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Abstract. Optical coherence tomography (OCT) is a non-inkaginaging method,
which allows the reconstruction of three dimensiasepth-resolved images with
microscale resolution. Originally developed forridical diagnostics, nowadays it
also shows a high potential for applications in fiedd of non-destructive testing
(NDT). This work demonstrates how OCT could helnteestigate the delamination
growth in fiber composites. A customized OCT systeas built with a near-infrared
light source with center wavelength at 1550 nnwds used as an inline NDT tool to
monitor the crack tips and image the crack surfad#isin a glass fiber composite
under static loading. For carbon fiber composiéthpugh it is difficult to acquire the
internal structures due to their opaque proper@TQan still work as a surface
profilometer to reconstruct 3D crack surface pedjl providing substantial
information for the study of crack growth in thengoosites.

1. Introduction

Introducing a reinforcing fiber (e.g. glass fiberdacarbon fiber) within a polymer matrix
leads to composite materials with improved meclamcoperties, e.g. high strength and
stiffness to weight ratio. These advantages of asitgs attract widespread applications,
especially in aerospace and wind energy industkiesvever, this growing market also
brings the challenge to determine the structuralgnity due to the new forms of defects in
composites, such as porosity, cracks, debonditgpr foreakage and delamination [1].
Amongst these defects delamination is probablynbst severe damage. The strength and
stiffness of composite structures are reduced dudetamination, potentially leading to
structural failure.

To investigate the delamination behaviour undesitedoading, usually static or
fatigue loadings are performed on double cantildeam (DCB) specimens which have
initial cracks between two middle layers. The defation growth is recorded by a camera
from the side of DCB specimen and the crack lengtbsletermined based on the crack lines
shown in the pictures. After the test, the specsram® split along the delamination cracks
and the crack surfaces are further investigate@muadnicroscope [2]. However, it is noticed
that these typical tests have several shortcomingse.g. determining crack lengths
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accurately and providing 3D crack surface profilehjch are of great importance in the
delamination research.

Optical Coherence Tomography (OCT) [3] is a mirnastural imaging technique
based on low coherence interferometry which meadbaekreflected light from interfaces
within a turbid media. Compared with its countetpauch as ultrasonic testing and X-ray
computed tomography (X-ray CT), OCT has advantagesno coupling agent is required;
il) no special safety precautions have to be takgmgortable size and flexible probe which
can be easily adapted to inline inspection. Thestsfhave rendered OCT a favorable
non-invasive tool which developed rapidly in theipavo decades. Since it was invented in
the early 90’s for the imaging of the human refdlanowadays OCT is not only extensively
used in the field of biomedical diagnostics, batsio shows a high potential in the NDT field
for material characterization, summarized in [5-7].

This paper demonstrates a customized OCT syste@Dfamaging of delamination
cracks in composites. OCT was used as an inlinpest®n tool for monitoring the
delamination growth inside a glass fiber compositealso performed as a surface
profilometer to reconstruct 3D crack surfaces fiarbon fiber composites.

2. OCT Principles

Generally OCT can be performed in either time dom@iD-OCT) or Fourier domain
(FD-OCT). A typical TD-OCT is based on the Micheisaterferometer, as shown in Fig.
1(a). low-coherence light from the source is dididey a beamsplitter into reference and
sample beams. The beam reflected from the refemaircer is recombined with the sample
beam at the same beamsplitter, and finally thaference signal is collected by a photo
detector. Due to the broadband nature of the lighérference only can be observed when
optical path lengths of the reference and samptes are matched to within the coherence
length of the light. Therefore by translating tleéerence mirror, a set of interferometric
signals will be detected as a function of the \fee mirror position. This set corresponds to
the axial distribution of scattering interfaceshit the specimen and is referred to as an
A-scan. By laterally scanning the sample beamtimeeione or two orthogonal directions, a
cross-sectional or volumetric image can be finabiyained.
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Fig.1. Schematics of (a) TD-OCT system using a movealidgerce mirror based on a Michelson
interferometer and (b) FD-OCT system by detectpertrum components with a diffraction grating and a
linear detector array.



In FD-OCT, as depicted in Fig. 1(b), the singléntintensity detector is replaced by
a spectrometer comprising a diffraction grating ariclear CCD detector array. These CCD
detectors collect the spectrum of the light sounmelulated by frequencies of interference
fringes, which correspond to positions of scattetayers in a specimen: the deeper the layer
is, the higher the modulation frequency will be efidéfore, FD-OCT is able to acquire the
entire axial profile of a specimen in one shotha frequency domain and subsequently to
recover this information by reverse Fourier transfation. As no movement of the reference
mirror is needed, FD-OCT is much faster than TD-G(@d is only limited by the integration
time of CCD detectors [8]. However, the main disatage of FD-OCT is the short depth
detection range due to the limited number of CCkelsi[9]. The quantitative performance
comparison of TD-OCT and FD-OCT is discussed in tlext section, by taking a
customized OCT system as an example.

3. Instrumentation

In TU Delft, a compact and robust fiber-optic OCystem was built for polymer-based
material characterization [10]. A key feature of thstrument is that it integrates TD-OCT
and FD-OCT into one system so the individual stiemgpf each design can give an
advantage to different applications. Fig. 2 showsteematic of the developed OCT system.
The light beam from a superluminescent diode (SEESL-1550-20-BTF, Frankfurt Laser
Company, Germany), passes through a circulatorisifthear polarized by an optical
polarizer. It is then divided by a fiber coupletaneference and sample arms with equal
optical power. In the reference arm, light travdlwough an optical delay line
(ODL-650-MC, OZ Optics Ltd, Canada) and arrivesfiont of a reflector, where it is
reflected back along the same path to the fibepleouln the sample arm, light passing
through a second polarizer is collimated by a owlion lens and then focused to the
specimen by a achromatic doublet lens. It is tledlected from the sample and travels back
to the same fiber coupler, where it is combinedhweckreflected reference light and is split
again. Half of the light goes back to the circutatod is directed to one input of the balanced
detector (PDB420C, Thorlabs GmbH, Germany). Anotiaf goes to an optical switch,
which based on the testing request could eithectithe recombined light to the second
input of the balanced detector for time-domain meawment or feed the light into a
spectrometer (NIRQuest512, Ocean Optics Inc, U$)Hourier-domain measurement.
Between each axial scan, a pair of orthogonal latioa stages (T-LS28M, Zaber Inc,
Canada) is utilised to shift the probe beam laerdhe sampling data is stored in a PC and
processed to rebuild structural images of the speai

The SLD has a center wavelength of 1550 nm, wlscless scattering and gives
deeper penetration in polymer-based material thHa: ghorter wavelength used for
biomedical applications [11]. The light source BaSWHM (Full Width at Half Maximum)
of 60 nm, which can provide a theoretical axiabteson [12] of 17 um in the air, and 11um
in polymer materials with a 1.55 average refractivdex taken into account. The lateral
resolution, decided by the beam size in specimisr&) pm.

In TD-OCT, The axial scan of TD-OCT in our systesnachieved by electrical
control of an optical delay line (ODL-650-MC, OZ tiys Ltd, Canada) in the reference arm.
The servo motor in the ODL provides a linear resofuof less than um and can sweep the
optical pathlength at a speed of 1.7 mm/s with gimam of 50 mm range. In FD-OCT, the
spectrometer has a minimum of 1 ms integration &me hence reaches 1000 A-scans/s,
which is much faster than TD-OCT. However, the sppeaeter is configured with a 160 nm
spectral range and 512 detector elements, resulingnly 1 mm axial scan range in
polymer-based materials. Therefore with this hylsgdtem, FD-OCT is typically used for
fast scan of thin films, e.g. polymer coatings asaidibed in our previous paper [13], while
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TD-OCT is ideal for the characterization of thickeaterials, e.g. composite laminates as
demonstrated in the following section.
c

Fig. 2. Schematic setup of a hybrid TD-FD-OCT. AbbreviasnoSLD, superluminescent diode; C, Circulator;
P, polarizer; PM, polarization maintaining optifikers; FC, fiber coupler; ODL, optical delay lirg;
reflector; CO, collimator; FL, Focusing Lens; T&rtslation stage; SP, sample; OS, optical switdéh; B

balanced detector; DAQ, data acquisition board; §Mctrometer; PC, personal computer. X and Yheréno

orthogonal lateral directions indicating the moveine the translation stages, and Z is the axiaation
indicating the movement of ODL.

4. Results and Discussion
4.1 Glass Fiber Composites

The material tested was a non-crimp glass-fibexgmoixture which is generally used for
the spar webs in wind turbine blades [14]. A total6 layers of glass fiber were used. The
fiber orientation of each layer was 4&nd -45, relative to the length direction of the
laminate, symmetrically distributed from the midd[ét45°)//(+45°)]). To initiate the
delamination a non-adhesive Kapton film was pladoetiveen two middle layers during the
lay-up process. After manufacture, the compositeeria was cut to form DBC specimens,
each of which is approximately 220 mm length, 25 midth, and 4.4 mm thick. These
specimens were then adhesively bonded to a patuafinium blocks for tensile loading
introduction. The OCT probe was then put in frohth@ specimen as an inline inspection
tool to monitor the delamination growth.

Fig. 3(a) shows a cross-sectional OCT profilehaf tlelamination crack. The first
bright line (labeled 1) indicates the location loé¢ front surface of the specimen which was
tilted by a small angle to resist strong specutdlections. Below the surface ellipses with
lighter contrast are resolved, revealing the distion of the fiber tows from each layer. At
the lower layer of the structure, around 2.2~2.7,ramevident feature is posed. Two bright
lines (labeled 2 and 3) run along the image plari¢ating the upper and lower surfaces of
the delamination crack which grows from right té.l& can be seen that the delamination
does not propagate in a straight line but in a ewalng the tow/resin boundary. At the
frontier of the delamination indicated by the wistpiare, the two bright lines finally migrate
into one. Fig. 3(b) displays a corresponding A-ssignal across the middle of the square in
Fig. 3(a). It can be seen that multiple reflectiosur at the frontier of the delamination.
These could be the reflections from the bridgirigefs in-between the crack. Due to the
larger refractive index difference between air anthposite, the light reflectivity from the
crack surface is higher than the one from the fémef resin interfaces. That explains why in
Fig 3(b) the axial signal from the crack areatisrsger than the one from other normal area of
the specimen, and the delamination crack is masiblel than the fiber tows in Fig 3(a).
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Therefore, the delamination tip can be observeatieaend the crack line, as shown in Fig.
3(c). The exact position of the crack tip can beedrined by comparing each axial signal
level around the crack region with a threshold dediby the normal signal level from the
specimen. The crack length decided in this way Ehlog more accurate than visual decision
used in the typical delamination research.
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Fig. 3. OCT images from a static test of a delaminatedsgldoer composite. (a) A cross-sectional imagaglo

the propagation of the delamination. The first briline indicates specimen surface location, wthikesecond

and third bright lines indicate reflections fronpep and lower surfaces of the crack. The white sgjuaicates

the frontier of the delamination crack. (b) is aepth scan signal across the middle of the whitausgin (a).
(c) is a volumetric image from which crack tip damobserved.

Fig. 3(c) could be a good reference to observelél@mination growth. However a
more interesting demonstration is able to obseneecrack directly from the front view,
which can provide substantial information for deillaation research. As shown in Fig. 3(b),
multiple reflections occur at the frontier of thelaimination. However the first and highest
signal peak at this region can be identified asr#flection from the material and crack
interface. Therefore the crack surface can beéachy peak detection in this region. By 3D
OCT scanning in the specimen and further imagegssing [15], 3D crack surface profiles
can be reconstructed, as shown in Fig. 4.
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Fig. 4. 3D crack profiles of a glass fiber composite inrfstages of delamination growth. The £46lor lines
indicate the fiber orientation. The colorbars irdécthe surface height.

These crack surface profiles in Fig. 4 were imaged reconstructed during four
stages of delamination growth. It can be seen tfmrateral Y scale that the crack lengths at
the four stages are 2 mm, 5 mm, 8 mm, and 11 mpecésely. Fig. 4 also clearly shows that
the tip of the crack is not in a vertical plane jethindicates the speed of the propagation at
different locations is not the same. Moreover, liedavior of crack growth under static
loading can be determined. Firstly within a O tm@ crack length, the delamination crack
propagated in a -45iber layer. This can be revealed by the®-#Bes with blue color.
Afterwards the crack at the lower part of the speei went to the +43ayer underneath the
-45° one. This can be revealed by the %HW&es with red color. It is probable that the drac
propagated from one layer to a neighboring oneclwvis usually referred to as a crack jump
[16]. Similar results [14] came out from a parafieldy of structural nonlinearity at TU Delft
on the same specimen type. Both show that the catleasily propagate into another layer
under monotonic and fatigue loadings. The crackpjusnone of the most common failure
modes recorded when testing multidirectional DCRcspens. Recent studies [17, 18]
suggest that crack jump is mainly decided by thedbwy stiffness of the crack beam and it
can be prevented by optimizing the stacking sequienthe fiber layers, which is proved in
the next section.

3.2 Carbon Fiber Composites

The composite laminates were produced by handapfu32 layers of unidirectional
carbon/epoxy prepreg M30SC/DT120 (high strength modulus carbon fibre/toughened
thermosetting epoxy). The layup sequences weregmesi as [(0%)/(0°¢ and
[(£45°/(0°) o/ +45°)//(£45°/(0°),/+45°)], with consideration of avoiding crack jumpiagd
minimizing both residual thermal stress and norfeum energy release rate distribution
across the width of the crack front [19, 20]. Dgrthe manufacturing process, a Teflon film
was placed in the middle plane of the compositanatas to act as an initial delamination.
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After curing in an autoclave, the composite pamadse cut into 200 mm length by 25 width
beams. All tests were performed under displacercentrol with an applied displacement
rate of 1. mm/min.

A cross-sectional image and one A-scan signal foom of the delaminated carbon
fiber composites are shown in Fig. 5, where théedkhce from images of a glass fiber
composite shown in Fig. 4 can immediately be olegrDue to the opaque carbon fibers,
light has difficulty in penetrating the compositgesimen and is partly backreflected from
the surface, indicated by the bright line in Figa)5and the peak signal in Fig. 5(b). With
OCT it is therefore impossible to monitor the imi@rdelamination growth in carbon fiber
composites. Nevertheless, it can still work as rdase profilometer when the composite
laminate is finally split into two halves and thrack surfaces are exposed to the OCT probe.
Based on the reflection signal from the crack su&f&D crack profiles can be reconstructed
in the same way as performed for glass fiber congasthe previous section.
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Fig. 5. OCT images from a static test on a delaminateblocafiber composite. (a) A cross-sectional image
along the propagation of the delamination. The &rgl only bright line indicates specimen surfaation,
while the subsurface crack is invisible. (b) is olepth scan signal in (a).

Fig. 6(a) and (b) demonstrates the crack surfacélgs for 0°//0° and +45°//+45°
interfaces from two carbon fiber composites respelst The morphologies of the crack
surfaces are significantly different. For delamimatgrowth in the 0°/0° interface, the
surface is relatively flat, within=80 um roughness. This indicates delamination grasvth
constrained in the pre-cracked middle plane becal#e fibre orientation in the Q° layer is
parallel to the crack growth direction. The fraetsurface is much rougher in the +45°//+45°
interface, as shown in Fig. 6(b). A typical featyoeaks and valleys, all of which are in +45°
is observed. This indicates the crack growth in°#485° interface would offset from the
pre-cracked middle plane and propagate into thacadf +45° layer until it reaches the
+45°//-45° interface. Due to the fibre constramthe -45° layer, crack growth cannot jump
into the -45° layer and would propagate back ihi +45° layer until it reaches another
+45°//-45° interface. This pattern would repeatha delamination growth, leading to a
wavelike micro-structure. These 3D crack profilasédnproved the success of layup design to
avoid the crack jump.
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Fig. 6. 3D crack profiles of carbon fiber composites. TRa@d 45color lines indicate the fiber orientation.
The colorbars indicate the surface height.

5. Conclusions

This paper demonstrates the potential advantagesirg optical coherence tomography for
the study of delamination growth in glass fiber aadoon fiber composites. The customized
OCT system can perform as an inline inspection toomonitor the crack growth and
reconstruct the crack surfaces in glass fiber caitgm It can also work as a profilometer
which is able to rebuild 3D crack profiles withiarbon fiber composites. These types of
information provided by OCT can let researchersleascess to delamination related
parameters, e.g. crack lengths during a tensile aesl observe delamination propagation
modes, e.g. crack jump in different layup compasi@CT can greatly improve the facilities
for delamination research and could contribute nmotee near future with its development
in faster and deeper scanning.
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