. From there, the changes in connectivity from section to section were counted for each fiber. 
The pixel error in the fiber detection software employed in this study led to oscillations in the nearest neighbor connectivity from cross-section to cross-section. As a result, certain fibers contain erroneously high total neighbor change counts. To curb this issue, the unique neighbor change rate (UNCR, ) metric was defined. The UNCR is the neighbor change rate where every unique change in nearest neighbor connectivity is only counted once. That is, once a fiber leaves the connectivity array it cannot return. 
Fiber Off-Angle
The off-angle, , of a fiber is a measure of the fiber’s angular deviation from its intended manufactured direction (x-direction), measured in both the xy and the xz plane (Figure 5). Measurements taken in the yz plane are omitted from this metric. The process of calculating  starts with first linearizing each fiber path by its best linear approximation in 3D. Once linearized,  is the angle of the linearized fiber from the x-axis in the xy plane, while  is the angle of the linearized fiber from the x-axis in the xz plane. 
[image: ]
[bookmark: _Ref101258512]Figure 5. Diagram of a fiber showing the xz and xy planes in which the off-axiality is measured on, as well as the compaction direction in the z-direction
When a sample is potted in resin for serial sectioning, the orientation of the sample is often not exactly normal to the viewing plane. This means that the angles of the fibers have an inherent bias in them towards some direction. To remove this bias, the average values for  and  were measured and the rotation matrix was used to remove the bias from each sample. This effectively centers the distributions of both  and  about the x-axis.
Fiber Clusters
The cluster analysis is a method of describing the tendency for groups of fibers to remain together throughout the volume of fiber reinforced composites. In this study, fiber triads were found using the triangulation of all fiber centers in the first cross-section of an image stack [40]. The cluster metric was defined in terms of the total variation of certain geometric measurements of fiber triads. The total variation of the area,  is used here to measure the 3D variation of triad areas within the sample and can be calculated as
	
	
	


where  is the total number of cross-sections and  is the area of triad  at a particular cross-section. It was discovered, however, that it was possible for three fibers to bound a relatively small area but still be spread out. To handle such cases, the total variation of the perimeter, , was added as a second criterion and can be calculated as 
	
	
	


where  is the total variation of the perimeter, and  is the perimeter of triad  at a particular cross-section. The final cluster determination is made using the histogram distributions of both criteria. Otsu’s method with three bins was then used to threshold  and  independently. In this method bin boundaries are set such that the variance within each bin is minimized. In the end, the determination of whether a triad is clustered or not depends solely on the triad’s relative location in the distribution of all triads rather than its specific value. The threshold is also invariant of a length scale. The lower thresholds for the area and perimeter variance are then combined in a Boolean operation. For each triad, the values of  and  must be below their respective thresholds to be deemed clusters. 
Thresholding typically results in a noisy mix of threshold-passing triads, but clusters should be a unique subset of these triads which are aggregated together. To isolate the fiber clusters, a filtering algorithm was created. The intent of filtering is to remove passed triads which were not part of a larger cluster, and include fiber triads which are surrounded by a cluster but did not pass the thresholding. This results in a convergence of fiber clusters, where feature size can be controlled with the filtering method. The basic filtering operation checks whether the neighbors of each triad also passed the thresholds. The algorithm then changes the designation of each triad according to the designation of its neighbors. 
Several cluster metrics have been developed to characterize the shape and size of each cluster, as well as the behavior of the fibers within each cluster. For this study, two metrics have been chosen which describe the shape and size of the clusters in the debulk samples. The first of these metrics is the cluster area, which provides info on the size of each cluster in each cross-section. 
The second of these metrics is the cluster anisotropy, , which is calculated from the second moments of area of each cluster. The second moments of area,  and , can be calculated for each cross-section  of a cluster using 
	
	
	



where  is the number of triads in cluster ,  is the area of triad  at section , and  is the distance of the cluster centroid to the center of the triads within the cluster in either the  or  directions. Like the radius of gyration, the moments of inertia are used to understand the geometry of clusters. 
The value  is used to determine how symmetric the clusters are about both axes, defined as
	
	.
	


When the values for the moments of inertia are very similar, the value of K is close to one, indicating the clusters are near symmetric about the  and  axes. When  is larger than , it means that the cluster is longer in the  direction than in the  direction, and vice versa. The values for , therefore, give a sense of how symmetric the clusters are about both axes.
Voids
The void content and distribution of the three samples were computed and contrasted. Voids appear on the grayscale image as regions of low pixel intensity (lower than either the matrix or the fibers) with sharp boundaries (Figure 6). They were identified by thresholding the grayscale image and isolating the connected components of regions formed by pixels of low intensity. The center of mass of each void cross-section was computed, and centers on successive layers were joined. These computations, as well as voxel-based 3D reconstructions of selected voids, were performed through [27].
[image: ]
[bookmark: _Ref86051352]Figure 6. Picture of a typical void showing sharp contrast between the whitish/gray fibers, gray resin, and black void. 
 Micro-abrasions and voids whose major axes are shorter than five microns are not included in the volumetric and morphological data. As regards structural morphology, the CFRP specimens contain three distinct regimes: intra-tow; inter-tow; and regions surrounding stitches. For the purposes of this investigation, attention was focused on voids within the same tow (intra-tow). The results collected correspond to 2,000 x 5,000 pixels, that is, 1.02mm x 2.55mm image segments from each of the high debulk, low debulk, and benchmark samples, comprising intra-tow regions with no inter-tow interfaces or stitches.  The depth of each sample was 199 cross-sections or 500 m. The void content was found by adding up the total volume of all detected voids and dividing it by the volume of the sample.

Results and Discussion
Results of each metric were compared across the three levels of debulking to understand the effect of debulking on the resulting microstructure and void content. Visualizations of these metrics were also created by coloring each fiber in the samples by the results of each metric. A cluster analysis of each sample was also performed.
Fiber Metrics
Local Fiber Volume Fraction
The local fiber volume fraction, , is a measure of the area of a fiber to the area of its Voronoi cell. This formulation of volume fraction can be used to obtain local data for each fiber in every cross-section, and gain insight into the spatial density of the fibers. Reconstructions of the laminate samples, colored by local volume fraction, can be seen in Figure 7. These reconstructions show visually how the fibers manifest themselves into tight islands (red regions) surrounded by more matrix rich regions (gray fibers) in all three samples. It can also be seen that the number of more matrix rich regions is clearly higher in the benchmark sample than the other two. 
[image: ]
[bookmark: _Ref88143183]Figure 7. Select quadrants of the High, Low, and Benchmark debulking laminate samples showing the fibers colored by local fiber volume fraction
The histograms for the local volume fraction in each analyzed tow and the laminate samples are shown in Figure 8. The shapes of the high debulk and low debulk tow histograms are similar in terms of magnitude at the mode and distribution. The benchmark tows, however, have a slightly lower probability density than any of the tows in the other laminates. The location of the modes for the benchmark tows all occurred below 0.6, while the modes of the other laminates occurred above 0.6 fiber volume fraction. The histograms of the laminate samples show a similar trend, with the high and low debulk distributions being similar and the benchmark sample being lower at the mode. 
[image: ]
[bookmark: _Ref77162424]Figure 8. Local volume fraction, ,  probability density functions of a) high debulk tows, b) low debulk tows, c) benchmark tows, and d) laminate samples from each laminate
The average local fiber volume fractions of the three tows and laminate samples analyzed in each laminate are shown in Figure 9, with standard deviations. Results suggest that the debulking procedure was most noticeable between the benchmark sample to the low debulking steps in terms of increasing compaction. The overlap of the standard deviations is large, however, which suggests that the differences in the mean local volume fraction are minimal. One of the areas where a difference might occur is at the tails of the distributions, specifically the lower end, where fibers have more resin surrounding them and thus more space to meander prior to infusion. The fibers at the tails of the distributions are referred to here as outliers.
[image: ]
[bookmark: _Ref77162449]Figure 9. Average local fiber volume fraction, ,values for a) tows and b) laminate samples, from each laminate showing standard deviation bars for each 
Looking at the colored reconstructions of the fibers shows that the volume fraction appears to decrease around the tow boundaries, which is not captured in the cropped tow sample images (Figure 7). This could partially account for the slightly higher fiber contents in the tow data compared to the laminate samples. Similarly, looking at the kurtosis of the tows does not provide much insight into the actual effects of debulking on the samples (Figure 10a). Fibers inside each tow were clumped together prior to debulking or infusion, which could have lessened the amount of outliers that exist within the sample. The laminate scale, however, shows a clear trend of increasing kurtosis with decreasing amounts of debulking (Figure 10b). In the laminate sample pictures, many areas of lower volume fraction can be seen around the boundaries of tows. This result suggests that, while debulking influences the average local volume fraction for the three samples, it also has noticeable effect on the outlier fibers in each sample. 
[image: ]
[bookmark: _Ref97804315]Figure 10. Average kurtosis for the a) tow and b) laminate samples for each laminate
Unique Neighbor Change Rate
The unique neighbor change rate, , is a measure of the number of unique changes in a fiber’s nearest neighbors along the fiber’s length. Unique changes refer to the fact that each neighbor change is only counted once. Straight fibers surrounded by misaligned fibers may have just as many neighbor changes as misaligned fibers surrounded by straight fibers. Reconstructions of the laminate samples, colored by unique neighbor change rate, are shown in Figure 11. These figures show that the unique neighbor change rates are highest at the boundaries between tows. Within the tows, the uniformity of the unique neighbor change rate for the fibers is much higher. The main reason for this is that the orientation of the tows themselves are not uniform, but the orientation of the fibers within each tow is consistent as illustrated by the off axiality metric later on (Figure 15).
[image: ]
[bookmark: _Ref87541294]Figure 11. Select quadrants of the laminate samples showing the fibers colored by unique neighbor change rate, 
The probability density function for the unique neighbor change rate was consistent across all tows and laminate samples, and across the levels of debulking (Figure 12). The similarities seen across tows and laminate samples for each level of debulking suggest that the level of entanglement is a constant throughout the sample if the population size is at least as large as the smallest tow used in this analysis. It is unknown whether the unique neighbor change rate distribution would change significantly at smaller scales, or what this minimum size would be. 
Regarding the level of debulking, the similarity of the unique neighbor change rate across all levels of debulking suggests that the entanglement (as measured by the unique neighbor change rate) is unaffected by the level of debulking applied to the fibers. Given this finding and the finding that local volume fraction is affected by the level of debulking suggests that relative fiber positions, i.e. a fiber’s location relative to it’s neighbors, remains unaffected while the spatial distance between neighbors decreases as a function of debulking. 
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[bookmark: _Ref77029137]Figure 12. Unique neighbor change rate, , distributions of a) high debulk tows, b) low debulk tows, c) benchmark tows, and d) laminate samples from each laminate
The average values of the unique neighbor change rate are shown in Figure 13, with standard deviations. Across each layer the tows seem to show no clear trend in terms of the debulking level versus the number of neighbor changes. The standard deviations for each sample are very large when compared to the averages, and overlap greatly from tow to tow.
[image: ]
[bookmark: _Ref77162537]Figure 13. Average unique neighbor change, , rate values for a) tows and b) laminate samples, in each laminate, with standard deviations shown
The kurtosis for the UNCR was much higher than for the fiber content ( Figure 14). Unlike the local volume fraction, which is bounded by the maximum and minimum fiber density of the sample, the UNCR is controlled by the relative orientation of each fiber to its nearest neighbors. This means that the upper bound of the UNCR metric is not as physically restricted as the local volume fraction (which is restricted to ~0.9, in the tightest fiber packing possible). It is feasible that a fiber’s path could cut across many different fibers from the beginning to the end of the scanned section. This permits outlier fibers to be more numerous, which could explain the increased number of outliers. The absence of any relationship between debulking magnitude and UNCR suggests that debulking does not change the entanglement of the fibers, but instead increases the density while holding the entanglement the same. 
[image: ]
[bookmark: _Ref97809362][bookmark: _Ref89942022] Figure 14. Kurtosis and average kurtosis of unique neighbor change rate, , for a) tow and b) laminate scale samples showing no clear trend between the entanglement of the fibers and the level of debulking
Off Axiality
The off-axiality of a fiber in a laminate is a measure of that fiber’s deviation from the intended (0o for the debulk samples) direction for the layer it belongs to. Coloring the fibers in 3D using the values for off-axiality shows that the laminate samples in all three plates are not uniform in their orientation (Figure 15). 
[image: ]
[bookmark: _Ref87527444]Figure 15. Select quadrants of the laminate samples showing the fibers colored by off-axiality in both the xz and xy plane, with unusually high values (outliers) colored in black. Tow boundaries can be spotted by looking at the sharp gradients in off- axiality values
In many cases, clear boundaries between tows and even plies can be seen due to the sharp gradients seen in the sample. This shows that the tows in each sample are not necessarily oriented the same way in a given plane. Individual plies also appear to orient themselves differently from other plies. It is possible that, with the results from the kurtosis of the local volume fraction distribution in mind, the rise in volume fraction outliers is in part due to the misorientation of the tows to one another. Tows being oriented at differing angles likely prevents the fibers from neighboring tows to nest within each other, creating regions of low density between them.
Comparing the two planes, it can be seen that the fibers are oriented more homogeneously in the xz plane than in the xy plane. In other words, the xz plane has a narrower distribution of angles (i.e. the extremes are closer together) and contains fewer outlier fibers, or fibers outside the plotted bounds. This result suggests that fiber meandering is most typically restricted to the xy plane, meaning that large fiber misorientation occurs in the direction normal to the direction of compaction. There does not appear to be, however, any indication that the level of off-axiality is affected by the level of debulking applied.
Cluster Metrics
The cluster analysis is used to identify bundles of fibers that are oriented together within a given sample. The results of the cluster analysis for all three tows in the high debulk, low debulk, and benchmark laminates are shown in Figure 16. In these plots, each cluster is colored differently depending on the order in which the cluster was detected. Looking at the plots of the clusters it can be seen that, in general, the clusters are longer in the direction normal to compaction ( direction). 
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[bookmark: _Ref76998201]Figure 16. Results of the of the fiber cluster analysis within three tows each in the three different composite samples. Clusters have been colored based on the order they were detected in while non-clustered triangles remain grey
The histograms for the log of the cluster area and the  ratio are shown in Figure 17. The cluster areas most often occur on the order of 102 to 103 m2 for all tows in all samples. One observation about the area of the clusters is that the larger samples tended to have larger clusters. This makes sense because larger samples have more fibers and thus more potential to be part of a cluster. Despite this, the mode of the cluster areas seems to not depend on the size of the sample at all. That is, the most common cluster size range appears constant across both large and small tows. 
[image: ]
[bookmark: _Ref76998757]Figure 17. Log of cluster area, , and ratio K representing the symmetry of each cluster for a) high debulk, b) low debulk, and c) benchmark tows
The  ratio is a measure of the symmetry of a cluster about both the  and  axes. When  is below 1 the cluster is longer in the  direction, and when  is above 1 the cluster is longer in the  direction. The histograms for the  ratio show that the majority of clusters in each tow have a  value lower than 1, further confirming that the clusters tend to be longer in the  direction, i.e. normal to the compaction direction. 
The average values for cluster area are shown in Figure 18a. The clusters in the high and low debulk tows tended to be larger than the clusters in the benchmark sample. The standard deviations were also extremely low for each measurement when compared to the average value. This result suggests that the size of the clusters in each tow could be related to the level of debulking applied. It would make sense that the size of fiber clusters would be larger with the more debulking steps. The increased debulking steps, in theory, should decrease the distance between neighboring fibers. This decrease in distance would directly affect the variation in area and perimeter for each cluster, causing more fiber triads to pass as clusters. 
[image: ]
[bookmark: _Ref77015804]Figure 18. Bar plots of a) average cluster size and b) average  value representing the symmetry of each cluster for each tow in each laminate, showing standard deviations
The average values for ratio  are shown in Figure 18b. Again, the vast majority of clusters have a  ratio lower than one. There is no apparent trend with respect to the level of debulking, besides the fact that all debulked samples have an average below 1, even when the standard deviation is considered. This suggests that  the shape of the fiber clusters within tows is independent of the level of debulking.
Voids
Voids form within fiber reinforced materials during the resin infusion process. Results of the void analysis are shown in Table 2 including the quantity of voids in the image, as well as various size metrics. 
[bookmark: _Ref86051936]Table 2. Results of void analysis 
	Laminate
	# Voids
	Max  Volume
(m3) x104
	Min Volume
(m3)
	Average Volume
(m3) x104
	Median Volume
(m3)
	Volume
STD
(m3) x104
	Longest
Void (µm)
	Void Content 

	High
	496
	86.9
	9.10
	1.51
	95.6
	6.25
	442.5
	5831.36

	Low
	301
	13.5
	7.80
	0.521
	48.8
	1.73
	232.5
	1236.70

	Bench
	347
	8.93
	7.80
	0.00541
	27.3
	0.0087
	12.5
	14.58


The data confirms the hypothesis that increased debulking increases both the void content and the average void size of VI-manufactured CFRP.  Moreover, with increased debulking, the growth in the number of voids, while noticeable, is dwarfed by the effect of increased void size. The overall increase in void content seems to be entirely due to increases in the mean void volume and the appearance of larger voids. This can also be seen visually by plotting the centerline plots of the voids for each laminate (Figure 19). High aspect ratio, i.e. long voids begin to appear with a moderate amount of debulking, and are common with the higher degree of debulking.
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[bookmark: _Ref77024897]Figure 19. 3D scatter plots of voids in a) high debulk, b) low debulk, and c) benchmark laminates
The histogram of logarithms of void volumes suggests that the distribution of void volumes is approximately lognormal around its mode, but there is insufficient data to ascertain the nature of tail distributions and outliers (Figure 20). Microvoids, which are defined here as voids smaller than the diameter of a fiber, were not included in the statistics due to the difficulty of reliably separating them from image noise, while voids of exceptional length were cut off by one end or the other of the specimens. The 3D reconstruction of these voids suggests that they are macroscopic, perhaps 1mm in full length.
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[bookmark: _Ref77024933]Figure 20. Histogram of the Log of void volumes for a) high debulk, b) low debulk, and c) benchmark samples
Voids are approximately prolate spheroids in shape, with major axes parallel to the fiber direction (Figure 21).  Unlike those of microvoids, however, the cross-sections of macroscopic voids are clearly not convex.  The indentations are due to the presence of nearby fibers.  Portraits of voids at their widest cross-sections confirm that they are almost entirely surrounded by a tight perimeter of fibers (Figure 21).
[image: ]
[bookmark: _Ref77025394]Figure 21. Voxel reconstruction of the largest voids for the a) high debulk and b) low debulk samples
The interface between the voids and nearby matrix-rich areas is negligible, and the diameter of void cross-sections far exceeds the mean spacing between adjacent fibers. The two phases seem to exist in an equilibrium of forces, with both the fibers constraining the void shape by e.g. filament bending stiffness, and the void pushing the fibers apart by the fluid pressure of the bubble. It is left for further research to understand the fluid mechanics leading to the formation of these macroscopic voids.
[image: ]
[bookmark: _Ref77025732]Figure 22. Portraits of maximal void 2D cross-sections for the a) high debulk, b) low debulk, and c) benchmark samples. Voids are the darker colored regions.

Summary and Conclusions
Debulking is typically done to improve the compaction of carbon fibers prior to infusion, thus improving the performance of cured fiber reinforced composites while avoiding more expensive manufacturing techniques. While limited work has been done in the past to study the effects of debulking on the void formation within manufactured parts, no previous work has studied the effect of debulking on the resulting fiber and void microstructure after the high number of debulking cycles typical to industry. 
Metrics were employed which permit the study of the spatial and structural distribution of fibers and voids. Comparison of the fiber local volume fraction distribution showed that the level of debulking seemed to increase the mean local volume fraction of carbon fibers slightly, but the overlap of the standard deviations for both the tow and laminate samples casted doubt on the significance of these differences. A clearer comparison between the different levels of debulking came from the kurtosis of the local fiber volume fraction data for the laminate samples. These results showed that the number of outlier fibers in terms of local fiber volume fraction increased as the level of debulking decreased. This suggests that one of the true effects of debulking is not an increase in the mean density of fibers within the sample but rather an increase in the density of fibers with unusually low local volume fraction values, such as those which occur at more resin rich regions at the boundaries of tows and plies.
The unique neighbor change metric was used to see if the level of debulking influenced the relative position of each fiber to its nearest neighbors. The probability density functions across the tow and laminate samples were extremely similar, suggesting that the level of entanglement is a constant throughout the sample if the population size of fibers is at least as large as the smallest tow sample analyzed. Further work needs to be done to quantify whether the distribution of the unique neighbor change rate observed changes at smaller sample sizes and what this size would be. No clear relationship was observed between the unique neighbor change rate and the level of debulking. This suggests that the relative fiber positions do not change as a function of the level of debulking applied to the dry fibers prior to infusion.
The cluster analysis was performed to see whether the level of debulking had any effect on the fiber clustering present within the sample. The clusters present in all samples were longer in the direction normal to compaction. The cluster size was higher in the debulked samples. 
The void content and size of voids significantly increased with the level of debulking, and was the most pronounced difference between the high, low, and benchmark samples. The reconstruction of the voids showed that they are non-convex, and always surrounded by fibers. The surrounding fibers suggest that the presence of the voids is due to the tight packing of the fibers caused by the level of debulking. It is unclear yet whether the voids caused any kind of deviation of the fiber paths. Further analysis needs to be done to see whether the voids present change the orientation of the fibers.
The debulking process is widely used as an alternative to manufacturing methods which compact fibers at a higher cost. Research has shown that the process of debulking can produce favorable volume fractions of fibers, but at the cost of slower infiltration and potentially increasing voids. The analysis of voids and void content as a function of debulking is an important step in the endeavor to understand the structural effects of debulking itself. Additionally, it is important to understand the resulting microstructure of any manufacturing process so that ties between manufacturing and performance can be made. The results presented here are meant to further understand the effects of debulking on the final microstructure of unidirectional laminates. Identifying the effects of debulking on the resulting microstructure through rigorous analysis and metrics will hopefully bring research a step closer to tailoring manufacturing processes and producing optimal composite parts.
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[bookmark: _Ref100749031]Appendix
Debulking Procedure
Figure 23 shows the maximum vF (global) recorded (i.e. minimum sample thickness) during each cycle for debulking steps 1 and 6, in which cycle A and cycle B debulking cycles (respectively) were performed on the “low” and “high” debulk ply-stacks, with more cycles performed on the “high” sample than “low.” 
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[bookmark: _Ref97812000]Figure 23. Maximum recorded fiber content in each compression cycle, during initial (step 1) and later cycle B debulking (step 6), for a sample subjected to a "low" cycle count, and another sample subjected to a “high” cycle count.
During the very first debulking cycle (step 1), the two samples are initially at a similar, low fiber content of just under 54%, and this increases by a logarithmic trend with each cycle, i.e. the magnitude of the increase (slope of this graph) decreases with each cycle. Two days later, the first Cycle C test was performed, and then six days after that, another Cycle C test was performed to evaluate the rate of “springback,” i.e. how fast does the fiber rearrangement reverse into a less nested state. Then the Cycle B debulking was performed in Step 6.  As seen in Figure 23, in that step, the two samples again show approximately the same fiber content during the first cycle B debulk and increase in fiber content at nearly the same rate with each cycle. The higher initial fiber content (58%) shows that the earlier debulking did induce fiber nesting. But the lack of difference between the low and high samples suggests that any difference in the quantity of Cycle A debulking (between the low and high samples) was negated by the springback over those 8 days delay and / or more significant nesting occurring during the identical Cycle C testing.
Vacuum Infusion Process
Three laminates were manufactured by vacuum infusion under a vacuum bag, using a layer of flow media over the top to accelerate the filling time. Two of the laminates were prepared from the "low debulk” and “high debulk” samples from the debulking experiments, which were infused shortly after the last debulking cycle. The third laminate was prepared from a ply-stack straight from the fabric roll, with no debulking, referred to as the “benchmark” sample.
An inlet channel was situated across one of the edges of the sample to create approximately uni-directional flow across the square preform. Flow media covered all the surface of the preform except for an approximately 20 mm wide perimeter along the vent-side of the preform as well as the sides perpendicular to the flow direction. The resin was mixed, then degassed for 15 minutes before infusion. The applied pressure gradient was 86 kPa. 
The resin viscosity was measured just prior to infusion with a Brookfield viscometer, and was approximately 360 mPa·s for all three infusions. Thermocouples verified that the epoxy resin, both in the pot and in the mold, remained at nearly a constant temperature, approximately 21° C. 
After filling the preform, the inlet pipe from the resin pot was clamped shut and the sample left under vacuum until the part was cured. Upon demolding, some dry areas were noticed on the rigid mold-side of the high-debulk laminate. This denotes the tortuous path of the resin from the flow media through the thickness of a uni-directional weave, with relatively low permeability compared to other reinforcements, and exacerbated by debulking.
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