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Abstract

Carbon fiber composites are becoming more desirable as a design choice in a wide range of
industries due to their high strength to weight ratio. One common challenge to greater adoption
of carbon fiber laminates is the reduction in performance due to the occurrence of foreign object
defects introduced during the laminate manufacturing. These foreign objects lead to increased
costs and waste through both the discarding of failed parts and in the need to overdesign parts to
survive when foreign objects are not detected. The ability to reliably find foreign objects would
lead to significant savings and would open the door to greater adoption of carbon fiber composites
by making these parts cheaper, safer, and perhaps more lightweight. Non-destructive techniques
are crucial to the detection of foreign objects, and ultrasound has shown to be a cost-effective
and reliable technique for the identification of foreign objects. Previous work by Baylor
researchers has shown the ability to determine the size and location of foreign objects made with
Teflon films with high accuracy. This work focuses on the improvement of these methods and
adapting them for other foreign object materials, specifically: copper, peel ply, infusion mesh,
vacuum bagging, and gloving; while moving the technique towards full automated detection.

Background

Transportation industries are feeling significant pressure to improve fuel efficiencies and
reduce emissions [1]. One solution to increasing efficiency is the reduction of weight. The greater
adoption of composites presents the opportunity for light-weighting. Many composites have high
strength to weight ratios, and carbon fiber laminates in particular have one of the highest strength
to weight ratios making them a material desirable for use in structural applications [2].

There are several different manufacturing techniques for carbon fiber laminates [2], and many
of these techniques require at least some manual process. This makes carbon fiber composites
susceptible to manufacturing defects. Defects such as delaminations, improper layup, inclusions
etc. have been known to be caused due to faulty manufacturing techniques [3]. These defects
can have a significant impact on the final part performance and increase the costs associated
with using carbon fiber composites [4]. The true effects of these defects is the subject of ongoing
research as researchers attempt to answer how different defects or induced damage impacts part
performance through modeling [5-7] as well as experimentation [8]. This research will focus
specifically on foreign objects which occur as excess material that ends up in the part during the
manufacturing process.

Along with the need to better understand the effect of defects on composite parts, there is a
growing need for adequate testing of composites. Traditional testing techniques are destructive
and can add significant cost to the use of composites. This creates a need for non-destructive
testing (NDT) techniques to complement traditional testing and aid in part qualification.

Several NDT methods have been examined to determine their ability to find foreign objects
within carbon fiber laminates. X-ray CT [9], acoustography [10], thermography [11], terahertz [12],
and eddy current [13] techniques have all shown promise in their ability to identify foreign objects
in laminated composites. Ultrasound is the most popular NDT method [14], in part due to its
relative low-cost and ease of use in comparison with many other methods [3]. Several researchers
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have explored the use of ultrasound for the detection of ply orientation [15,16], adhesive thickness
[17,18], detection of wrinkles [19,20], and damage [7,21,22] among other areas of concern in
carbon fiber laminates.

Multiple researchers have investigated automated or semi-automated methods for detecting
foreign objects in carbon fiber laminates. Benammar et al. [23] applied signal processing
techniques to ultrasonic scan data to identify simulated delaminations. They found success in
determining the depth of the simulated delamination, but report no findings on the ability to
determine size and shape. Poudel et al. [24] and Barry et al. [25] separately both investigated the
use of artificial neural networks (ANN) to detect foreign objects within composite laminates. Both
researchers were able to demonstrate success in determining the presence of foreign objects but
neither work focused on the quantifying the dimensions of the defects, limiting the ability to
objectively compare results against their approach.

Recent work by Mohammadkhani et al. [26] presents the use of an algorithm to detect and
characterize defects using a wavelet transform on the base signal. They make use of a 10 MHz
phased array transducer to scan a part with 5 different materials used as foreign objects: Teflon,
paper, release tape, bag tape, and peel ply. In their work, all objects were placed between the 8"
and 9™ plies of a carbon fiber composite. The reported error in the size estimation of Teflon, bag
tape, and peel ply foreign objects was, respectively, -41.7%, 20%, and -66.7%. In absolute units,
the errors are, respectively, 1.42 mm, 0.63mm, and 2.54 mm in capturing the effective width of
the square objects. These results are highlighted as they are directly similar to the PTFE, vacuum
bag, and peel ply foreign objects studied in the present work.

The recent work of Ma et al. [27] presents the use of a signal correlation algorithm to detect
and size defects. They study intentional foreign objects made of graphite approximately 0.25 mm
in thickness and with a diameter of 12.7 mm. They benchmark their algorithm against traditional
phased array ultrasound and found they were able to size the height and width of the foreign
objects accurately with an error ranging form 0.475 mm to 0.175 mm.

In a work by the current authors [28], the detection of -PTFE foreign objects within a carbon
fiber laminate was studied. Twelve circular foreign objects 0.05 mm thick and with diameters of
12.7 mm 6.4mm, 3.2 mm and 1.6 mm were intentionally placed within twelve different laminates
at the interfaces between the 3 and 4" plies, the 6" and 7" plies, and the 9" and 10" plies. Edge
detection was applied to all samples along with a smoothing filter and the magnitude of the
gradient traced (MGT) was presented for the sizing of the foreign objects. The average absolute
difference in the estimation for all foreign objects studied was 0.1 mm.

This work seeks to apply the techniques described in [28] to a carbon fiber composite part
containing multiple types of foreign objects while simultaneously presenting improvements
towards a more automated MGT method for the sizing of foreign objects. This work will focus on
a woven carbon fiber part with six different foreign objects: copper, gloving, infusion mesh, peel
ply, PTFE, and vacuum bagging. While the average absolute difference in estimating size is
greater than what was observed in [28], the estimation of the area of the foreign objects still
compares favorably to other methods in the literature when comparing materials like for like.
Future research is needed to develop the method more fully for each of the foreign objects studied
and is the topic of ongoing future work.
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Experimental Set-Up
Foreign Object Fabrication

Foreign objects were fabricated of six different thin materials: polytetrafluoroethylene (PTFE),
vacuum bagging, copper film, infusion mesh, gloving, and peel ply. PTFE is a common material
studied as a foreign object [26,28], copper film is likely to replicate the signal of an intentional
foreign object such as embedded radar or lightning strike material, while the other objects are
chosen as they are all common consumables used during the fabrication of the composite
laminate. The PTFE foreign object is in the shape of an asterisk and was created using a
Silhouette Cameo and measures 0.13 mm. The irregular shape of the asterisk is chosen to
determine the ability to identify the shape of foreign objects with multiple sharp corners and a
more irregular shape. The other foreign objects were not easily cut using the Cameo’s preset
cutting settings and were cut with scissors to be nominally 6.4 mm x 6.4 mm (1/4” x1/4”).

After fabrication, and prior to placing the foreign objects in the carbon fiber composite all
foreign objects were imaged with a Keyence VR3000 to determine their true size. Although the
foreign objects are designed to be rectangular, there was some irregularity in their shape. The
height and width are defined as the maximum distance between the nominally parallel edges. The
height and width are multiplied together to create an effective area. This effective area is then
compared with the true surface area measurement taken by the Keyence, based on the measured
profile of each foreign object as it is imaged and profiled. The effective area for the asterisk shaped
PTFE object is calculated differently than the other objects and is computed by fitting a circle to
the outer points of the asterisk shape. Then, the area of the eight triangular cutaways is subtracted
by measuring the interior angle of each cutaway and the distance between the center of the fitted
circle and the vertex of the cutaway. Table | summarizes the measurements taken for each object.
Of note is the discrepancy between the effective and surface area measurements for the Infusion
Mesh object which is shown in Figure 1. This is due to the nature of the infusion mesh which has
significant spatial gaps between the plastic material which are not measured as part of the surface
area of the foreign object. For the infusion mesh, the effective area measurement includes the
open gaps, while the surface area measurement includes only the material.

Table I: Summary of Foreign Object Measurements using Microscopy

Height Width Effective Area Surface Area

Material (mm) (mm) (mm?2) (mm?2)
Copper 7.04 6.94 48.84 50.48
Glove 8.44 8.06 68.02 65.05
Infusion Mesh 7.69 6.74 51.82 16.01
Peel Ply 9.26 7.29 67.48 71.19
PTFE 12.42 1242 96.51 93.63
Vacuum Bag 7.47 4.84 36.12 36.48
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Figure 1: Image of Infusion Mesh taken with Keyence VR 3000.
Composite Fabrication

A laminated composite of nominally 127 mm x 178 mm (5” x 7”) was manufactured using the
VARTM method. A 6 oz., 3k tow, plain weave fabric from ACP Composites was used. The
composite is comprised of twelve lamina with a layup of [0/45/0]s where the foreign objects were
placed between the sixth and seventh plies. Proset INF 114 resin with Proset 211 hardener was
chosen as the resin-hardener combo for the infusion process, and the composite was cured
according to the manufacturer’'s recommendations. Figure 2 shows the placement of each foreign
object during the manufacturing of the part. During the layup process, all foreign objects were
placed between the sixth and seventh plies at the midplane of the composite. The composite
being studied did exhibit some surface porosity post-cure, but that occurs in regions other than
those where the placed foreign objects are placed and as such do not impact the analysis.

Vacuum Bagging Copper

Figure 2: Diagram showing the location of foreign objects in the composite laminate when viewed from the tool
side of the laminate. All foreign objects were placed at between the sixth and seventh laminate.
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Ultrasonic Scanning Setup

The part was scanned using the custom immersion scanning system as shown in Figure 3. A
10 MHz spherically focused transducer from Olympus was used to scan the composite in a pulse-
echo mode. The ultrasonic parameters were controlled using an Olympus Focus PX. Positioning
of the motors was controlled using Velmex VXM motor controllers to move two axes made up of
Velmex BiSlide positioning systems. A custom MATLAB program is used to create a raster path.
and send commands to the motor controller. The scan discussed in this work covers a scan region
of 80 mm x 130 mm with a spacing of 0.2 mm between scans. A magnetic linear encoder reads
the position of the ultrasonic transducer and the Focus PX acquires data over the scanning region.
Upon completion of the scan, the data is exported to MATLAB where it is analyzed using a custom
in-house code discussed below.

Transducer

IMotor Controllers|

B . = I —— Computer
Sample Leveling Table Pulser-

Receiver

Sample Mounting Stand

Immersion Tank

(b)

Figure 3: (a) Picture of the custom immersion C-Scan System used in this study. (b) Diagram of the experimental
setup for scanning the composites

Analysis

Determination of Lamina Count using A-scans

During the scanning process, a-scans are collected at the designated locations by the pulser-
receiver. These a-scans represent the voltage created by the displacement of the piezoelectric
material in the transducer across time. The entirety of the ultrasonic dataset will be represented
as F (x4, X2, t), Which represents the received ultrasonic amplitude at a specific time ¢, at the k™
location in x; where k is of the set k = 1,2, ... N;, and the ™" location in x, where [ is of the set | =
1,2,..N,.

Prior to analyzing the data, all a-scans are fed into an algorithm that fits the signal response
from the front wall of the composite to a two-dimensional 3™ order plane. This plane is then used
to adjust each a-scan such that the occurrence of the front wall occurs at the same adjusted point
in time £, where t = t — t,. This algorithm is designed to identify the detection threshold which
creates the optimal fit plane to the data. This optimal fit is defined as the threshold at which the
value of the 3™ peak in the average of all shifted scans is highest, and the shifted dataset is
defined as F (x4, x2,, ). Once the dataset has been shifted, a gaussian smoothing filter is applied
to F(xyx, x2,,t) as is described in [28], and the shifted and smoothed dataset is then defined as
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F(xy 1, %2, ©) where the time  represents the shifted time to align all data to the front surface of
the part and F represents the regionally smoothed data

Figure 4(a) shows the averaged a-scan for the composite after shifting the data in time. This
is the average a-scan over the entire region of the part scanned and includes regions without
FOD and with FOD. Figure 4(b) is provided to show an example of the ultrasonic wave generated
when scanning a region of the composite containing any of the six foreign objects used and
comparing it with the averaged a-scan across the laminate. Five of the six foreign objects cause
an appreciable change in the ultrasonic waveform with only the infusion mesh foreign object not
creating a significant response. It should be noted that there is no significant indication of the
presence of foreign objects in the averaged a-scan.
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Figure 4: (a) Average A-scan for the composite part (b) A-Scans over the different defective regions compared
with the average a-scan where the front wall echo is marked with a dotted line and the back wall echo is marked
by a dashed line. Note the reflections due to the foreign objects can be observed at approximately 0.9 us.

In order to determine the ply interface estimates, shown as the red circles in Figure 4(a), the
back wall of the part is first identified, which occurs at approximately 1.8 pus. The number of plies
is then determined by the distance in time between the front wall and the back divided by the
nominal thickness of an individual ply. The total thickness of the part is identified using the
equation:

p tc
where d is the thickness of the part, t is the time between the front and back wall echoes, and ¢
is the speed of sound of the material. The carbon fiber material used for this experiment has an
measured thickness of 0.23 mm for each lamina prior to manufacturing. Equation 1 can be
adapted to identify the estimated time of flight of an individual lamina as t,4mina = 2 diamina/€
yielding the time to pass through one lamina can be determined as approximately 15.24 us for an
estimated speed of sound of 3000 m/s. Using this value in Equation 1 for the measured total time
of flight, there are estimated to be 11.88 plies in the composite. This is rounded to the nearest
whole number correctly identifying the composite contains 12 plies. The ply interfaces are then
giving pre-seeded initial locations for the ply interfaces. The first ply interface is given an initial
guess of 35 percent of the 15.24 us for the ultrasonic wave to pass through one lamina from the
front wall and each successive guess is assumed to take the full 15.24 us. The software then
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determines the nearest minima to each initial guess as the location of the ply interface.
Foreign Object Depth using B-scans

B-scans are another common way to visualize and present ultrasonic scan data. A traditional
b-scan often shows the ultrasonic response as a function of time and one scan dimension. For
example, a traditional b-scan would show all the a-scans stacked together taken across the x;
dimension at a fixed point in x,. While this is a useful tool for examining many a-scans at once, in
the present context there is an extension of the standard technique for identifying foreign objects.
Specifically, the b-scan is plotted with a maximum criterion for each point in time and space.
Figure 5 presents such b-scans where both the x; (left) and x, (right) directions are held constant
as described by

Fxy t) = max }( F(xy %20, 0) 2

xz,le{xz,o'xz,Nz

and

F(xz,l’ f) = max }( F(ka, X2, £)) 3

x1,k€{x1,0:x1,N1

As can be seen in Figure 5, this is effective at quickly identifying the presence and depth of foreign
objects. In these images, the locations of the calculated ply interfaces from Equation 1 are
superimposed as black dotted lines except for the sixth ply interface which is highlighted and
plotted as a white dotted line. The initial reflection of the ultrasonic waves from the foreign objects
can be seen occurring after the sixth lamina and just before the seventh lamina as the part in
agreement with the part that was manufactured. It should also be noted some of the foreign
objects created additional echoes that can be seen as bright reflections between the seventh and
eight ply locations, thus only the first indicator should be used in the analysis to avoid false
positives.

0 ‘.
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Time (us)
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0 20 40 60 80 0 20 40 60 80 100 120
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Figure 5: B-scans along both the index (left) and scan (right) directions plotted with a maximum criterion. Dashed
Lines are overlayed at the minima before each laminar reflection. The dashed line in white highlights the sixth

lamina. Color represents the normalized magnitude of the ultrasonic response.
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Further work must be done to improve the automation of determining the occurrence of foreign
objects in the b-scan. One method that has been briefly investigated is to tabulate the maximum
amplitude of the signal received between lamina and plot the resulting histogram of the tabulated
data. Figure 6 shows the histogram of the gated maximum value of the ultrasonic signal for a gate
spanning the third and fourth plies (Figure 6 a) and for a gate spanning the sixth and seventh
plies (Figure 6b). It is apparent that there is a significant difference between the two gated signals.
For the case of the gated signal between the third and fourth plies the resulting signal amplitudes
at each spatial location are tightly grouped and the median and mean are nearly equal.
Conversely, the distribution of the amplitudes of the gated signal between the sixth and seventh
laminate is much different. In this region, the region encompassing the foreign objects, there is a
significant difference between the mean and the median of the gated signal amplitudes. This is
due to the high signal return caused by the foreign objects. This approach may be useful to helping
an operator determine the presence and depth of foreign objects, but is sensitive to the overall
size of the part scanned relative to the size of the foreign objects and must be used with caution.
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Figure 6: Histogram of the gated signal amplitude from each spatial location (a) between the 3 and 4 plies and
(b) between the 6% and 7t plies, the latter of which is where the foreign objects occur

Use of C-Scans to Ildentify Area and Size

The use of a-scans and b-scans are appropriate for determining, respectively, the presence
of foreign objects and the depth at which they are located. In the following section c-scans will be
shown to quantify the size and shape of defects within the composite. C-scans represent the
ultrasonic intensity at each point in space across x; and x, at a single instance in time or over a
gated range of times. Taking the amplitudes at a single point in time is highly sensitive to
determining the correct depth and is dependent on a highly homogenized material and highly
trained technician. The present work focuses on the inspection of plain-weave carbon fiber
laminates whose acoustic behavior is inhomogeneous and aims to simplify the art of foreign object
detection to the point of semi or full automation. This makes it more practical to gate c-scans over
a longer region of time, reducing the sensitivity of the methods and uses the same criterion as
described in [28],
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F(xipx2) = fegi)f(n}(F(xl’k' X2, t)) 4
Using the information gained from the b-scan images, t,, is defined as the instant in time when
the signal from the sixth ply interface is captured and t,, is defined as the instant in time when the
signal is captured from the seventh ply interface.

Figure 7 shows the c-scan image generated from the ultrasonic dataset. Only five of the six
of the foreign objects have identifiable amplitudes, with the infusion mesh foreign object not being
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Figure 7: C Scan plotting the maximum normalized amplitude between the sixth and seventh plies.

clearly identifiable. Based on the representative a-scans shown in Figure 5(b), it is not a surprise
that the infusion mesh cannot be found. The infusion mesh can be observed in the top right region
of the c-scan, but appears as a ghost image that could in other cases be a false positive. This
feature is left for discussion in Figure 8. The shape of the remaining foreign objects presented in
the c-scan roughly matches the true shape of each foreign object. The angle and projections
present in the asterisk shape of the PTFE foreign object are not well defined, but the other four
objects appear as roughly rectangular just as they were fabricated.

In order to quantify the shape of the identified foreign objects, the use of an edge detection
technique is needed. The magnitude of the gradient is a simple method commonly used in image
processing [29] that can be easily applied to the ultrasonic data. A high order central difference
method (see e.g., [30]) is applied to the data to calculate the partial derivatives in both the x; and
x, directions. The magnitude is then calculated as the sum of the squares of the partial derivates
as shown

~ 2 N >
JoF , oF ,
G(lexz) — \/( (xl,k xZ,l)) + < (xllk lel)>

0xy dx,

The MGT method, as presented by the current authors in [28], traces along the bounded maxima
of the gradient to determine the size of the foreign objects. No shape is superimposed, and the
trace follows the maximum surface around the boundary of the object. When no obvious
maximum is available, the method takes the center value of the gradient along a single projection
as the peak. Figure 9 shows the modified c-scan image created by calculating the magnitude of
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the spatial gradient of the c-scan.

In order to identify the size of the infusion mesh an alternative method must be employed. The
reflection of the back wall is reduced in the region of the infusion mesh foreign object due to
significant attenuation around the infusion mesh as can be observed in Figure 5(b). Thus, viewing
the amplitudes across the back wall reveals the location and size of the infusion mesh foreign
object as shown in Figure 8. Similar to the previous approach, the magnitude of the gradient is
applied to the data to determine the edges of the Infusion Mesh.
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Figure 9: Normalized magnitude of the gradient applied to the c-scan between the sixth and seventh plies to
determine the edges of the foreign objects.
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Figure 8: C Scan plotting the normalized maximum amplitude across the back wall of the composite.

Page 10



Table Il presents the spatial measurements obtained from the above analysis of the ultrasonic
waveforms for each of the foreign objects in the composite. The height and width of the foreign
objects is taken as the maximum difference in the x; and x, directions. The greater measurement
is always assumed to be the height to account for any accidental rotations of the object during
the manufacturing process. The absolute difference is defined as

€ = abs(Strye — Smeas) 6

where s is the respective dimension, specifically height or width, being compared. The absolute
percent error is defined as

e = abS(ATrue - Ameas) 7

ATT‘U.E

The area for each foreign object is compared with the surface area measurement from the
Keyence with the exception of the infusion mesh which is compared to an estimated area value.
For comparison, in the work by Mohammadkhani et al [26], the error in estimating the size of
PTFE, bag tape, and peel ply, all measuring 6 mm x 6 mm, using their automated technique are
43.8%, 20%, and -66.7%. It assumed that the bag tape discussed is similar to the vacuum bagging
studied in the present work. The results in Table Il are significant in that for each of the
comparisons that can be made to published data, the MGT method shows a significant
improvement in all but the PTFE foreign object studied here which is of a more complex geometry
than other similar works. This is more significant as the sample studied in the present work has
more internal reflections to add noise to the signal. These internal reflections are caused by the
woven laminate studied, whereas previously published work focused on unidirectional laminates
which have much cleaner acoustic signals aiding in the analysis of the captured waveform.

It should be noted that the composite being studied had noticeable amounts of surface
porosity. It is reasonable to expect this surface porosity to negatively impact the ability of the
ultrasonic waves to predictably propagate through the composite and is likely the cause of greater
error in measurements around the foreign objects which disrupt the flow of the resin during the
VARTM process and are likely to be areas with greater porosity.

Table II: Ultrasonic Measurement of each foreign object using Magnitude of Gradient

Material Height Absolute Absolute | Surface Area Absolute
(mm) Difference Difference (mm2) Percent Error

(mm) (mm) (%)

Copper 7.87 0.83 7.76 0.82 55.03 9%
Glove 8.10 0.34 7.50 0.56 55.43 15%
Infusion Mesh 8.97 1.28 8.37 1.63 55.68 7%
Peel Ply 8.45 0.81 7.99 0.71 51.38 28%
PTFE 10.70 1.72 9.70 2.72 68.27 27%
Vacuum Bag 8.54 1.07 5.87 1.03 40.86 12%

In order to simplify and improve the detection of the foreign objects in the c-scan, the
intensities of F (x4, x,;) were modified to highlight signals likely to be caused by the foreign
objects. This was done by determining all amplitudes in F greater than 3 standard deviations
above the median signal in the dataset. All signals above this threshold were set to 1 in the
normalized dataset with the remaining amplitudes left at their current values. Figure 10 shows the
results of this modification which more distinctly highlights the foreign objects. As with the original
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c-scan, the gradient of this dataset is calculated and used to determine the edges of each foreign
object as shown in Figure 11. The forcing of the signals above the threshold to 1 creates a distinct
and obvious boundary of the gradient that is easily traced to determine the size of each object.
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Figure 10: Modified ¢ scan of the amplitudes between the sixth and seventh plies where signals above a
threshold are forced to one.
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Figure 11: Magnitude of the modified c-scan highlighting the boundaries of the foreign objects.

Table Il shows the results of the measurements taken of the new dataset. In general, the
absolute difference in determining the height and width of the foreign objects decreased. The
error in calculating the area increased for the copper and gloving foreign objects, while the error
for the PTFE and vacuum bag foreign objects decreased dramatically. This new method was still
unable to detect the infusion mesh object. Because of this the measurements belonging to the
infusion mesh row are left blank.
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Table IlI: Ultrasonic Measurement of each foreign object using Magnitude of Gradient post modification based on

histogram
Material Height Absolute Absolute | Surface Area Absolute
(mm) Difference Difference (mm2) Percent Error
(mm) (mm) (%)
Copper 7.21 0.17 6.81 0.13 38.41 24%
Glove 8.32 0.12 7.76 0.30 48.24 26%
Infusion Mesh - - - - - -
Peel Ply 9.49 0.23 7.87 0.59 52.69 26%
PTFE 11.70 0.72 11.65 0.77 97.09 4%
Vacuum Bag 7.71 0.24 5.09 0.25 33.63 8%

Summary and Next Steps

This paper presents the use of the MGT method and other detection algorithms for the
detection of foreign objects in carbon fiber laminates. A carbon fiber laminate was fabricated with
six different materials intentionally placed within the part as foreign objects. A systematic
approach for locating and finding the foreign objects is demonstrated using a-scan, b-scan, and
c-scans analyses. Five of the six materials were successfully detected at the spatial and depth
location at which they were fabricated. Conversely, the depth of the infusion mesh object can not
be determined using the analysis techniques presented, but the feature can be detected and the
spatial dimensions can be quantified. An improvement on the application of the c-scan and
application of the gradient as compared with previously published results is also presented that
provides higher contrast in defining the foreign objects as well as a more defined gradient. In
addition, the MGT was found to be considerably more accurate in the sizing of foreign objects
than other recent works when controlling for the material being studied.

This work directly benefits any industry that makes use of laminated carbon fiber composites
as the foreign objects significantly impact the performance of these composites. The ability to
reliably detect and quantify foreign objects will lead to greater safety in composites and reduce
the need for overdesigning of composite parts. Future work will study each of the foreign objects
in greater depth and apply the methods presented across a greater number of samples. While
the method presented has components of the analysis that are at automated (e.g. the detection
of layers, and preprocessing of the normalized c-scan of the magnitude of the gradient), there is
still work needed to tie the different components of the analysis together in a cohesive manner
and limit the need for human interpretation.
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