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a b s t r a c t

Epoxy resin composites reinforced with hollow glass microspheres, microlight microspheres, 3D
parabeam glass, and E-Glass individually were subjected to accelerated thermal degradation condi-
tions. X-ray microcomputed tomography (XmCT) was used to evaluate density changes, reinforcement
filler damage, homogeneity, cracks and microcracks in the bulk of the different epoxy resin
composites. XmCT 3D images, 2D reconstructed images and voids calculations revealed microspheres
damage, filler distributions and showed cracks in all composites with different shapes and volume in
response to the thermal degradation conditions. In addition, expansion of air bubbles/voids was
observed and recorded in the microsphere and microlight epoxy composite samples. In a comple-
mentary way, optical coherence tomography (OCT) was used as a novel optical characterisation
technique to study structural changes of the surface and near-surface regions of the composites,
uncovering signs of surface shrinkage caused by the thermal treatment. Thus, combining XmCT and
OCT proved useful in examining epoxy resin composites’ structure, filler–resin interface and surface
characteristics.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer composites used in the automotive, marine, aerospace
and space industries are required to perform in conditions where
they may undergo severe mechanical, thermal and chemical
damage. Replacing or repairing damaged parts is often expensive
and difficult especially in the case of space and aerospace struc-
tures, aircraft and equipment. Syntactic foam-like resin filled with
glass microsphere or microlight are used in many applications such
as for buoyancy in marine environments, as a core material in
sandwich structures used in aerospace and as thermal insulations
of oil pipelines and structural components [1–3]. These materials
have the advantage of a high specific strength to weight ratio. Glass
and carbon fibre-reinforced epoxy resin composites are widely
used in many applications due to its favourable mechanical
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properties [4–6]. These composites are expected to perform under
harsh environmental conditions for a long period of time [5,6].

Polymer structural damage can be classified into macro and
microscopic levels. The macroscopic damage often occurs as
a result of an impact stress. Cracks, structural defects and delami-
nation that are formed deep into the structure of polymer
composites are extremely difficult to detect and to repair [7]. These
internal defects not only decrease the material performance but
also serve as catalysts for further damage like macrocracks [8],
moisture swelling [7] and debonding [7]. Microscopic scale damage
such as microcracks occurs as a result of impact and internal
stresses. Microcracks are the major cause of material failure due to
their nature of being undetected and also due to the induced
structure fragmentation which leads to the reduction of mechanical
properties such as strength, stiffness and dimensional stabilities
[7,8]. Damage like microcracking is difficult to detect due to the
resolution limit of the inspection technique and hence it cannot be
repaired [8,9]. Epoxy resin composites failure commonly occurs as
single layer breakdown such as the cracking of the fibre or the
epoxy resin. Fibre elastic buckling and separation from the resin
matrix were also reported as a typical composite failure [10,11].
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Fig. 1. Image of microsphere glass used to make polymer composite sample. The
sphere size varied from 5 to 200 mm.
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Thermal stress generates mechanical pressure on the surface
and the bulk of the matrix resulting in crack initiation and propa-
gation. Surface oxidation at high temperature and energy results in
an increase of surface density as a result of outgassing of volatiles
and shrinkage which also leads to the generation of cracks [12–14].
Oxidative thermal stress cycles have been used previously in
accelerated degradation studies of different resin systems [15–19].
Lafarie-Frenot et al. [16] showed that thermo-mechanical damage
resulted stress cracks of their carbon-fibre/epoxy resin laminate.
Decelle et al. [17] reported that shrinkage in the surface layer of the
resin matrix and an increase in the density were observed as
a result of the resin oxidation during ageing at 150 �C. The depar-
ture of volatiles from the surface and the oxygen diffusion into the
bulk of the polymer led to an increase in surface densities and
reduction in bulk mechanical properties which resulted in stress
cracks [18,19].

X-ray microcomputed tomography (XmCT) is a structure visu-
alization technology in the field of non-destructive testing. XmCT
allows not only for the visualization of the volumetric nature of the
sample microstructure but also for the use of the 3D image data to
evaluate the sample quantitatively. X-ray tomography has been
used previously in inspecting mechanically and thermally induced
polymer composite damages [20–22]. Beier et al. [20] reported that
resin rich and fibre defects were observed in a stitched NCF
composite from the tomography images. Awaja and Arhatari [21]
used XmCT to explain inner structure damage of syntactic foam
under thermal cycle degradation conditions. They reported
different types of filler damage and the role of expanding voids in
the generation of cracks. Schilling et al. [22] reported internal
damage, including delamination and microcracking, in mechan-
ically damaged fibre-reinforced polymer–matrix composite mate-
rials utilising XmCT.

Optical coherence tomography (OCT) is a novel imaging method
which was recently developed for applications in the area of
biomedical diagnostics and which provides in a contactless and non-
destructive way high-resolution cross-sectional images of the internal
structure of turbid and scattering tissue and materials [23]. In contrast
to XmCT, OCT operates in reflection geometry with harmless broad-
band light in the near-infrared spectral range illuminating the tissue/
sample under investigation, enabling e.g. in vivo diagnostics of
retinal diseases in ophthalmology. Beside the original OCT method,
a multitude of instrumental extensions and modifications have been
presented in recent years [24], involving developments like ultrahigh-
resolution OCT (UHR-OCT) imaging with depth resolutions down to
the micrometer range or the spectral-domain OCT (SD-OCT) tech-
nique with unprecedented imaging speed and sensitivity [25]. Also
these extensions – like the original OCT method – are almost exclu-
sively employed for applications in the field medical diagnostics.
However, novel and alternative applications outside the biomedical
field are gaining momentum, as summarized in a recent review [26]
demonstrating that OCT can also be used for structural imaging in
semi-transparent and scattering polymer and composite materials for
e.g. defect detection and strain analysis.

This study aims at thoroughly inspecting the inner structure of
different epoxy resin composites subjected to accelerated thermal
degradation using XmCT. In a complementary way, OCT is used – to
the best of our knowledge for the first time – to study the effect of
the thermal treatment on the surface/near-surface region of the
composites, thus essentially contributing to a more complete
description of the occurring degradation process. In total, the XmCT
and OCT investigations were designed to reveal information
regarding epoxy resin composites density changes, reinforcement
filler damage, homogeneity, cracks and microcracks, void expan-
sion and surface shrinkage as a result of accelerated thermal
degradation conditions.
2. Experimental

2.1. Materials

KINETIX R246TX epoxy resin (ATL Composites, Australia) was
used in this study, consisting of diglycidyl ether of bisphenol A
(DGEBA)/diglycidyl ether of bisphenol F (DGEBF) resin blend with
an aliphatic glycidylether functional diluent. Super fast hardener,
KINETIX H126 (ATL Composites, Australia), manufactured to cure
at room temperature is an aliphatic/cycloaliphatic amine, with
isophorone diamine being the main ingredient.

Hollow glass microspheres were used to produce syntactic foam
for this study. The glass microsphere is West System blend 411
(Saint-Gobain RF Pty Ltd, Australia). It’s a combination of inorganic
hollow spheres and colloidal silica. It has an actual density of 0.18 g/
cc and bulk density of 0.11 g/cc. The spheres size is varied between
5 and 200 mm in diameter. The XmCT 3D image of the hollow glass
microspheres is shown in Fig. 1. Microlight microsphere filler (West
System 410, Saint-Gobain Pty Ltd, Australia) is a lightweight fairing
compound (Sp. Gr. ¼ 0.1). It is mainly a blend of thermoplastic and
sodium borosilicate microsphere. Fig. 2 shows the XmCT 3D image
of the microlight filler microspheres. Figs. 1 and 2 were produced
by 3D rendering from tomography data. The syntactic foam was
made by adding the glass microsphere to the resin and mixing for
10 min. Then the hardener was added to the mixture, which was
mixed for further 5 min and was laid up in Teflon mould. The resin
to hardener ratio was 4:1 as recommended by the manufacturer.
The microsphere percentage was 40% of the total volume.
Same procedure was followed with the microlight microsphere
composite using same mixing percentages. The initial curing was
conducted according to the manufacturer recommendations and at
room temperature (22 �C) while post-curing condition were set at
100 �C for 4 h.

Two other types of reinforcement were also selected for
composite manufacturing. These include a stitched non-crimp
double bias E-glass (ATL Composites, Australia), and a 3D woven
glass known as Parabeam� Para 12 mm (ATL Composites, Australia).
The stacking sequence for the E-Glass composites was 8 layers at
total thickness of 2.97 mm and 2 layers for 2.98 mm for Parabeam
3D-Glass composite. The composite specimens were prepared using
a vacuum assisted resin infusion process. Each of the fibre rein-
forcements was cut and assembled in as close to as quasi-isotropic



Fig. 2. Image of microlight filler used to make polymer composite sample.
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lay-up as possible depending on the number of layers used in each
laminate to maintain a similar cured composite thickness for each.

The Kinetix epoxy resin system was mixed at a ratio of 4 parts
resin to 1 part hardener. The resin was then degassed at full vacuum
for 15 min prior to infusion. The reinforcement was placed on an
aluminium mould plate where K&H surface technologies SRC722
semi permanent release agent had been applied. Peel ply B and
Greenflow 75 infusion medium were placed on top of the rein-
forcement and then vacuum bagged with Wrightlon 7400 bagging
film and associated infusion hardware. The infusion took place at
room temperature and was allowed to cure overnight before being
debagged and trimmed. All composites were post-cured in an oven
for 4 h at 100 �C.

2.2. Thermal treatment

Post-cured polymer composites of glass and microlight micro-
spheres samples and 3D-Glass were subjected to thermal stress as
follows: samples were heated in an oven to 200 �C at 5 � 1 �C/min
and kept at 200 �C for 30 h, then the samples were cooled to room
temperature (22 �C) at 5 � 1 �C/min. Another 3D-Glass sample and
an E-Glass sample were heated in an oven to 240 �C at a rate of
5 � 1 �C/min and kept at 240 �C for 30 h then cooled down to room
temperature (22 �C) at cooling rate of 5 � 1 �C/min. Two different
sets of samples were produced to be used for each of the tomog-
raphy and OCT tests.

2.3. X-ray microcomputed tomography instrument

X-ray microcomputed tomography imaging enables the non-
destructive observation of the three-dimensional inner structure of
an object by making use of the different absorption of X-rays for
different materials. The tomography experiment has been per-
formed using an Xradia MicroXCT instrument (Xradia, Inc., USA). In
the tomography experiment, a sample is placed in the X-ray beam
and rotated in an angular range between �90� and þ90�. The basic
principle of tomographic set-up is reported elsewhere [27]. The
X-ray source is a conventional microfocus X-ray tube that uses
a tungsten target. The tube voltage was 100 kV and 10 W. Source to
sample distance was set to 60 mm and the sample to the detector
distance is 60 mm for a geometrical magnification of 2�. Images
were acquired by a scintillation/CCD composite camera coupled with
4� objective lens, giving a total magnification of 8�. A set of 721
absorption images were taken for sampling this range of rotation
angles. Each projection image was acquired in 50 s. Each intensity
image was corrected for the dark current image and for non-uniform
illumination in the imaging system, by taking a reference image of
the beam without sample. Using reconstruction algorithms, a 3D
view of the sample can be computed, allowing the interior of
material to be investigated non-destructively. The 3D result has
a voxel size of (3.3 mm)3 with the field of view of (3.15 mm)3. The total
reconstructed volume contains 1024 � 1024 � 1024 voxels.

2.4. Optical coherence tomography

For the investigations on the reinforced epoxy resin composite
samples, two different laboratory SD-OCT set-ups have been used,
one operating at a centre wavelength of 840 nm exhibiting a depth
resolution of 4 mm in typical polymer materials (with refractive
indices of w1.5), the second one working with light centred around
1550 nm and with 12 mm depth resolution in polymer materials. The
exact characteristics of these OCT systems can be found in reference
[28]. In addition, we have used an OCT system with UHR-imaging
capabilities (depth resolution < 2 mm) operating at a centre wave-
length of 800 nm. This set-up additionally provides the possibility
to directly acquire so-called en-face scans, i.e. areal scans located at
a determined depth below the surface (image plane perpendicular
to impinging light beam). The details on this en-face scanning
UHR-OCT set-up can be found in reference [29]. Finally, it is worth
mentioning that the samples do not have to be cut in order to obtain
high resolution (like e.g. necessary for XmCT) since the OCT
measurements take place in reflection geometry and the obtainable
resolution is only depending on the characteristics of the OCT set-up
(spot size and spectral width of light source) and not on the sample
size. Consequently, extended samples and large areas can easily be
investigated with high resolution, however, only up to a depth of
0.5–2 mm may be probed depending on the imaging wavelength
and the scattering characteristics of the sample [26], making OCT
highly suitable and convenient for the thorough structural charac-
terisation of the surface and near-surface region.

3. Results and discussion

Initially, all the thermally treated polymer composites were
tested for XmCT using the same volume of (3.15 mm)3 and same
operating conditions. The tomographically examined volumes for
the different composites were selected to be in the centre location.
However, the volume location may have shifted slightly between
the untreated and the treated samples of same composites due to
the slight change in dimension as a result of the thermal treatment.
The untreated samples of each composite were also tested for
comparison. Crack volume calculation is carried out for the treated
epoxy resin composites after heat treatment. Automatic segmen-
tation to differentiate between the cracks and any other voids in the
sample was not possible for the syntactic foam samples because of
the similarity in X-ray absorption levels among the cracks, the
void inside the hollow glass and the air bubbles. Hence, manual
segmentation was used to locate the cracks and assign their
volumes. No such difficulty was encountered in analysing the



Fig. 3. Reconstructed 2D slices of (a) untreated and (b) treated (200 �C, 30 h) glass
microsphere composite sample. The scale bar is in microns.
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3D-Glass and E-Glass composites due to the different X-ray
absorption of their composite components.

The ratio between the crack volume and the total examined
volume can be seen in Table 1 for the four different epoxy resin
composites. Table 1 shows that at 200 �C and 30 h treatment,
microlight microsphere resin composite showed higher cracks to
the examined volume ratio than the glass microsphere and 3D resin
composites. 3D-Glass resin composite showed insignificant volume
of cracks at 200 �C indicating higher thermal stability. At 240 �C and
30 h treatment conditions, E-Glass resin composite showed lesser
crack volume than the 3D-Glass resin composite. E-Glass compos-
ites showed less tendency to suffer cracks than 3D-Glass compos-
ites. 3D-Glass composites, at same treatment conditions, showed
significantly fewer cracks than the glass microsphere and micro-
light microsphere resin composites. The above results show that
fabric reinforced composites are more resistant to thermal degra-
dation, since for this type of samples – in contrast to the particle
filled ones – void formation is minimized during processing leading
to a smaller probability of crack initiation.

The reconstructed image of the untreated and thermally treated
(200 �C/30 h) glass microsphere composite samples are shown in
Fig. 3. The untreated sample, slice image shown in Fig. 3a, has
no cracks and no apparent sphere damage or enlarged air bubbles
(over 200 mm). The glass microspheres are fairly distributed
without a noticeable spheres agglomeration. However, patches of
resin matrix without glass spheres can be seen. Fig. 3b shows a slice
image from the 200 �C (30 h) treated sample. The image clearly
shows big cracks with enlarged air bubbles (up to 700 mm). It is
observed that cracks in the sample initiate from air bubbles that are
originally trapped during the composite manufacturing process or
resulted from the volatile degradation products of the resin. An
example of a 3D image and a 2D slice of an air bubble in glass
microsphere resin composite sample is presented in Fig. 4. Fig. 4a
shows that the air bubbles with 615.2 mm diameter generated
a crack that appears on its upper right side that fractured the
adjacent glass sphere (white arrow). Fig. 4b shows that the gas
bubble exhibits an irregular boundary but is strong enough to
restrain the glass sphere from penetrating the bubble wall. The
expansion of the air bubbles is believed to be the main cause for
crack initiation and propagation.

Three-dimensional views of the crack network inside the treated
glass microsphere composite sample for the whole tomographically
examined volume can be seen in Fig. 5. The dimension of the
rendered cube is (2 mm)3. Fig. 5a shows the crack locations (white
arrows) within the investigated sample size. Fig. 5b shows that the
microsphere resin composite suffered considerable cracking (not to
scale). Comparison between Fig. 5b and Table 1 shows that the
cracks have a significant volume and are in different shapes and
sizes and no pattern was detected on their distribution. Apart
from air bubble enlargement, no other degradation factors such as
interface rupture or matrix failure were detected. Comparison
between the local density (X-ray absorption level) between the
treated and the untreated samples shows no significant change.

The 2D slices of the untreated and thermally treated microlight
resin composite are shown in Fig. 6. Fig. 6a showed a largely
homogeneous distribution of microlight spheres. There were no
clear resin patches and the air bubbles size did not exceed 300 mm.
Fig. 6b shows the 2D reconstructed slice view of the microlight resin
Table 1
The volume ratio between the crack or void and the sample.

mlight msphere 3D-Glass E-Glass

200 �C, 30 h 1 � 10�2 5.99 � 10�3 2.75 � 10�5 –
240 �C, 30 h – – 3.49 � 10�3 2.55 � 10�3
sample after the thermal treatment at 200 �C for 30 h. Similar to the
glass microsphere composite sample, the cracks appear to initiate
from the expanded air bubbles. However, air bubbles didn’t enlarge
as significantly in the microlight resin sample (<500 mm) in
comparison to those of the glass microsphere composite. The cracks
in the microlight composite sample are bigger and grow longer than
those in the glass microsphere sample. A three-dimensional view of
the cracks can be seen in Fig. 7. Fig. 7a shows the cracks ¼ locations
in the investigated sample size (white arrows). Fig. 7a also shows
that the expanded air bubbles are the initiation points of the cracks.
Fig. 7b shows a generated 3D image of the shapes of the cracks.
The observed cracks in the microlight resin composite are mostly
a network-like structure with the air bubbles as the connecting
points. Fig. 8a shows a 3D image of air bubbles as an initiation point
of cracks and its slice image is shown in Fig. 8b.

Fig. 9 shows the reconstructed slice images of the untreated and
treated (200 �C and 240 �C at 30 h) 3D-Glass resin composite.



Fig. 4. (a) 3D image and (b) 2D slice image of air bubble from the treated (200 �C, 30 h)
glass microsphere resin composite sample. The arrows point to the crack initiation
point.

Fig. 5. (a) A three-dimensional view including crack networks inside the microsphere
composite (200 �C, 30 h heated). The scale bar is in microns. (b). Distribution of the
crack volume.

F. Awaja et al. / Polymer Degradation and Stability 94 (2009) 1814–18241818
Fig. 9a shows the untreated resin composites with glass fabric
embedded in the resin matrix without any noticeable defects. 3D-
Glass resin composites suffered minor damage after treatment at
200 �C in comparison with the glass microsphere and microlight
composites as shown in Fig. 9b. Small voids were generated in the
resin matrix and between the fibre fabrics. The 3D-Glass fabric
remained intact and the voids did not develop into crack network. A
fresh sample was treated under new conditions of 240 �C for 30 h –
Fig. 9c shows multiple voids and cracks resulted from the elevated
temperature. Most of the voids are in the resin matrix but some also
cut through the reinforcement fabric. Fig. 10 shows the treated
3D-Glass resin samples treated at 240 �C and the rendering images
of the crack volume from samples treat both at 200 �C and 240 �C
for 30 h. The crack/void volume is obvious inside the resin matrix
and mainly grows inside it as shown in Fig. 10a. Fig. 10b shows the
amount of voids that are generated in the 3D-Glass resin after the



Fig. 6. Reconstructed 2D slices of (a) untreated and (b) treated (200 �C, 30 h) micro-
light composite sample.

Fig. 7. (a) A three-dimensional view including crack networks inside the microlight
resin composite (200 �C, 30 h heated). (b) Distribution of crack volume.
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200 �C treatment while Fig. 10c shows the amount of voids after
the 240 �C treatment condition. The void amount significantly
increases with increasing the treatment temperature from 200 �C
to 240 �C. The observed voids size ranges from large and long cracks
to small voids and dents as shown in Fig. 10c with the voids/cracks
volume ratio as reported in Table 1.

Fig. 11a shows the 2D slices of the treated E-Glass resin
composite treated at 240 �C for 30 h. In the E-Glass resin composite
voids were generated mainly in the resin matrix between the fibre
fabrics, similar to the voids in the 3D-Glass composite. As explained
above (see also Table 1), E-Glass composites showed the least crack
volume among tested composites. Further, it is observed that the
E-Glass resin composite cracks form clusters of small voids. A 3D
view of the cracks formation is presented in Fig. 11b. Fig. 11c shows
the rendering image of the crack volume of the E-Glass composite
at 240 �C and 30 h. Since the resin matrix system and the sample
thickness of the 3D-Glass and E-Glass composites are the same, the
better performance of the E-Glass composites is believed to be
related to the stacking sequence of the fibres. For the E-Glass
composite more layers are used than for 3D-Glass, eventually
providing improved geometry and decreasing the chance for
cracks, generated in the resin matrix, to grow bigger.

In contrast to XmCT performed on sample regions which were
cut from the interior of the untreated and treated composite



Fig. 8. 3D (a) and 2D reconstructed slice (b) of thermally treated (200 �C, 30 h)
microlight composite showing a major crack.

Fig. 9. Reconstructed 2D slices of 3D-Glass composite sample (a) untreated (b) treated
at 200 �C, 30 h and (c) treated at 240 �C, 30 h. Arrow in (b) marks a small crack.
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samples, OCT was finally used in a complementary way to directly
investigate structural changes of the regions close to the surface.
Cross-sectional and en-face OCT images, with lateral scan ranges of
up to 9 mm, were performed for the first time to elucidate effects
of accelerated thermal degradation as exemplified on one of the
particle-filled and on one fibre-reinforced sample in order to
demonstrate the potential of this novel optical imaging technique
for future routine investigations.

In Fig. 12, OCT images of the near-surface region of an untreated
and treated epoxy composites with microlight microsphere filler
are presented. Fig. 12a and b shows cross-sectional images taken
with the 840 nm SD-OCT system. In both images point-reflections
of the filler particles can be detected and it can be noticed that the
distribution of the particles is not completely homogeneous: the
dark irregular areas represent the matrix without particles. In
contrast to the untreated sample which exhibits a smoothly curved
surface (Fig. 12a), the surface of the treated sample is slightly
corrugated and sunk in the vicinity of the voids, consequently
leading already open air bubbles to open even wider (Fig. 12b). The
cross-sectional image in Fig. 12c was taken with the UHR-system
featuring an instructive example of the resulting surface



Fig. 10. A three-dimensional view of some cracks inside the 3D-Glass resin sample
(a) and rendering images of 3D-Glass composites cracks at (b) 200 �C, 30 h treatment
and (c) 240 �C, 30 h treatment.

Fig. 11. Slice views of treated (240 �C, 30 h) E-Glass composite sample (a) and a three-
dimensional view of some cracks inside the E-Glass resin sample (b) and its rendering
volume (c).
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Fig. 12. OCT images taken at wavelengths around 800 nm of an untreated a) and a treated b)–d) microlight-filled sample. a) and b) are cross-sectional images with a depth
resolution of 4 mm, c) is a cross-sectional image with UHR resolution (<2 mm). The arrow marks a sunken surface region located over an embedded void structure. d) represents
a subsurface en-face scan taken at w50 mm below the surface.
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corrugation caused by a subsurface air bubble after treatment. From
this image the minimum remaining wall thickness between void
structure and surface was determined to be only 8–10 mm (indi-
cated with arrow), with the surface sunk by an amount of even
15–20 mm as measured at this position relative to the surrounding
surface area. Furthermore, it is noticed that the higher resolution of
the UHR system leads to a significant improvement in resolving the
individual particles, as it is also the case in the en-face scan of
Fig. 12d, taken in a depth of around 50 mm below the surface. In the
latter image, several air bubbles as well as regions which exhibit no
particles at all (matrix only) can be distinguished.

The OCT systems operating in the 800 nm regime provide
a penetration depth of 0.3–0.5 mm in the microlight microsphere
filled composite, as estimated from the scans in Fig. 12. By
switching to longer wavelengths a higher penetration is expected
due to decreased light scattering, as it has recently been demon-
strated in reference [26] on a variety of filled and unfilled polymer
materials. The effect of imaging at longer wavelengths is evident in
Fig. 13 where the 1550 nm SD-OCT system was used to investigate
the untreated and treated microlight microsphere composite
samples: the penetration depth nearly doubles in the materials, so
that the locations of the subsurface air bubbles, with diameters up
to 300 mm, are better discernible. Also the effect of the treatment
on the state of the surface can be better judged, like void opening
and surface corrugation in the vicinity of the air bubbles. However,
the individual particles cannot be resolved due to the lower depth
resolution of only 12 mm. Nevertheless, inhomogeneities in the
overall distribution of the particles can equally be detected, as it is
the case e.g. at the right end of the treated sample in Fig. 13d: over
a length of nearly 1.2 mm no particles are present in the matrix up
to a depth of w80 mm (area indicated by dotted ellipse).
Finally, for comparison, the effect of thermal degradation was
also studied on a fibre-reinforced composite (3D-Glass sample)
in addition to the particle filled sample as presented above. The
images in Fig. 14a and b represents cross-sectional scans taken at
a centre wavelength of 1550 nm of an untreated and a treated
sample (200 �C for 30 h), respectively. It is worth noting, that for the
untreated sample, the fibre structure is nearly invisible in the OCT
images. This is due to closely matching refractive indices of the fibre
and matrix materials. In contrast, for the treated material, the
woven structure of the fibre bundles can be better distinguished
(especially visible in the right part of Fig.14b up to an imaging depth
of more than 1 mm), hinting at a modification of the materials
properties which also leads to a relative change of the refractive
indices. The same effect has been observed for an imaging
wavelength of 800 nm (not shown).

By studying the surface topography of the untreated sample
(Fig. 14a) its totally smooth appearance becomes evident (straight
uninterrupted and uncorrugated bright line of the surface). In
contrast, the heat treatment causes the top-most fibre bundles to
affect the surface and near-surface region, visible in the areas
indicate with the arrows in Fig. 14b. The top-most bundles cause
surface corrugations, which show up as slightly patchy distur-
bances in the bright line representing the surface reflex. The
UHR-OCT images in Fig. 14c and d give a detailed picture of effect of
the thermal treatment to the near-surface regions. In Fig. 14c
a UHR-OCT cross-section perpendicular to a top-most fibre bundle
is depicted: the individual fibres of the bundles protrude in average
by w45 mm, measured relative to the average surface height located
beside the bundle, an effect which is most probably due to surface
shrinkage during the treatment. In case of a UHR-cross-section
parallel to the fibres in the bundle (Fig. 14d), the influence of the



Fig. 13. Cross-sectional images taken at 1550 nm of the microlight-filled untreated a), b) and treated sample c), d). A region below the surface (adjacent to an opened bubble) which
is devoid of particles is indicated in d).

Fig. 14. Cross-sectional images taken at 1550 nm a), b) and with UHR at 800 nm c), d) from an untreated 3D-Glass sample a) and a treated one b)–d).

F. Awaja et al. / Polymer Degradation and Stability 94 (2009) 1814–1824 1823
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thermal treatment is equally visible. However, the surface rough-
ness in this direction is smaller than perpendicular to the fibres,
underlining that the geometry and direction of the fibres in the
bundles is imprinted nearly one to one on the surface structure.
4. Conclusions

XmCT and OCT proved to compliment each other in examining
the internal and (near-)surface structure of different epoxy resin
composites subjected to accelerated thermal treatment. For XmCT,
the calculation of cracks volume as a ratio to the total volume of the
examined sample is a useful approach to quantitatively evaluate
epoxy resin composite damage as a result of accelerated degrada-
tion conditions. XmCT images and calculations showed that E-Glass
composites generated the least amount of voids/cracks as a result of
the accelerated degradation conditions in comparison with the 3D-
Glass, glass microsphere and microlight microsphere epoxy resin
composites. It is also revealed that most of the generated cracks in
the glass microsphere and microlight microsphere composites are
due to the expansion of air bubbles that originally present in the
composite. Cracks in the E-Glass and 3D-Glass composites gener-
ated originally in the resin matrix and propagate into the fabric
filler. The strength and geometry of the fabric filler ultimately is
the decisive factor in thermal resistance of the examined epoxy
resins.

In a complementary way, it was demonstrated for the first time
that OCT is a promising novel method to study the effect of thermal
degradation on the surface and near-surface regions of particle and
fibre-reinforced composites. It was shown that OCT is capable of
imaging filler particles and inhomogeneities in their distribution.
For comparison, cross-sectional images have been taken at
different wavelengths to estimate the obtainable penetration
depth, which is best with about 1 mm for the studied samples at an
imaging wavelength of 1550 nm. On the other hand, UHR-OCT at
800 nm was proven to best resolve the individual particles and to
deliver detailed information on the effect of the thermal treatment,
like void opening and increased surface corrugation in the vicinity
of air bubbles. For the fibre-reinforced samples it could be deduced
that the treatment causes a relative change in the refractive index of
the materials (between fibres and matrix) and leads to a distinct
protrusion of the top-most fibre bundles out of the surface.
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