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Abstract

The Composites Group at the National Institute of Standards and Technology has found
optical coherence tomography (OCT) to be a powerful tool for non-destructive characterization
of polymer matrix composites. Composites often exhibit superior properties to traditional
materials such as wood and metal. However, the barrier to their widespread in"ltration into
consumer markets is cost. Composites can be made more cost competitive by improved
composite design, process optimization, and quality control. OCT provides a means of evaluat-
ing the three aforementioned areas. OCT is a very versatile technique that can be applied to
a variety of problems in polymer composites such as: microstructure determination for per-
meability and mechanical property prediction, void, dry spot, and defect detection, and damage
evaluation. Brie#y, OCT uses a low coherence source such as a superluminescent diode laser
with a "ber optic based Michelson interferometer. In this con"guration, the composite is the
"xed arm of the interferometer. Re#ections from heterogeneities within the sample are mapped
as a function of thickness for any one position. Volume information is generated by translating
the sample on a motorized stage. Information about the location and size of a feature within the
composite is obtained. In this work, the power of OCT for imaging composite microstructure
and damage is presented. An example of permeability prediction using the composite micro-
structure imaged from OCT is demonstrated. The e!ect of image processing on the value of
permeability is discussed. Using the same sample, OCT imaging of composite impact damage is
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compared to more traditional techniques, X-ray computed tomography and confocal micro-
scopy. Published by Elsevier Science Ltd.
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1. Introduction

In the past, microstructure and damage in polymer matrix composites have often
been characterized using destructive techniques such as microscopy on sectioned
samples which provides detailed information on a small size scale. The capability to
measure these features non-destructively, however, is very desirable since that permits
monitoring of damage evolution and correlation of the results with microstructural
features that can initiate, in#uence, or even control the damage. It is even more
advantageous if these measurements are performed with a single technique because
this eliminates the complications involved in combining data from di!erent sources.
Optical coherence tomography (OCT) is a measurement method that can characterize
both microstructure and damage with high resolution and good penetration depth.

OCT is a non-invasive, non-contact optical imaging technique that allows the
visualization of microstructure within scattering media [1}3]. OCT uses light in
a manner analogous to the way ultrasound imaging uses sound, providing signi"-
cantly higher spatial resolution (10}20�m) albeit with shallower penetration depth.
OCT is based upon low-coherence optical ranging techniques where the optical
distance to individual sites within the sample is determined by the di!erence in time,
relative to a reference light beam, for an incident light beam to penetrate and
backscatter within the sample. This temporal delay is probed using a "ber optic
interferometer and a broadband laser light source. The "ber optic interferometer
consists of single-mode optical "ber coupled with a 50/50 "ber optic splitter that
illuminates both the sample and a linearly translating reference mirror. Light re#ected
from the reference mirror recombines with light back-scattered and re#ected from the
sample at the 50/50 splitter to create a temporal interference pattern which is
measured with a photodiode detector. The resulting interference patterns are present
only when the optical path di!erence of the reference arm matches that of the sample
arm to within the coherence length of the source. The incident light beam is scanned
and repeated measurements are performed at di!erent transverse positions to gener-
ate a two-dimensional array which represents the backscattering or backre#ection of
a cross-sectional plane of the material. This data can be displayed as a gray scale or
false color image.

The axial, or z, spatial resolution that can be obtained with OCT is determined by
the coherence length, or inverse spectral width, of the light source and is typically
10}20�m (Fig. 1). The light source is typically a superluminescent diode laser, with
a resolution as low as 10}15�m. Femtosecond laser sources have also been used to
achieve higher resolutions of (5�m and imaging speeds of several frames per second
[4,5]. The transverse, or x, spatial resolution of OCT is determined by the focal spot
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Fig. 1. Schematic representation of the solid state laser and OCT system layout.

size on the sample, which is typically 10}30�m. The ultimate limitation on the depth
of penetration within the sample is the attenuation of light caused by scattering.
Depth of penetration is practically 5mm}1 cm for composites. Three-dimensional
images of the sample are obtained by rastering the sample in the x direction between
successive OCT measurements along the y-axis.

Knowledge of the permeability tensor in liquid composite molding (LCM) is
important for process optimization. The permeability tensor dictates the speed and
direction of the resin, and its determination is critical for successful mold "lling.
Currently, the most reliable and commonly used technique for obtaining permeability
values is via experimental measurements in either radial or uni-directional #ow
con"gurations [6]. However, experimental characterization is slow, as it involves
a large number of carefully controlled experiments over a large range of volume
fractions. Another more serious limitation is that it is di$cult to conduct experiments
on the materials in the deformed states they encounter when placed in LCM tooling,
although there have been some recent e!orts [7].

In light of these limitations, computational prediction of permeability [8}12] o!ers
a potentially accurate and robust alternative to experimental methods. Such calcu-
lations typically involve imposing a pressure drop across the media, solving the
appropriate transport equations for the detailed #ow "eld, and then back-calculating
the permeability by applying Darcy's law. The biggest drawback of this approach has
been the inability to accurately determine the detailed geometry of the "brous preform

J.P. Dunkers et al. / Optics and Lasers in Engineering 35 (2001) 135}147 137



materials, which in addition to many intricate structural features, typically contain
statistical variations and defects in their microstructure [13]. Without a precise
representation of the media, it is not possible to accurately predict permeability values
using computational methods.

There have been two main approaches to the problem of microstructure determina-
tion. The "rst is to perform calculations on small, computationally e$cient `unit cella
structures using nominal dimensions that represent the average preform weave
structure. The major problem with this approach is that calculations on the `averagea
unit cell structure do not in general, yield an accurate value for the average permeabil-
ity [13]. A second approach is to determine the microstructure via optical methods
(e.g., microscopy), and directly perform the numerical calculation on a discretization
of the optical image. This approach has the advantage of accurately representing the
media, and by including large sections of the media in the image, variations and
defects in the microstructure are automatically accounted for in the calculation.
However, until recently, this approach was probably even more tedious to perform
than direct experimental measurement of permeability since the composite specimens
typically had to be carefully sectioned, polished, and examined. However, OCT o!ers
a means for rapidly and non-destructively determining the microstructure of "ber
reinforced plastic materials, potentially leading to a robust means of computational
permeability prediction.

OCT as a non-destructive evaluation (NDE) tool compares very favorably to more
established composite NDE techniques. Both transducer and laser based ultrasonics
have been used for NDE of polymer composites. Their practical resolution is on the
order of 1mm with tens of millimeters in penetration depth [14,15]. A major
drawback to ultrasonics is that the depth of a feature must be determined by model
studies, whereas, it is known precisely using OCT. However, ultrasonic testing can
evaluate carbon "ber composites, which OCT cannot since it is an optical technique.
Both OCT and ultrasonics su!er from contrast degradation and shadowing through
the sample thickness. Two X-ray based techniques have been studied. X-ray
radiometry has a spatial resolution of hundreds of microns and tens of millimeters in
penetration depth [16]. The main drawback in performing X-ray radiometry is that
a dye penetrant must be used for contrast. A method more recently applied to
composites, micro-focus X-ray computed tomography (CT) has a resolution on the
order of tens of microns and penetration similar to its counterpart. However, several
inches to well over a foot of polymer composite can be penetrated and completely
imaged using sources in the energy range 160}450keV. The accuracy of the X-ray
attenuation measurement, and thereby the feature intensity and position, is a complex
function of many variables and additional constraints may, but not necessarily,
complicate image interpretation. It is important to note that with the energies
typically used for X-ray CT, damage in the material must have separation equal to or
greater than the spatial resolution to be detected [17].

Laser scanning confocal microscopy (LSCM) has been used extensively in the
biomedical arena. Scanning confocal microscopy utilizes variable pinholes to reject
the out-of-focus image. The wavelength, numerical aperture of the objective, and size
of the pinhole dictates the resolution in the thickness or axial direction. The thickness
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resolution of OCT is solely determined by the bandwidth of the source and the
numerical aperture of the focusing objective. For the same optical con"guration, OCT
has been shown to have substantially higher signal-to-noise and narrower point
spread function than confocal microscopy [18]. Using OCT, the sample can be
probed deeper with more image detail. OCT does not have an advantage over LSCM
for imaging features close to the surface [18]. OCT is only performed in re#ection
mode while LSCM is amenable to either re#ection or transmission. Also, sample
birefringence can confound standard OCT images but does not pose an issue for
LSCM.When considering NDE techniques for microstructure evaluation, OCT o!ers
an excellent combination of spatial resolution, depth of "eld, and imaging accuracy.

In this work, the potential of OCT for imaging both microstructure and damage is
demonstrated. OCT was used to determine the actual microstructure for permeability
prediction. The volumetric, grayscale OCT images were converted to binary images
using custom written software. Then, these images were input into a 3D #ow code
based on a lattice Boltzman formulation for prediction of axial and transverse
permeabilities and compared to experimental values. The predicted permeabilities
compare well with the experimental axial and transverse values. The e!ect of image
processing on the computed #ow velocity and consequently the permeability is
discussed. OCT imaging of composite damage is shown by a tomographic reconstruc-
tion and re-slicing of impact damage along the thickness of the composite. This
re-slicing of the image data reveals the progression of cracking and delamination
within the composite. The OCT images are compared to images from confocal
microscopy and X-ray CT on the same sample.

2. Experimental

2.1. Materials

The epoxy resin system consisted of a diglycidyl ether of bisphenol A (DGEBA)
monomer (Tactix123, Dow Chemical Company, Midland, MI) and two amines.�
Aromatic methylene dianiline (MDA) and aliphatic poly(propylene glycol)bis(2-
aminopropyl ether) (Je!amine D400) (M

���
+400) were purchased and used as re-

ceived from Aldrich (Minneapolis, MN). The oxirane/amine stoichiometry was 2mol
oxirane/1mol amine. The amine composition consisted of 0.07mol MDA and
0.93mol D400. Details of the mixing and resin transfer molding are provided else-
where [19]. The refractive index of the postcured resin and of the "bers is
1.552$0.004 and 1.554$0.004, respectively, as measured by white light and index
matching #uids. The "ber volume fraction is 44%. To generate the damage, the
composite was secured in a vice and impacted with a blunt object at various places
with various loads.
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Fig. 2. Schematic showing the SLD source orientation and sampling directions with respect to the
composite.

2.2. Instrumentation

The imaging system used in this study is schematically shown in Fig. 1. A commer-
cial superluminescent Diode (SLD) source (AFC Technologies Inc., Hull, Quebec,
Canada) was used for the work reported here. The source operated at 1.3�m with an
output power of up to 8mW and a spectral bandwidth of 70 nm, corresponding to
a theoretical axial spatial resolution of +11�m. The light was coupled into a single-
mode "ber-optic Michelson interferometer and delivered to both the reference mirror
and the sample. The reference mirror was mounted after a scanning retrore#ector.
Transverse scanning was performed using a computer controlled motorized stage to
translate the sample, as shown in Fig. 2.

The interferometric signal was electronically "ltered with a bandpass centered on
the fringe or heterodyne frequency. The "ltered fringe waveform was then de-
modulated, digitized and stored on a computer. The high dynamic range of this
system allowed back-re#ections as weak as femtowatts of power to be detected.
Images were displayed by mapping the logarithm of the signal strength to a gray scale
look-up table. The acquisition time for each image was approximately 1min. The
axial (z) measurement range was determined by the distance the reference mirror
moves (7mm) normalized by the refractive index (n) of the sample: 7mm/n. The probe
beam was focused to a 30 �m diameter spot at a depth of approximately 750}1000�m
below the surface of the sample.

A Zeiss laser scanning confocal microscope was used in re#ection at 543 nm at
5mW with a pinhole diameter of 99�m. The confocal images are a collage of 12
individual, 12 bit images collected with a 10�/0.3 objective. The individual images
consist of a 512�512 area of pixels. The image collage represents an area of about
2mm along the x-axis and 1.9mm along the y-axis. The axial resolution is 15�m.
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Table 1
Experimental and predicted values for axial (K

��
) and transverse (K

��
) permeability and Brinkman fraction

Sample
name

Type of
processing

Image
set

Axial
K�10��

(mm�)

Transverse
K�10�� (mm�)

Anisotropy
ratio

Brinkman
fraction

Experimental N/A N/A 5.3$2.6 0.750 7.0 0.770
Data 1 Manual 87}91 4.45 0.882 5.06 0.767
Data 2 Manual 75}95 3.81 0.992 4.11 0.788$0.021
Data 3 Automated no

smoothing
75}95 2.83 0.654 4.32 0.768$0.021

Data 4 Automated
smoothing

75}95 3.18 0.991 3.21 0.750$0.027

Data 5 Automated
smoothing

4}24 5.09 0.934 5.45 0.727$0.014

Data 6 Manual
roughened

75}95 2.73 0.662 4.12 0.795$0.021

Data 7 Manual dilated 75}95 2.99 0.767 3.90 0.837$0.020
Data 8 Automated

post-processed
75}95 3.27 0.878 3.72 0.768$0.014

The sample was inspected using a customized ACTIS 600/420 X-ray CT system
designed and constructed by Bio-Imaging Research, Inc., and installed at the U.S.
Army Research Laboratory (ARL) at Aberdeen Proving Ground, Maryland. The
system was designed to meet ARL performance speci"cations. A dedicated embedded
industrial computer system controls data collection and image reconstruction, view-
ing, and processing. A 5mm long section of the sample (y-axis) was scanned in rotate
only mode using the 160 keV microfocus tube and the image intensi"er. The sample
was scanned over the area with visible indications of impact damage. The cross-
sectional image is collected on the x}z plane. The slice thickness and slice increment
were 100�m, resulting in contiguous scans. Scan time was about 1.5min/slice with 51
slices required to scan the 5mm section. Each slice was reconstructed to a 512 by 512
image matrix using 5120 views. The tube energy and current used were 160keV and
0.025mA, respectively, and the focal spot was 10�m.

3. Results and discussion

An example of the utility of microstructural information gathered using OCT is
discussed below using images for prediction of reinforcement permeability. The
reinforcement is an unidirectional E-glass fabric and is idealized in Fig. 2. First, OCT
was compared to optical microscopy to evaluate how well OCT represents the actual
microstructure. The results are discussed in previous work [20], and we have con-
cluded that OCT does accurately image the microstructure at the desired size scale for
permeability prediction. The permeability values discussed in this work were cal-
culated from grayscale OCT images that were processed to binary images and input
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Fig. 3. Binary images resulting from di!erent image processing techniques. Manually processed image (A),
automatically processed image (B), automatically processed image with smoothing (C), manually processed
image in A with added random roughness (D), manually processed image in A with tow dilation (E).

into a lattice-Boltzman micro-#ow code [20]. It was found that the quality of the
image processing had a large in#uence on the calculated permeability values. The
experimental and calculated axial (K

��
) and transverse (K

��
) permeabilities are pro-

vided in Table 1 for comparison.K
��
describes #ow along the y-axis and K

��
along the

x-axis shown in Fig. 2. It should be noted that because of the large variation in
reinforcement microstructure, permeability values for a single volume fraction can
vary as much as 30%}50%. OCT image sets for computing K values within this table
were processed in two di!erent ways: For the `Manuala method, the tow outlines
were drawn by sight and "lled in to generate a binary image. Images using the
`Automateda method were processed as described in previous work [20]. Fig. 3 dis-
plays image number 75 from select data sets for visual comparison. For Data 2
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(Fig. 3A), the K
��

of 3.81�10��mm� is considered to be the best possible value
because the images are manually drawn. The 21 images used in these calculations
represent only a width of 6.0mm, a depth of approximately 1.5mm, and, most
importantly, a length of 1.0mm. For comparison, the size of the reinforcement used in
experimental determination of permeability is 15 cm wide (x), 1.3 cm deep (z) and
15 cm long (y).

The Brinkman fraction (Table 1) is de"ned as the area occupied by the tows and
varies slightly from image to image. The average Brinkman fraction is shown along with
the standard deviation of the image set. The higher the area occupied by the tows (or the
higher the Brinkman fraction), the lower K

��
and K

��
because there is less open space

available for #uid #ow. If the Brinkman fractions are considered, then the K
��
for Data

3 (Fig. 3B) should be higher than for Data 2 (Fig. 3A) since the Brinkman fraction for
Data 3 is slightly lower than for Data 2. For the automatically processed images in Data
3, the K

��
is in fact lower than for Data 2. In short, rough tow boundaries are very

e!ective in suppressing #uid velocity and thus arti"cially decrease permeability.
The e!ect of tow roughness on permeability is illustrated when the permeability

results from Data 6 (Fig. 3D) and Data 7 (Fig. 3E) are compared. The images from
Data 6 (Fig. 3D) are originally from Data 2 (Fig. 3A), the manually processed images.
However, a small amount of random roughness was introduced in Data 6 while
retaining nominally the same Brinkman fraction, leading to an increase in tow surface
area. For Data 7, the images in Data 2 were dilated to increase the Brinkman fraction,
but the roughness was not altered. When the axial K fromData 7 is compared to Data
6, the result is initially unexpected. A relative increase of roughly 4% of the Brinkman
fraction in Data 7 should lead to a decrease in K

��
over Data 6, but the result is the

opposite. The K
��

of Data 7 is higher than Data 6. This comparison between the
permeabilities from Data 6 and Data 7 means that surface roughness is comparable to
or more in#uential than Brinkman fraction in in#uencing permeability when changes
of similar magnitude are compared. Further analysis of tow surface area as a measure
of roughness and contour velocity pro"les support this conclusion [20]. In order to
preserve the Brinkman fraction while minimizing tow roughness, the automatically
processed images were subjected to further post-processing which eliminates small
`peninsulasa emanating from the surface of the tows and then "lls in the remaining
small `inletsa on the tow surface. The relative surface area of the resulting data, Data
8, is markedly closer to the surface area of the manually processed image (Data 2) as
shown in Table 1. The resulting permeability from Data 8 is considered to have very
good agreement with the experimental values. For the "rst time, the actual reinforce-
ment microstructure was obtained rapidly and non-destructive, and the information
was successfully used in a permeability prediction.

An example of using OCT for composite NDE is discussed below. OCT x}z
cross-sectional images were collected from a selected region of impact damage from
the composite. These images were reconstructed into a volumetric representation and
re-sliced along the x-y plane at 650�m (z-axis) from the surface, as seen in Fig. 4. The
OCT images are 5.3mm along the x-axis (wide) and 6.0mm along the y-axis (long).
Fig. 4A compares the OCT image to the corresponding LSCM image, Fig. 4B. Both
images are displayed as log (intensity).
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Fig. 4. OCT (A) and LSCM (B) images 650�m from top surface of composite.

The damage seen by OCT is con"rmed using LSCM. The OCT image in Fig. 4A
shows the tows (bracketed sections) perpendicular and the crack parallel to the x-axis.
The crack can be seen to run through 3 complete tow bundles (arrow 1). The stitching
that holds each layer together is shown by arrow 2. The dashed square shows the area
of the composite captured by confocal microscopy in Fig. 4B. The crack is still
apparent (arrow 1) in Fig. 4B. Only the highly re#ecting damage regions appear
(arrow 2) with poor di!erentiation of tows. Both the LSCM and higher resolution
OCT revealed the damage mechanism to be "ber de-bonding. The lower thickness
resolution of the confocal is advantageous when features with di!use boundaries are
present, such as the cavitation region indicated by arrow 3. This cavitation is only
partially seen in the OCT.

X-ray CT is a non-destructive characterization technique that is frequently used to
image damage in composites [17,21]. Therefore, direct comparison of X-ray CT and
OCT was deemed important. Fig. 5A displays the volumetric image of the impact
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Fig. 5. X-ray CT images. Volumetric image showing entire sample with surface crack (A), x}y slice 650�m
from the surface showing a faint crack across three glass tows as indicated by arrows (B).

damaged sample which is 13.1mm along the x-axis, 4.5mm along the z-axis, and
5mm along the y-axis as de"ned in Fig. 2. The resolution of the image is 60�m.
From this "gure, it is evident that X-ray CT does an excellent job at de"ning the
preform architecture for the entire composite without any loss of contrast. However,
the stitching used to hold the layers of glass tows together are transparent to the
X-rays. This is because the di!erence in the electron density between the stitching
and the epoxy resin is not enough to result in a X-ray attenuation di!erence of at
least 0.1%}0.2% to generate contrast. Light areas at the surface of the composite
are indicated by arrows in Fig. 5A. These areas are the clearest indications in the
entire image that damage is present. The failure of X-ray CT to detect the damage
is a re#ection of the type of damage present. The Tactix and Je!amine formulation
results in a fairly tough resin matrix. With a tough matrix, the predominating failure
modes are "ber de-bonding and cavitation. These failure modes do not result in
su$cient attenuation di!erences to generate appreciable X-ray contrast. Fig. 5B shows
a cross-sectional slice 650�m from the surface for comparison to Fig. 4. The damage
seen in Fig. 4 is almost invisible to the X-rays and on the image, but is nevertheless
indicated by arrows.
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4. Conclusions

The microstructure of a unidirectional glass-reinforced composite was accurately
and rapidly obtained using OCT. OCT images were processed and input into
a microscale #ow model for permeability prediction. It was found that the Brinkman
fraction and tow surface area generated by the image processing have an important
in#uence on the accuracy of the permeability calculations when compared to the
expected values. By optimizing these e!ects during image processing, excellent agree-
ment between the calculated and the experimental axial and transverse permeabilities
was obtained.

Non-destructive evaluation of impact damage was compared using three tech-
niques. The cracking and "ber de-bonding detected using OCT have been con"rmed
using confocal microscopy. The OCT images of the damage exhibited more detail and
a higher depth of penetration than the LCSM. The OCT detected microstructural
features as well as damage, whereas the LCSM only detected the damage. The LSCM
performed better at detecting features with di!use boundaries, like cavitation. X-ray
CT did an excellent job of clearly imaging the reinforcement microstructure of the
entire sample and was not limited in depth like the OCT. However, the type and
extent of damage could not be elucidated using X-ray CT.
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