Title: Micro-computed tomography of tubular braided composites

Authors: Garrett W. Melenka ¢, Eric Lepp 8, Benjamin K. Cheung 2, Jason P. Carey 2!
Affiliations: @ University of Alberta

Abstract: Two dimensional (2D) tubular braided composites consist of textile fibers imbedded in
a resin matrix. Braid geometry and void content will affect the mechanical behavior of the
tubular braided composite samples. In this study, tubular braid samples were assessed using
micro X-ray computed tomography (uCT) to evaluate sample porosity/void content and to
identify the strand geometry of the reinforcing fibers. The process described in this manuscript
can be used to assess the quality and consistency of the tubular braided composite manufacturing
process.
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1 Introduction
Two dimensional (2D) tubular braided composites comprise of woven fibers impregnated within

a resin matrix [1, 2]. Tubular braided composites (TBC’s) are manufactured by weaving fibers
onto a mandrel; the fibers are then saturated with resin to produce a final product [1]. Braiding
allows for the angle between fibers to be varied whereas the angle of woven fibers is fixed [3].
The material properties of braided composites can be altered by varying the resin, fiber or braid
geometry (fiber density or braid angle). This versatile manufacturing method could be applied to
a range of engineering fields that include biomedical devices, sports equipment, automotive, or

structural applications [4].

Similar to composite laminates, the mechanical properties of tubular braided composites can be
predicted using the braid geometry and with the mechanical properties of the composite
constituents [5, 6]. Accurate knowledge of the matrix and fiber volume fractions is required for
these mechanical models. Currently, mechanical models for tubular braided composites assume

an idealized geometry for predicting material properties. Accurate knowledge of tubular
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composite tow architecture is also required to model the mechanical properties of tubular braided
composites. Several methods have been used to model the geometry of composite braids.
Composite braid geometries were initially modeled using the mosaic model of Ishikawa and
Chou [7] and the fiber undulation model of Naik et al [8]. Recently, braid strand path has been
modeled by assuming fibers follow a sinusoidal path [6, 9, 10]; however, these models do not
account for variations that may occur during composite braid manufacturing. To assess the
accuracy of these models, it is necessary to develop a technique is necessary to evaluate the

accuracy and consistency of tubular braids manufactured using a Maypole braider.

Void volume fraction in tubular composite braids impact matrix volume fraction and strand
macro-mechanics. Voids can adversely affect mechanical properties [11, 12]. The void content
is conventionally determined using methods such as matrix digestion or matrix burn off [13];
these provide the total void content of the composite sample but do not provide information on
the distribution or size of voids within the sample geometry. Void content can also be
determined using optical microscopy analysis methods in order to quantify void content [14, 15].
Optical methods are time intensive as successive 2D cross-sections of the composite sample are
required. Finally, optical microscopy, matrix burn off and matrix digestion are destructive

methods [16, 17].

A method that allows for both the determination of fiber tow architecture and void content is x-
ray micro-computed tomography (uCT) [18][15]. X-ray puCT creates a cross-sectional image of
an object. Contrast seen in the scan images is the result of differences in x-ray attenuation.
Material density and elemental composition both affect the attenuation of a sample, allowing for

differentiation of different materials within a single pCT sample.



The complex fiber-tow-architecture of flat composite braids has been examined with uCT [19-
21]. Void content for textile composites [22, 23] as well as void content measurement and fiber
tow geometry has focused on flat textiles or 3D woven textiles [19, 20, 22, 23] have been
investigated using standard methods. Little and Schilling [24, 25] performed void content
measurement of composite laminates using pCT images, but these structures lack the complexity
of the braided interwoven structure. To the best of the author’s knowledge no works in the
literature exist that investigate void content or fiber tow architecture for tubular braided
composites using a puCT measurement method. As well, there is little literature which
investigates the void content of tubular braided composites. Void content has been assessed for
tubular braided composites using acid digestion and ultrasonic methods [26, 27] however neither
of this methods provide information on the statistical distribution of voids throughout a

composite sample [28].

The aim of this study is to investigate imperfections and voids of tubular braided composites
using a pCT measurement method. The size and distribution of voids and imperfections
throughout the tubular braid structure will be measured to assess the statistical distribution of
defects in the braid structure. In addition, the tubular braid geometry will be investigated to
quantify the individual yarn cross-sectional area, aspect ratio, braid angle and braid strand
period. Accurate measurement is necessary to improve current braid geometrical models and to
assess the quality and consistency of the braid manufacturing process. To simplify and automate
the braid strand identification and measurement process, a cylinder unwrapping algorithm has

been developed to convert the original tubular braid uCT images into a flattened braid structure.



This study will provide a new method for accurately assessing braid strand path geometry and
voids content measurements that are necessary for accurate prediction of tubular composite braid

material properties and modeling [5, 6].

2 Methods
The tubular braided preform was prepared using a Maypole braider (Steeger USA, K80-72,

Steeger USA, Inman, SC). The braid preform was manufactured using Kevlar (Kevlar49, 5680
Denier, Dupont, Mississauga On) fibers. The braid was manufactured in a diamond braid
configuration using 18 carriers. Once the braid perform was manufactured, it was placed over an
11.1mm (7/16”) Tethlon (polytetrafluoroethylene (PTFE)) mandrel and impregnated with a
thermoset resin (Epon825, Momentive Specialty Chemicals Inc., Columbus OH) and hardener
(Ancaminel482, Air Products, Allentown PA) combination with a resin to hardener ratio of
100:19. The braid was then oven cured at 110°C for 2 hours. An example of a braid preform

and cured braid sample are shown in Figure 1.
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Figure 1: Tubular braided composites Top: Kevlar49 braid preform bottom: Cured Kevlar49 braid with an epoxy resin

Non-destructive pCT measurement technique was used to quantify voids within tubular braided
composite structures and to assess the braid fiber strand geometry. Most uCT studies of
composites have focused on glass and carbon fiber composites as opposed to Kevlar fibers [12,
19, 20, 22, 23]. The braid sample was imaged using a Skyscan 1076 puCT scanner (Bruker-
MicroCT, Kontich, Belgium). The X-Ray beam energy used in this study was 51 kV at 110 pA.
The uCT images collected in TIFF image format were 2000 x 1048 pixels with a voxel size of
18.2 umd and a bit depth of 16. The pCT images were imported into NRecon v1.6.9
(SKYSCAN, Kontich, Belgium), to produce bitmap images containing cross-sectional slices of
the scanned sample. The final bitmap images have an image size of 2000 x 2000 pixels. An
example of the two-dimensional cross-sectional slice of the tubular braid sample is shown in

Figure 2.
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Figure 2: Two-dimensional cross-sectional image slice of a tubular composite braid sample

2.1 Braid Geometry Reconstruction
Reconstruction of the tubular braided composite sample into a 3-dimensional (3D) model was

carried out using a 3D image processing software package (ScanlP, SimpleWare, Bradninch
Hall, United Kingdom). Bitmap images were resampled by a factor of 50% reduce memory used
during the modeling process. Resampling the images reduces memory usage from 636
megabytes to 79 megabytes. A recursive Gaussian smoothing filter of 1 voxel was used to
remove grayscale noise and small ring artifacts. A grayscale threshold between 20 and 50 was
applied to the images to capture the features of the braid sample in a mask. The mask was
inverted and a morphological close of 2-voxel intensity was used. The mask was then re-
inverted to remove small islands scattered around the CT images. The final recreated 3D

geometry was exported as a stereo lithography (STL) file and then imported into a scientific



visualization package (ParaView, Kitware, Clifton Park, NY). The recreated 3D geometry is
shown in Figure 3. The recreated braid geometry shows the undulation of the individual fiber

strands as well fiber stand texture.

Figure 3: Three dimensional braid geometry recreated from uCT images
2.2 Void Content and Surface Imperfection Determination

2.2.1 Void and Surface Imperfection Identification
The void content and surface imperfections of the tubular braid sample was examined by

determining the volume and distribution of the voids and surface imperfections within the
sample. Voids can be seen in the individual 2D image slices of the braid sample (Figure 4). The
braid sample in this study exhibited fully enclosed voids which occurred between the inner and
outer diameter of the sample (Figure 4). Imperfections caused by the complex undulating
architecture of the braid fibers can also be seen in the cross-sectional braid images (Figure 3 and

Figure 4). Enclosed voids and surface imperfections will be examined individually.



Voids

Figure 4: Enclosed voids within the braid sample

Both the enclosed voids and surface imperfections were examined using the same process. To
analyze voids and imperfections the braid sample mask created using ScanlP was duplicated to
form a second mask identical to the first. A morphological close of 10 voxels was used to close
regions where voids were present. A Boolean subtraction of the original braid mask with the
morphologically closed mask was used to determine the sample void content. The masking
process for examining braid imperfections is illustrated in Figure 5. The volumes of the braid
sample mask and the void content mask were determined by calculating the voxel volume of the
braid and imperfection masks using the “Volume” command in SimpleWare ScanlP such that
void volume fraction could be quantified using equation 1. The braid sample mask was used to
compute the braid sample volume (Vsampie) and the braid void mask was used to determine the

sample void volume (Vyoids).
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Figure 5: Determination of tubular braid void content (a) Initial bitmap image (b) binarized
image (c) image and mask overlay to determine braid void content (d) final image of braid

surface imperfections

2.2.2 Void Size and Distribution Analysis
Analysis of void size and distribution was performed using a custom image analysis program

(MATLAB R2014a, The MathWorks Inc, Natick, MA, USA). The void mask created in Section
2.2 was exported as a RAW image stack and then imported using the custom image analysis

program. Void size and distribution was examined by identifying individual voids. Individual



voids were identified by identifying connected regions using the MATLAB function
‘bwconncomp’. After identifying each individual void the voxel volume and centroid of each
individual void was computed using the command ‘regionprops’. Once each void was identified
the 3D void geometry was exported to Paraview to visualize the 3D void distribution.

2.3 Tubular Braid Flattening Algorithm

To simplify the analysis of the braid geometry a flattening algorithm was applied to the tubular
braid uCT images. Flattening the braid images simplifies the braid strand identification process
and allows for automation of the braid strand analysis. In order to view the braids as a flat
weave, a transformation of the original circular braid images was performed. Two pieces of
information were necessary to perform this transformation, termed ‘“unwrapping”: (1) the
apparent center of the tubular braid cross section and (2) the radius at which the unwrapping was
to occur. If the origin of the braid center was offset, the braid would not appear as flat (image of
incorrectly unwrapped braid). If the unwrapping was performed at a radius other than that of the
braid yarns, then the pixels in the region of interest (ROI) would be unnecessarily stretched or
compressed, adding in extra data (image of stretched/compressed braid).

2.3.1 Location of Braid Origin

As in Figure 2, one plane view of the original uCT scans captured slices of the circular cross-
section of the tubular braids. During the scanning process there was potential error in the
longitudinal alignment of the tubular braid that resulted in a progressive spatial shift in the image
data. For a single image, this could be corrected manually by overlaying a circle approximating
the geometry of the braid onto the image. This was accomplished through the user input of a
number of points along the outer radius of the circle, from which a best fit approximation of

circle is performed [29]. From this, an estimate for the braid origin is determined at either end of



the set of images. A linear interpolation is performed between the top and bottom slices to

determine the approximate origin along the sample at each slice location.

Once the braid origin was identified for the image sequence the image unwrapping algorithm
was applied. An example of the unwrapping algorithm is shown in Figure 6. Figure 6 (a) shows
an example two dimensional image of a circular object which is to be unwrapped. Figure 6 (b)
demonstrates the final image after the unwrapping algorithm has been correctly applied. Correct
selection of the origin is critical. Figure 6 (c and d) demonstrates the effect the distortion that can
occur when the origin is selected incorrectly, with even a single pixel offset (Figure 6 c) having a

significant effect on the unwrapped image.
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Figure 6: Example circular image that a unwrapping algorithm is applied to (a) the original image in polar coordinates; (b)
image unwrapped correctly with origin located at [128,128]; (c) image unwrapped with slight distortion, origin selected at [128,
129]; and (d) image unwrapped with heavy distortion, origin selected at [120,120]

2.3.2 Determination of Grid Resolution
Mapping an image from polar to Cartesian coordinates will always result in a loss of data [30]. In

the images above, the selected grid resolution was 128 by 128 pixels. Both the radial and angular
resolutions could be set independently, and selection of these resolutions was critical for an
accurate image. At a radius of 10 pixels, there are roughly 63 pixels available to map into the
coordinate system. Thus, at a grid resolution of 128 pixels, roughly half of these pixels would
have to be interpolated between in order to fill in the data at that location. Above a 20 pixel
radius, an interpolation would have to be performed to fill in the data. In an attempt to preserve
the accuracy of the data, the dimensional resolution for the image was selected based on the
actual circumference and thickness of the tubular braid.

2.4 Braid Strand Analysis

Once the cylinder unwrapping algorithm was applied to the uCT images of a braid sample, the
new set of bitmap images were imported into ScanlP. An example of the original and
unwrapped bitmap images created using the algorithm described in section 2.3 are shown in
Figure 7. The unwrapping algorithm was applied to the braid samples to simplify the
segmentation and analysis of the individual yarns within the braid geometry.  Similar
segmentation techniques as those described above in Section 2.1 were used to form a 3D mask of

the unwrapped braid sample. The unwrapped 3D braid geometry is shown in Figure 8.
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Figure 7: Braid sample bitmap images (a) original cylindrical braid sample (b) unwrapped braid sample



Figure 8: Unwrapped 3D braid geometry

Once the 3D braid geometry, shown in Figure 8, was created the individual braid strands were
segmented. The strands were segmented by using ScanIP’s “point to point” line tool in order to

identify the individual braid yarns. An example flat braid geometry and strand segmentation

lines are shown in Figure 9.



Figure 9: Segmentation of braid yarns

Following braid yarns segmentation, the “3D planar editing tool” in ScanIP was used to bisect
the top and bottom halves of the braid sample model, and then capture each half within its own
individual mask. As a result of these steps, all strands of the braid sample were separated into
several isolated segments. Using a “floodfill” tool the segments of a single strand were captured

in a new mask. An example of the final segmented yarn strands is shown in Figure 10.



Figure 10: Segmentation of individual braid yarns

Finally, a comparison of the original cylindrical braid geometry and unwrapped braid geometry
with segmented yarns is shown in Figure 11. Each of the segmented yarns was assigned an

individual grayscale value so that each of the yarns could be analyzed individually.

Figure 11: Unwrapping of original cylindrical uCT scans

A new stack of bitmap images with each yarn identified was created in SimpleWare and then
exported. The images were converted to a PNG image stack using and image processing
program (ImageJ, National Institutes of Health, Bethesda, Maryland, USA) for further

processing. A comparison of an original flat bitmap image and final image with each yarn



identified with a different grayscale value is shown in Figure 12. Figure 12 (b) shows that each

braid yarn has been identified with varying grayscale values.

(a) (b)
Figure 12: Identification of individual braid yarns (a) original unwrapped braid image (b) unwrapped braid with a different
grayscale value assigned to each yarn

2.4.1 Exportation of Braid Strand Data for Individual Strand Analysis
To quantify the individual braid strand geometries the unwrapped and segmented braid images

created in section 2.4 were imported and processed using a custom image analysis program
(MATLAB R2014a, The MathWorks Inc, Natick, MA, USA). Here, the centroid, cross-sectional

area, aspect ratio, braid angle and fiber undulation period of each strand on each image slice was



determined, with the differing grayscale values of each strand being used to distinguish between

each strand.

The position vector, ryy;, describes the instantaneous strand direction. The position vector (ryy:)
and the global coordinate system for the flattened braid geometry are shown in Figure 13. The
incremental change of a strand’s weaving path (crimp angle) was used to track its angular

orientation (¢) as it moved along the braid sample by using a rearranged dot product formula:

o= Cos—l[rxz s Zj 2
il

Where ry; is the position vector describing the change of the strand’s crimp angle from one image

slice to the next in the x-z plane and z is the unit vector in the z direction. By similar means, ryy,
the incremental change of a strand’s braid angle (o) in the x-y plane, was taken in place of ry, to
track the braid angle. Polynomial fits were applied to both the crimp and braid path data to
ensure the crimp angle and braid angle data was smooth. A summary of the angle-finding

process is shown in Figure 13.



(b)
Figure 13: Summary of angle-finding process: (a) The position vector between centroid coordinates on neighboring image slices,
rxyz, describes the instantaneous direction in which a strand moves. Projecting rxyz onto the x-z plane gives a vector describing the
strand’s instantaneous weaving path, rx, with the orientation angle being the crimp angle (o) it makes with the global z axis. (b)
Projecting this vector onto the y-z plane gives a vector describing the strand’s instantaneous angular path, ryz, with the braid angle
(o) being the angle it makes with the global z axis.



Knowledge of the braid angle (o) at all locations along a strand as well as the change in z value
between each image slice (dz) allowed for the global z coordinates of the sample to be

transformed into local z’ coordinates for each strand, using the method shown in Figure 13 (b).

At all locations along the braid sample, the cross-sectional area (A) of a single strand was found
by taking the area recorded from the corresponding image slice, then applying trigonometric
correction factors based upon the values of orientation and braid angle found for that strand at
the same location along the sample. The orientation angle was used again to correct the
maximum height of the strand found for the same image slice. Assuming the cross-section of
each strand was elliptical in shape, this allowed the aspect ratio (ar) of the strand’s cross-section
to be found at all locations, according to:

~a_mb A 3

ar = — = — = —
b b b
where a and b are the cross-section’s major and minor radii, respectively. Next, the Cartesian
coordinates of the CT images were converted to polar coordinates. As the weaving path (x-
coordinate of the centroid) of the strands was already equivalent to the strand’s radial distance

from the center of the braid sample, the same value could be used as the polar r-coordinate. The

6 -coordinate was found using the arc length formula:

s=ré
By treating the full top-to-bottom length of the CT images as the arc length (s) when 8 was equal

to 2w radians, r was able to be determined. Then, the 8-coordinate could be found for each strand

on each image using:



o= 5

r
where y is the y-coordinate of the strand’s centroid on a particular image. With the new

coordinate system in place, strands could be plotted to reconstruct their tubular structure. The
difference in 6 coordinates between neighboring parallel strands could be taken to determine the
angular spacing between them as they moved along the sample. Using the same tubular datasets,
the approximate intersection points between one particular strand and all other strands weaving
in the opposite direction could be determined by taking the distance along the z axis at which
they were closest together. The intersection points were arranged in order of increasing distance
in the global z direction, and then were converted to their equivalent distance along the strand’s
local coordinate system. Taking the difference in distance between these intersection points, the
half-period length (p) of the strand’s oscillating weaving path (Figure 14) could be determined at

several points along the braid sample.

Ly

Figure 14: The half period length (p) of the strand’s weaving pattern, p, is defined as the length of one half of the strand’s
(approximately sinusoidal) weaving cycle.

The x-coordinates of all strands at all positions along the braid sample were previously averaged
together to quantify the actual radius of the tubular structure. The same was applied to the braid
angle, aspect ratio, and cross-sectional area to find their nominal values. Finally, the nominal half

period length of the braid sample’s strands was determined using:
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where S is the shift angle between strands and a is the average braid angle. In all cases, S is
simply 27t/n, where n is the number of strands moving in one direction.

All data collected from the strands was plotted as a function of the distance in the z-direction at
which it was taken. The oscillating datasets (weaving path, cross-sectional area, aspect ratio, and
angular orientation) were plotted with respect to their own local strand coordinates so data for
multiple strands could be visualized with minimal phase shift between them. This same data
could then be averaged together to view the mean weave path, area, aspect ratio, and angular

orientation over the length of a strand.

3 Results

3.1 Void Content and Imperfection Determination
The recreated braid geometry in Figure 3 shows the presence of surface imperfections along the

inside diameter of the braid sample. The distribution of imperfection within the braid samples is
shown in Figure 15. This figure shows the three dimensional distribution of imperfection
throughout the braid sample. Figure 15 (b) and (c) show that many surface imperfections occur
along the crossover regions between braid yarns. The section view of the braid sample in Figure

15 (d) illustrates that many imperfections occur along the inside diameter of the sample.



(d)
Figure 15: Three dimensional visualization of braided composite imperfection distribution (a) 3D braid geometry (b) 3D braid
geometry with imperfections (c) 3D dimensional distribution of imperfections throughout the braid sample (d) Cross-sectional
view of braid geometry with imperfections

Similarly, the internal enclosed voids were examined and visualized to show the distribution of
voids throughout the braid sample. Visualization of the 3D distribution of enclosed voids is
shown in Figure 16. Figure 16 (a) shows the entire braid geometry with voids while Figure 16
(b) shows the void distribution. Figure 16 (c) shows a cross-sectional view of the braid sample

with enclosed voids.



(©)
Figure 16: Enclosed voids within the braid geometry (a) braid geometry and enclosed voids (b) enclosed voids only (c) section
view of braid and enclosed voids

The volume fraction of the imperfections shown in Figure 15 and the voids shown in Figure 16
were determined and are shown in Table 1. The volume of the braid sample as well as the void
volume was calculated by determining the voxel volume of the braid geometry, void geometry
and imperfection geometry. Table 1 shows that the volume fraction of the braid imperfections is

2.44% while the volume fraction of the enclosed voids was less than half, at 1.04%.

Table 1: Void volume fraction of braid sample

Sample Volume Voids Volume

Sample (mm?) (mmd)

Volume Fraction (%)




Volume fraction of
imperfections
Volume fraction of
enclosed voids

424.19 10.61 2.44

466 491 1.04

3.1.1.1 Void Size and Distribution
Analysis of void size and distribution was performed using a custom image analysis program.

Identification of each individual void is shown in Figure 17. In this image, a total of 644 voids

were identified. The color map in this image represents the number assigned to each void

ranging from 1 to 644.
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Figure 17: Identification of individual braid voids

The volume of each void identified in Figure 17 was computed and compared in Figure 18. This
figure shows that several large voids are present within the braid geometry having a volume
greater than 0.05mm? while the majority of the voids have a volume of less than 0.05mm3. The
horizontal line in Figure 18 represents the average void volume. The average void volume for
the entire braid geometry was determined to be 0.0076 + 0.0158mm?3. The largest void within

the braid geometry, void # 215 with an area of 0.2248mm?, can be seen in Figure 18. Figure 19



shows the position of the largest void within the braid geometry. This figure shows the relative

size of the largest void to other voids within the braid geometry.
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Figure 18: Void volume throughout braid sample. The solid horizontal line indicates the average void volume
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Figure 19: Largest void identified

3.2 Braid Strand Analysis
The unwrapped and segmented braid images were examined using a custom image processing

program. The centroid, cross-sectional area, aspect ratio, braid angle and fiber undulation period
of each strand was determined, with the differing grayscale values of each strand being used to

distinguish between each strand.

The undulating strand path for each of the braid yarns is displayed in Figure 20. This figure
shows the weaving path of the individual yarns in the weft and warp directions (Figure 20 (a)).
The average weaving path for the braid in both the weft and warp direction is also show in this

figure (Figure 20 (b)).
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Figure 20: Weaving path of the braid yarns in the x-z plane (a) weaving path of the individual yarns in the weft (clockwise) and
warp (counterclockwise) direction (b) average weaving path of the weft and warp yarns

The angular path of each braid strand in the y-z plane was also determined. The braid angular
path is defined in Figure 13. The angular path of each yarn in both the warp and weft directions

is shown in Figure 21.
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Figure 21: Angular path of individual braid yarns (a) warp strand angular path (b) weft strand angular path

The results from the braid strand analysis also allowed for the visualization of the 3D path of the
yarn centroids. The 3D position of each yarn centroid is visualized in Figure 22. This figure
shows the undulating nature of each braid yarn and displays their angular position around the

braid circumference.
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Figure 22: Three dimensional plot of braid centroids determined using the results from the braid strand analysis

The results from the braid strand analysis are shown in Table 2. This table compares the braid

strand results for all braid yarns. As well, results are also displayed for yarns in the clockwise

(weft) and counterclockwise (warp) directions.

Table 2: Braid strand analysis results comparing all Strands, warp strands and weft Strands of the braid sample with

mandrel diameter 11.1 mm

Radial Cross- Braid Fiber
. . Sectional Aspect Undulation
Braid Strand Distance A ; Angle —a If Period
(mm) rea- A Ratio- ar (deg) Half Period-
(mm?) p (mm)
Average 5.95 0.86 7.13 39.26 3.31
All Strands  Standard 0.13 0.14 1.60 577 0.49
Deviation
Warp Average 5.94 0.85 7.25 39.17 3.32
Strands Standard
(CCW) Deviation 0.13 0.14 1.62 5.76 0.53
Weft Average 5.96 0.87 7.00 39.35 3.29
Strands Standard 0.13 0.15 1.59 5.56 0.44




(CW) Deviation

The weaving paths shown in Figure 20 were used to determine the fiber undulation half period
shown in Table 2. The undulation half period of the braid yarns is defined in Figure 14 and

equation 6. Figure 20 shows the sinusoidal path of the centroids of the individual braid yarns.

The cross-sectional area and aspect ratio of each yarn shown in Table 2 were determined by
assuming the yarns have an elliptical shape [9, 31]. The aspect ratio of each yarn was
determined by the cross-sectional area of each yarn from the grayscale images and using
equation 3. The angular strand paths in Figure 21 were used to calculate the braid angle (a) of

each yarn.

4  Discussion
There are several studies that have utilized the pCT imaging technique in order to investigate

composite materials [11, 12, 19-22, 25, 32, 33]. Currently, no studies exist that examine tubular
braided composites using the uCT imaging technique. The method outlined in this manuscript
will allow for both the investigation of voids within tubular composite braids and evaluation of
braid strand geometry. Demonstrating this capability in the complex tubular braid architecture
allows this method to be applied to a broad range of composite materials and structures.

4.1 Void Content Determination

Void content has previously been assessed for tubular braided composites using acid digestion
and ultrasonic methods however neither of these methods provide information on the statistical
distribution of voids throughout a composite sample [26, 27]. Kruesi et al found void volume
fractions that ranged from 1.74-3.71% for composite braids measured using conventional void

volume fraction measurement techniques [26]. The void content in this study was found to be



1.04% for enclosed voids and 2.44% for surface imperfections.  Previously, a successive
polishing and imaging method has been used to characterize the void distribution of a plain
weave textile composite [14]. In this study common void locations and common void shapers
for textile composites were identified. However, void volume fraction and void statistics were

not reported.

A study by Zhu et al examined the effect of void content on the tensile strength of fabric
laminates [34]. This study demonstrated that an increase in void content from 0.4% to 8%
results in a decrease in longitudinal tensile strength of 2%. It was also demonstrated that crack
initiation and growth is caused by the presence of voids within the composite structure. This
study demonstrates the importance of minimizing void content since voids result in a reduction
in composite material tensile strength. As well, voids within the epoxy matrix initiate crack

growth which leads to premature failure of the composite material.

Imperfections and voids can be seen throughout the tubular braid sample examined in this study
(Figure 3, Figure 15, Figure 16). The enclosed voids and imperfections were examined
separately since these defects are caused by differing mechanisms. The imperfections along the
inside diameter of the braid sample shown in Figure 15 are due to the undulations of the braid
yarns. The imperfections occur along the cross-over regions between the braid yarns. By
contrast, the enclosed voids only occur within the braid geometry as shown in Figure 16. The
enclosed voids are caused entrapped air within the resin and braid yarn. The enclosed voids are
randomly distributed throughout the braid sample whereas the braid imperfections follow the

braid strand path.



The comparison of the volume fractions of the enclosed voids and imperfections is shown in
Table 1. This table shows that the imperfection volume fraction is greater than the enclosed void
volume fraction. The difference in void and imperfection volumes is also demonstrated in

Figure 15 and Figure 16Error! Reference source not found..

The tubular braided composite sample used in this study was manufactured using a manual
impregnation process. The above void and imperfection analysis show that defects occurred in
the braid sample due to the current resin impregnation process. In order to improve the
consistency of resin impregnation and to minimize the number of voids and imperfections in the
braid sample a resin transfer molding (RTM) or vacuum assisted resin transfer molding process
(VARTM) should be employed [35]. The uCT measurement technique and image processing
method outlined in this manuscript can then be used to assess the improved consistency of resin
impregnation of various resin impregnation methods.

4.2 Braid Strand Analysis

The uCT measurement technique has allowed for a variety of braid geometrical parameters to be
investigated. Similar analysis for flat three-dimensional textile composites has been performed
by Bale et al [33]. The results from this analysis provide a wealth of information for braid
geometries. Information obtained using this method includes the braid angle of the individual
yarns and the radial distance of braid yarns from the braid center. Other parameters that can be
determined include: yarn cross-sectional area and aspect ratio and the individual yarn crimp
angle. All of the information collected using the uCT measurement technique can be used to

assess the quality and consistency for manufactured braids without damaging the braid sample.



The geometrical parameters measured using the uCT measurement technique can be used to
compare physical braid geometrics with idealized braid geometry models [9].

Current analytical and finite element models for tubular braided composites utilize idealized
geometries in order to predict braid mechanical properties [6, 9, 10, 36, 37]. All of these models
make assumptions regarding the braid geometry such as the yarn cross-sectional shape; yarn
major and minor diameters; fiber undulation period; as well as, matrix and fiber volume
fractions. Key parameters like braid angle have been measured by wrapping transparent paper
on the specimens and manually measuring the angle using a protractor [5]. Similarly,
assumptions regarding yarn shape and size have been made based on two dimensional
micrographs of yarns [31]; however this method does not capture variations in yarn shape and
size throughout the braid sample. Therefore, the ability to quantify tubular braid geometry in
three dimensions will result in improved tubular braid models since measurements of all braid

yarns can be performed.

In addition to improving current models, the three dimensional braid geometry generated in this
study could be used for finite element analysis (FEA) [38]. A FEA model generated using the
geometry created in this study would allow for examination of the effect of surface imperfections
and voids on mechanical properties. The voids and imperfections shown in Figure 15 and Figure
16 will result in stress concentrations that will have a significant effect on braid mechanical
properties [34]. This FEA model could also be compared with FEA models created using
idealized braid geometries [36] to demonstrate the effect for fiber strand variations and

imperfections on mechanical properties.



5 Conclusions
A uCT measurement method has been utilized in order to investigate tubular braided composites.

This measurement method has been used to quantify the presence of voids and imperfections in
the braid structure. In addition, this method allows for assessment of the three dimensional
geometry of composite braids. The method outlined in this manuscript can be used to assess the
quality and consistency of the tubular braided composite manufacturing process. Understanding
the three dimensional geometry of tubular braided composites will lead to improved analytical
models since these models are sensitive to braid geometric effects. In addition, the three
dimensional braid geometry generated in the study could also be for further finite element

studies.
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