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We showed that the fiber bundle of the reinforcing E-glass fabric of the polymer composite structure can be used
for damage monitoring without any special surface preparation. For the matrix of the composite, a carefully
selected general-purpose resin system can be applied. We demonstrate a simple way to illuminate an arbitrarily
chosen fiber bundle of the fabric, and the micro- and macroscopic damage caused by the load of the composite
decrease the power of light transmitted by the bundle. With the microscopic examination of the ends of the

illuminated fibers, fiber breakage and fiber-matrix debonding can be identified and distinguished as well. This
way, a selected part of the reinforcement of the composite can be used as a structural health monitoring sensor
making any further external sensors unnecessary.

1. Introduction

The development of composite materials has been continuous for up
to five decades; fiber-reinforced plastics are used in many applications,
ranging from high tech to everyday products. Their properties can be
fully exploited if the constituent materials are chosen carefully, and
tailor-made products can be made. Due to the large number of possi-
bilities, there are also large composite parts with considerable load-
bearing capacity, and they can be mass-produced as well. For this
reason, they are very common in the transportation sector [1], or in
energy production (wind turbine blades [2]). The simulation of the
behavior of composites is challenging [3], therefore the diagnostic
testing of composite structural materials plays an important role. For
the health monitoring of the composites, the damage modes need to be
known, especially their effect on the load-bearing structural elements.
Lopes and Ribeiro [4] mention the main types of damage in composites.
These are results of external stresses in the matrix caused during
manufacturing or use: voids, microcracks, microbucklings and delami-
nations, which weaken the adhesion between the matrix and the re-
inforcement. Delamination is often difficult to detect in composites.
This kind of damage is considered the most dangerous since it sig-
nificantly reduces the load-bearing capacity of the element, while
usually remaining invisible from the surface of the component.

A group of health-monitoring procedures use built-in optical fibers.
A characteristic of the light travelling in the optical fiber of the sensor
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changes as a result of external loads or deformation [5]. Their ad-
vantage is that the material of glass optical fibers is very resistant to
corrosion and heat. Their other advantages are their small diameter,
low weight, great flexibility; they can also be built into composites
easily, they can be used for monitoring during manufacturing [6], and
also health monitoring during the lifetime of the component [7]. Their
disadvantage is that they disrupt the integrity of the composite when
built in, because their diameter is ten times the diameter of the re-
inforcing fibers; this results in a resin-rich area near them, which can
impair the mechanical properties of the structure [8].

The continuous reinforcing glass fibers of composites are con-
siderably different from optical fibers due to their different manu-
facturing technology, composition and structure, but in special resin
systems and with special preparation, they can be made capable of
transmitting light. A change in the power of light transmitted by the
single fibers (e.g. in the case of fiber breaking) can indicate a change in
the structural properties of the material in the vicinity of the monitored
reinforcing fiber bundle, and this can be used for cure monitoring
[9,10], or even to identify the location of damage. Table 1 summarizes
the materials and test methods of publications focusing on indicating
damage.

Hayes et al. [11] coated a bundle of quartz reinforcing fibers with
resin of a low refractive index (after removing the sizing), and built
them between carbon fiber prepreg layers. Then they illuminated the
fiber bundle, which transmitted the light and successfully indicated
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Table 1
Publications investigating how reinforcing glass fibers can be used for damage analysis.
Reference Reinforcement Preparation Resin
Quartz fiber E-glass fiber E-glass Modified Without or Subsequent Silicon Polyurethane Special Modified
bundle bundle fabric optical fiber removed sizing surface epoxy epoxy
of the fibers treatment

[11] L] ° ° °

[12] ° [ ® ]

[13] ° ° ° °

[14] ° ° °
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Reference Resin Embedding technique Mechanical test Examination of transmitted light

Sol-gel Individual Fiber bundle Laminated Impact test Indentation Tensile test 3-point Measuring Measuring Observation

fiber bundle covered in resin prepared fabric test bending power with a power before with a camera,
covered built into photodetector and after with a image analysis
with resin prepreg layers photodetector
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damage resulting from impact. The power of light transmitted by the
fiber bundle before and after loading was compared. Several re-
searchers used cheaper E-glass fiber bundles with the sizing removed in
special (or modified) resin systems of low refractive index and showed
that the power of transmitted light changed as a result of damage
[12-16]. They also used the “sensor” (the prepared unsized fiber bundle
in a low refractive index resin) built between prepreg layers to show
damage to the composite. Rauf et al. [16] impregnated E-glass re-
inforcing fabric (with the sizing removed) with modified epoxy resin
and showed that the method can be used to identify and locate impact
damage. Malik et al. [15,17] built optical fibers into a composite and
examined their light transmitting ability during tensile testing. The
optical fibers were specially made; their diameter was of the same order
of magnitude as the diameter of the reinforcement fibers. Their ad-
vantage to E-glass fibers is that their light transmitting ability is not
limited to a few meters, therefore they require lower illuminating light
power to operate. Their disadvantage, however, is that they have to be
specially made.

In sum, although numerous researchers have investigated the light
transmitting ability of the glass fiber bundles and specially made glass
fibers in special resins and pointed out that “sensors” made this way are
able to indicate damage in the composite structure, the authors did not
concentrate on the use of the method in general applications. Almost all
of the researchers used a specially prepared single fiber bundle which
was not the part of the reinforcing fabric of the composite, and the
sizing of reinforcing fibers was removed in the experiments. However,
the sizing does not only hold together and protect the fiber bundle
during processing steps, such as weaving, but also considerably im-
proves adhesion between fiber and matrix. Therefore removal of the
sizing reduces the load-bearing capacity of the composite structure. In
addition, it should be noted that the sizing can deteriorate the light
transmission capability of the fibers as its refractive index is higher than
the refractive index of the glass fibers. In the above-mentioned pub-
lications, the resins used were made for special applications or they
were modified, but thanks to the wide range of refractive indexes resins
have [18], a carefully selected general-purpose resin can be applied for
the matrix of the composite. In the publications, the authors identified
the change in the transmitted light power mostly as a result of fiber
breaking; they did not concentrate on the distinction of the effect of
different types of failure (such as fiber-matrix debonding and fiber
breaking).

In our earlier publications [19-21] we showed that a reinforcing
fiber bundle can be made capable of transmitting light in a properly
selected general-purpose matrix material, even without special pre-
paration. We showed that if an arbitrarily chosen fiber bundle of the
reinforcing glass fabric is illuminated and the power of the light
transmitted by the fiber bundle is measured, the measurement results
can indicate the direction of the load and the resulting strain can be
identified before the structure is damaged [20,21].

In this publication, we show that an arbitrarily chosen fiber bundle
of the reinforcing glass fabric of a general-purpose polymer composite
structure can be used for damage analysis. This phenomenon can be
used to distinguish fiber breaking and fiber-matrix debonding if the
ends of the illuminated fibers are also examined with a microscope. Our
goal is to provide the reinforcing glass fibers of composites with an
additional function, without removing the sizing of the fibers, which
results in not only multifunctional [22-24] but also self-sensing com-
posites; this way, it is not necessary to build in an additional health
monitoring sensor.

2. Materials and equipment used

We manufactured the specimen using E-glass fabric reinforcement
which had a refractive index of 1.56, a density of 2.54-2.60 g/cm®. It
was [0,90] plain weave (weft direction 400 tex; warp direction 300
tex). Its surface density was 320 g/m®> =+ 6% (STR 014-320-125,
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Krosglass, Poland). We used the glass fabric as it came from the factory;
we did not modify it in any way before building it in (we did not re-
move the silan sizing of the fibers). The matrix (based on our earlier
work [19]) was MR3012 epoxy resin (Ipox Chemicals, Germany) and
the curing agent was MH3122 (Ipox Chemicals, Germany) in a weight
ratio of 100:40. This general-purpose transparent resin system can be
produced from potentially renewable resources and has a refractive
index of 1.52.

Our goal was to produce a multifunctional composite specimen in
which an arbitrarily chosen fiber bundle of the continuous reinforcing
glass fabric is used as sensor, therefore the selected fiber bundle is an
integral part of the reinforcing structure, not an additional, separate
element. We made the specimen with the following steps to facilitate
coupling of the light of the light source to the fiber bundle and mea-
suring the power of light transmitted by the fiber bundle:

- We guided two ends of an arbitrarily chosen fiber bundle of the
reinforcing fabric ply (see Fig. 1(a)) out of the fabric, leaving the
tested length (50 mm) of the bundle within the fabric (see Fig. 1(b)).
We positioned both ends of the fiber bundle within optical con-
nectors of given diameter for coupling the light from the source and
to the signal processing unit in such a way that the axes of the two
ends of the fiber bundle are at an angle. As a result, the direction of
illumination did not coincide with the axis of the fiber bundle at the
other end, where light power was measured. This way, the light
coming from the light source and light transmitted by the resin did
not interfere with the measurement results. The optical connector
was a cord-end terminal with an inner diameter of 1 mm
( £ 0.1 mm) (Fig. 1(c)).

The composite sheet was laid up by hand and cured in a furnace at
70 °C for 4 h (Fig. 1(d)), then both ends of the fiber bundle in the
cord-end terminal were polished to optical quality with dry pol-
ishing papers (grades: 30 pm, 6 pm and 3 pm), and wet polishing
papers (grades: 1 um, and 0.2 um) (see Fig. 1(e)).

After curing finished, 170 mm long and 25 mm wide specimens were
cut for tensile testing and 100 mm long and 25 mm wide specimens
were cut for the fiber-matrix debonding test from the
0.65 * 0.04 mm thick composite sheet.

For the tensile test, 60 mm long and 25 mm wide end-tabs were
bonded on the composite specimen after polishing. The tabs were cut
from a 3.7 mm thick composite sheet, which contained 6 layers of glass
fabric. For the investigation of fiber bundle-matrix debonding, the
specimen was bonded to a 100 mm x 100 mm carrier sheet cut out
from the 3.7 mm thick composite sheet. On the other side of the spe-
cimen, we used masking tapes to bond the base plate of a metal fastener
(SM1/B32-M8x25, BigHead, UK) on a 3 mm wide and 32 mm long area
above the illuminated fiber bundle. This fastener is widely used for
connecting composite parts; it has a 32 mm X 32 mm X 1.5 mm metal
base plate and a welded threaded pin. The adhesive used was AcraLock
SA 10-05 BLK (USA). Each test was performed on 3 specimens.

In each test, the fiber bundle of the loaded specimen was illumi-
nated, a signal evaluation instrument assessed the change in the in-
tensity of transmitted light, and a signal transmitting element was used
to connect the fiber bundle with the light source and the instrument.
The light source was 532 nm wavelength (green) frequency-doubled
Nd:YAG laser (Suwtech, dpgc-2250, USA) and for evaluation we used
high-sensitivity optical power meter (Coherent, OP-2VIS, USA) and a
digital microscope (Keyence, VHX-6000, Japan) connected to a lens
system (Keyence, VH-Z100UR, Japan). The evaluating software of the
power meter (Coherent FieldMax II) recorded the measured power
values at 1 Hz, while the digital microscope had a resolution of
1600 X 1200 pixels and recorded 15 images per second.

The fiber bundle was connected to the light source and the power
meter with a 400 mm long polymer optical cable (outer diameter
1500 * 90 um, core diameter 1470 =+ 90 pm, refractive index of the
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Fig. 1. The steps of preparing a multi-
functional composite specimen: (a): arbi-
trarily chosen fiber bundle in the composite
(b): the two ends of the bundle are pulled
out of the fabric, (c): they are connected to a
cord-end terminal, (d): the fabric is im-
pregnated with resin, (e): the ends of the
fiber bundle are polished and (f): the ends of
the bundle are connected to an optical fiber,
(g): specimen with end-tabs for the tensile
test, (h) specimen with fastener for the fiber-
matrix debonding test. (1 — glass fabric, 2 —
selected fiber bundle, 3 — cord-end terminal,
4 - resin, 5 - optical fiber, 6 — optical con-

nector, 7 — direction of light, 8 - composite
plate for fixing the specimen, 9 - adhesive,

10 - clamping device, 11 - fastener, 12 —
masking tapes). (For interpretation of the
references to colour in this figure legend, the

core 1.492, Tru Components, VD-1500, Germany). The core diameter of
the polymer cable was larger than the inner diameter of the connector
and both ends of the optical cable were polished. We made special
connectors to connect the glass bundle in the cord-end terminal to the
optical cable and to the lens system of the digital microscope (Fig. 2).

The tensile tests were performed on a computer-controlled universal
testing machine (Zwick, BZ020/TN2S, Germany).

3. Using the reinforcing fiber fabric to detect fiber breakage in the
composite

To examine fiber breakage, we performed a tensile test on the
specimens with the tabs at a speed of 0.5 mm/min in the layout in
Fig. 3. The tested fiber bundle was illuminated with an Nd:YAG laser
through a polymer optical fiber, while the other end was examined with
the above-mentioned digital microscope, with the fixture shown in
Fig. 2. The individual fibers of the glass fabric of the composite can be
clearly seen thanks to the illumination. During the tensile test, the in-
dividual fibers did not stop transmitting light—they continued to shine
almost at the same brightness. As expected, the specimen broke sud-
denly, therefore the state during the breakage can only be seen in one
frame (breakage occurred during the time of two frames ~0.13 s)
(Fig. 3).

The single fiber ends disappear when the bundle breaks but since
breaking occurred in a short time, the test did not allow for a detailed
investigation of the fiber breakage process. Therefore, in our next test,
we cut through the illuminated fiber bundle within the fabric close to
the cord-end terminal with a razor blade in several steps (starting from

Fig. 2. Elements of connection of the fiber bundle: 1 — specimen, 2 — illumi-
nated fiber bundle, 3 - the end of the fiber bundle in the cord-end terminal, 4 —
self-made connector to connect the cord-end terminal and the optical cable, 5 -
optical cable, 6 — self-made adapter to the digital microscope, 7 - lens system of
the digital microscope with the connector and the specimen. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

reader is referred to the web version of this
article.)

the upper surface of the specimen), and recorded the images with the
digital microscope (Fig. 4).

The images (from 1 to 14 in Fig. 4) clearly show how the shining
fiber ends dim and disappear after each cutting step. For better visibi-
lity, Fig. 5 shows three consecutive cutting steps.

The enlarged images clearly show fiber ends that get dimmed or
disappear as a result of cutting. The reason for dimming is that some
fibers were only partly damaged and also light was coupled from un-
damaged fibers to cut fibers and was transmitted by them. While at the
beginning, the fiber ends of the illuminated fiber bundle emitted light
with approximately the same intensity, fiber breaking resulted in a
considerable difference in the intensity of light emitted by the fiber
ends. The tests proved that the change in the power of the transmitted
light makes the method suitable to indicate damage (e.g. single fiber
breakages) within the illuminated bundle.

4. Using the reinforcing glass fabric of composites to show
fiber-matrix debonding

Fiber-matrix debonding is a damage mode of composites which is
hard to identify. We tested the possibility of indicating this kind of
damage with an illuminated fiber bundle and examined the effect of
fiber-matrix debonding. The specimen we used is described in Section
2. Materials and equipment used. We applied tensile load on the fas-
tener with the help of a threaded pin clamped in the tensile tester, while
the carrier composite sheet (with the specimen bonded on it) was fixed
with a clamping device. The fastener was torn off the specimen in
several loading steps, while the power of transmitted light was mea-
sured with the power meter (Fig. 6). Loading speed was 0.5 mm/min.
When the maximum force in a given cycle was reached, the force was
kept for 10 s, then the load was reduced to a speed of 0.5 mm/min. The
initial maximum force of uploading was 500 N; it was increased by
500 N in each cycle.

The adhesive we used proved to be the right choice because the
adhesion between adhesive-metal sheet of the fastener and adhesive-
matrix of the specimen was larger than the adhesion between the ma-
trix of the specimen and the surface of the fiber bundle. This was ob-
vious after failure (tearing off the insert) because the matrix of the
specimen was torn off the fiber bundle. The illuminated fiber bundle
was visibly brighter where the matrix was torn off than where the
matrix was intact (Fig. 7).Fig. 8 shows how the power of transmitted
light is reduced at the end of the fiber bundle according to equation (1).

Reduction in light output = (Py — P)/P, (¢}
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Fig. 3. Measurement layout (a) and the microscopy images of the end of the fiber bundle before loading (b) and at the “moment” of breakage (cy, c», c3) (there was
~0.07 s between the frames) (1 — upper clamp of the tensile tester, 2 — digital microscope, 3 — optical cable, 4 — light source). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

0,2 mm

Fig. 4. The ends of the single fibers get dimmer and dimmer as a result of cutting through the fibers. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 5. Dimming and disappearing fiber ends (within the red circle) as a result of consecutive cutting steps (from 7 to 9). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

where Py is the power of light transmitted by the fiber bundle before
it was loaded, and P is the power of light transmitted by the fiber
bundle under load.

The test results show that during loading the power of transmitted
light decreases continuously, then, when the load is reduced, trans-
mitted light power increases slightly (less so than it decreased as the
load was increased), and when loading stops, the power of transmitted
light does not return to its original value—there is some permanent
power loss. At the end of the fiber bundle, the power of transmitted

light can be measured even when the matrix is torn off. Tearing off the
matrix leads to a reduction of 30-50% in transmitted light power. This
could mean that 30-50% of the single fibers are broken, those fibers
that were connected to the torn-off matrix. To test this hypothesis, we
compared the microscope images of the illuminated fiber bundle in the
specimens before the test and after breaking (Fig. 9).

The images show that the number of bright fiber ends is approxi-
mately the same before and after the test (compared to Fig. 4, where
disappearing fiber ends are clearly identifiable); there are hardly any



G. Hegedus, et al.

Composites Part A 131 (2020) 105804

Fig. 6. Layout for testing matrix tear off (a) and
the image of the specimen (b) (1 - illumination,
2 — power meter, 3 — clamping device to fix the
specimen, 4 — insert, 5 — polymer optical cable, 6
- red masking tapes). (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Fig. 7. The illuminated fiber bundle under the torn-off matrix (a) and the matrix material stuck to the torn-off metal plate in a 3 mm wide band, between the red
masking tapes (b) (1 — the point where the light enters the fiber bundle; 2 - the illuminated fiber bundle as seen faintly under the matrix; 3 -the illuminated fiber
bundle under the torn-off resin; 4 — the cord-end terminal to connect the fiber end optically; 5 — the end of the illuminated fiber bundle; 6 — the torn-off steel plate; 7 —
red masking tapes; 8 — matrix torn off in a width of 3 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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(b)

Fig. 9. Microscope images of one end of the illuminated fiber bundle before- (a)
and after fiber-matrix debonding (b). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

fiber ends that are dark (which would indicate breakage of the single
fiber). Therefore, the permanent 30-50% decrease in transmitted light
power was not caused only by the breakage of single fibers (because
then there would be far more “dark” fiber ends). As a result of matrix
tear-off, the optical properties of the fibers are modified by surface
defects, cracks, and a rising number of microbended and macrobended
sections. Inhomogeneities on the fiber surface modify the total reflec-
tion locally, and inhomogeneities in the volume of the fibers act as
scattering centres. These inhomogeneities, due to fiber-matrix de-
bonding, caused an increased amount of light to exit the illuminated
fiber bundle along the region where the fibers are debonded from the
matrix. This is supported by the fact that after the matrix is torn, some
fiber ends shine far less intensively than others (before loading there
was not such a big difference). These microscopic and macroscopic
inhomogeneities, which decrease the light transmitting ability of the
tested fiber bundle, already appear at a smaller load than that necessary
for tearing off the matrix. This is indicated by the permanent decrease
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Fig. 10. The transmission of light stops as a result of the breakage of the illu-
minated fiber bundle (a), transmitted light power is decreased when the fiber
bundle partially breaks (b) transmitted light power is decreased when the
matrix is torn off (c) (1 — an arbitrarily chosen fiber bundle of the reinforcing
glass fabric, 2 - illumination, 3 — matrix, 4 — the power of light coupled out on
the surface of the fiber bundle, 5 — damage; 6 — fiber bundles crossing the il-
luminated fiber bundle of the glass fabric, 7 — the power of light transmitted by
the illuminated fiber bundle stops [marked with “0”], or decreases [marked
with “-”], 8 - light transmitted by the single fibers of the fiber bundle). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

of transmitted light power in the first and second cycle of measure-
ments.

5. Conclusions

We proved that the fiber bundle of the reinforcing glass fabric of the
polymer composite structure can be used to indicate damage to the
composite. For the matrix of the composite, a carefully selected general-
purpose resin system can be applied and the sizing of the fibers does not
have to be removed, so the reinforcing glass fabric can be used without
any special surface preparation. We demonstrated a simple way to il-
luminate an arbitrarily chosen fiber bundle of the fabric. With the mi-
croscopic examination of the ends of the illuminated fibers, fiber
breaking and fiber-matrix debonding can be distinguished. When the
illuminated fiber bundle of the composite structure breaks, the light
leaves the fiber bundle at the point of breakage and therefore the power
of emitted light at the end of the fiber bundle decreases to zero.
Therefore, breakage is indicated by the reduction of transmitted light
power to zero (Fig. 10(a)). The location of breakage is indicated by the
visible light emitted by the fiber bundle at that point.

If the fiber bundle is partially broken, it causes a permanent re-
duction in the power of transmitted light by the fiber bundle. In the case
of partial breakage, the microscope image of the end of the illuminated
fiber bundle clearly shows single fiber ends that are dark as a result of
the breakage (Fig. 10(b)). A load causing fiber-matrix debonding also
leads to a permanent decrease of transmitted light power. The reason
for this is that the microscopic and macroscopic failures due to the load
cause the power of light coupled out of the fiber bundle to increase, and
therefore the power of transmitted light by the fibers decreases per-
manently. In the case of fiber-matrix debonding, the shining of single
fiber ends does not cease, but is reduced compared to their original
brightness (when the fibers are undamaged). Brighter and dimmer fiber
ends appear, which indicates debonding or that the matrix is torn off

Composites Part A 131 (2020) 105804

the illuminated fiber bundle (Fig. 10(c)).

The demonstrated phenomenon provides the reinforcing glass fibers
of composites with an additional function, which results in self-sensing
composites; this makes the application of an additional health mon-
itoring sensor unnecessary.
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