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| ABSTRACT: The purpose of this investigation is to evaluate quantitatively and
} comparatively the effect of embedding optical fibers (OF) on the mechanical
behavior of a carbon fiber-epoxy composite in order to verify whether their presence
can possibly degrade the mechanical performance of the host material. The existing
literature on this subject is not conclusive about the nature and intensity of this
‘ effect. Adding more reliable data to our systematic study contributes to this
discussion favoring the conclusion about a harmful influence as a consequence of
optical fiber embedment.

Three kinds of mechanical tests have been performed in this work: impact tests,
static flexural tests, and fatigue tests. The results of some experiments point to a
possible detrimental influence related to the presence of the OF, being it different in
nature and intensity for each of these tests. The mechanical behavior in static loading
conditions seems to be not significantly affected as a consequence of the presence of
the OF, while that in impact and fatigue tests are strongly affected, even though this
influence being physically distinct from each other. Based on these results, some
discussion is made about the possible failure mechamsms that can explain the
detected differences.

KEY WORDS: smart materials, fatigue, impact, laminated composites

INTRODUCTION

HE BROAD CONCEPT of smart structures is a modern scientific field that flourished
Tsome twenty years ago and yet is a subject of very intensive research. Intelligent
material systems will have a great impact on numerous and varied applications [1] that will
radically transform the basic concepts of engineering design in this century, mainly in the
areas of robotic, architecture, civil engineering, aircraft, and space structures.
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Basically, the anatomy of an intelligent maFerial system is forrped by actuators that
behave like muscles, sensors that have the archltc.actu.re and processmg features of nerves,
and the motor control system relying on communication and computational networks that
mimics biological systems brains. Acting together, these systems can perform defined
functions in response to external environmental changes, detected by suitable sensorial
devices located within the structure [2,3]. Sensing may be considered then a prior function
inherent to all intelligent material systems and structures.

Damage control, vibration damping, acoustic attenuation, health monitoring, and
intelligent processing all require accurate information provided by sensors describing the
state of the material system or structure. Sensing capabilities can be given by attaching
sensors on the surface of the structure or by incorporating them within the bulk material
forming the structure. The former is a common-use technology, while the latter constitutes
a recent technological achievement and the theme of the present work.

Optical fibers (OF) embedded in a smart material can provide data in a couple of ways.
First, they can simply provide a steady light signal (a laser beam for instance); mterruption
in the light beam indicates a structural damage that has snapped the OF. The second
and subtler approach involves looking at key characteristics of the light: intensity, phase,
or polarization. There has been considerable interest in exploiting these characteristics,
with more than sixty different types of sensors being developed over the past decade [4].
Interferometric, refractometric, blackbody, modal domain, and time domain sensors were
investigated for use in real-time damage assessment and in-service structural health
monitoring.

One excellent example of a currently used smart material in the aerospace domain is
composite materials, especially high-performance CFRP laminates, with embedded optical
fibers. In addition to their extraordinary technological simplicity, these structures have
great advantages resulting from the individual contribution and perfect symbiosis between
composites and optical fibers [5,6]. The easiness of the optical sensor positioning proce-
dure inside the host structure is one of the most notorious benefits when considering the

material processing, commonly autoclave curing.

SETTING THE PROBLEM

Notwithstanding all the referred advantages, the embedment of fiber optic sensors and
leads in any kind of material raises the critical issue whether embedded OF can possibly
degrade the mechanical performance of the host material. In fact, it is important to note
that the OF presence inside the material settles a defect that cannot be neglected, vet its
physical dimension may increase by one order of magnitude than that of the carbon fibers
belonging to the composite laminates [7]. The typical diameter of a single OF with coating
can reach 200-250 pm, while the diameter of a carbon fiber does not exceed 7—8 um. Thus
an embedded OF may act like an elastic inclusion within the material, being a stress
concentration agent whose disturbing effect is related to its size and positioning inside the
structure [6].

This discrepancy in dimensions raises serious concerns regarding the manner of
embedding OF and minimizing the local ‘obtrusivity’ [8] caused by its presence, that can be
seen as a local flaw disturbing the natural plying sequence of carbon fibers.

Some recent investigations [6,8-10] concluded that the geometrical orientation of the
OF relative to the adjacent laminate plies is a pertinent factor concerning its influence
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on the material global mechanical performance. For instance, when the OF is embedded
perpendicularly to the adjacent carbon fibers in unidirectional laminate plies, it produces a
surrounding lenticular region rich in resin and without reinforcing fibers. This lenticular
region acts like an interlaminar discontinuity that can be a potential source of damage in
the presence of both static and dynamic loads.

In order to characterize this disturbing effect, some investigations were carried out
during the last decade, evaluating possible degradations on the mechanical properties of
different laminate configurations. Some of these results are summarized here.

Measures [5,11] investigated the performance of Kevlar-epoxy laminates with embedded
optical fibers placed at different positions and under a tensile compression loading. The
first results revealed a slight increase of the failure stress for some specimens, showing no
major contribution of the optical fiber in any kind of damage caused in the structure. Also,
Carman and Sendeckyj [9] obtained similar conclusions, mainly when the OF was placed
parallel to the reinforcing fibers.

Roberts and Davidson [12] tested several carbon-epoxy specimens subjected to tension,
compression, and interlaminar shear loading, finding a considerable influence resulting
from the presence of the OF. These authors detected an average decrease in the strength of
the material (about 26%) for the case of perpendicular embedment under compressive
loads. On the other hand, no noticeable prejudice on the material behavior could be
observed as effect of the dimension and coating nature of the optical fiber; for
diameters < 160 um and for polyamide coatings.

In the context of static loading, Correia and Devezas {13] carried out experimental
bending tests involving carbon-epoxy laminates with embedded OF that confirmed some
minor influence on the material’s overall mechanical properties when the OF was
perpendicularly aligned. Their results showed a slight decrease of strength and stiffness,
9 and 11%, respectively.

In the particular situation of positioning the OF within a 0/45¢ interface, the sensor
perturbation seems to be mnotorious, such as the one concluded by Surgeon and
Wevers [14] through flexural tests that resulted in more than 50% loss of strength in
SOme cases.

Considering the dynamic loading scenario, we can find some interesting results in the
literature. In a previous publication, the present authors related about the strength
reduction in fatigue tests for some configurations of OF embedded in CFRP composites
[15]. Sirkis and Dasgupta [8] gathered general information from several studies concerning
fatigue behavior during the late 80s, allowing to infer about the minor influence of the OF
when embedded parallel to the reinforcing fibers, as also determined by Jensen and
Koharchik [16] in tensile fatigue tests using thermoset composites. Yet when the OF is
embedded perpendicular to the adjacent plies, we can find references to some degree of
damage in the sensor’s neighborhood caused by low frequency tensile fatigue tests. This
fact is corroborated by Jensen and Brzenchek [17], whose investigations using cross-ply
graphite-bismaleimide laminates under tensile fatigue tests revealed a substantial strength
reduction (about 25%) for specimens with OF oriented perpendicular to the direction of
the applied load and also to the adjacent reinforcing fibers.

Carman and Sendecky; [9] referred to some properties degradation for composites
submitted to compression fatigue tests with 250 um diameter embedded OF, which could
be detected since the first loading cycles. However, a more recent investigation [1§]
concluded that no degradation of the composite properties could be imputed to the
presence of the OF for tension fatigue loads leading to low strains.




1264 J. M. A SiLvA ET AL.

Also, Surgeon and Wevers [14] conducted an experimental investigation using carbon-
epoxy laminates with different layup configurations and containing optical fibers with a
diameter of 140 um and a polyimide coating. The OF were embedded transversely to the
load direction and in several positions considering the following adjacent laminate plies:
0/45°, 45/—45°, —45/90°, and 90/—90°. Their fatigue tests used a 5 Hz frequency, a stress
ratio equal to 0.1, and three different applied stress levels. The results from all specimens
subjected to the lowest stress level (50%) showed no sign of damage till the stipulated
limit, while for the other two load levels it was possible to infer about a possible
detrimental effect of the embedded OF. In fact, for the intermediate stress level (65%) and,
in particular. for OF placed at 0/45° and —45/90° interfaces, a degradation of the material
properties was noticed. Such degradation was evinced by premature specimen failures
imputed to large local distortions in the vicinity of the OF and, in some cases, evident
delaminations affecting those interfaces. The highest stress level (80%) led to premature
failures for all configurations, but the large dispersion of the results was an impediment for
more detailed conclusions.

Another important application of OF is that of impact damage detection via fiber
breakage sensor [8], referred hereafter as on—off sensor, that started in the early 1980s.
Looking at the published literature, we can infer that the majority of impact experiments
performed on composite materials containing optical fibers has not been directed toward
assessing the effect of embedded optical fibers on the impact response. but toward
assessing the survivability of an OF in a composite subjected to impact loading. In fact we
can find in the literature some information about the relationship between fiber treatment
(chemical etching), depth and orientation in the layup, and the threshold impact energy for
the effectiveness of OF as damage detection devices [5,19].

While almost all published reports did not specifically investigate the influence of
embedded OF on damage progression in impact-loaded composites, there are some
good investigations in this subject performed in the early 1990s by Chang [20] and Sirkis
et al. [21]. In these studies, the effect of impact loading was examined for carbon/epoxy
composites containing OF ranging in diameter from 100 to 600 pm, using three different
stacking sequences (cross-plied, quasi-isotropic, and unidirectional). The authors
concluded that small diameter optical fibers (100 pm) do not significantly influence the
progression of damage. But in this research, the authors used only a single OF embedded
at the laminate midplane subjected to very low impact energies applied to very thin
laminates.

Considering the abovementioned investigations altogether, we can observe that these
results fall short of being conclusive, and in some cases are even contradictory. This fact
motivated the present work, which represents a compilation of extensive experimental
investigation carried out at the University of Beira Interior concerning the overall
mechanical properties characterization of carbon-epoxy laminates with embedded optical
fibers, considering the cases of static, dynamic, and impact loading scenarios.

EXPERIMENTAL PROCEDURES

All samples produced for the impact experiments were manufactured from Ciba-Geigy
Vicotex SXHR M18/32%/134/HTA prepregs. using 18 plies laid up symmetrically,
resulting in plates with ~2.5mm thickness. Multimode optical fibers, Newport F-MLD
100 pm, were manually embedded into the specimens during sample layup. The specimens
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were cured in an autoclave under a pressure of 7bar for 2h at 180°C. KA2HA Diatex
polyimide film was used to protect points of ingress and egress. The integrity of all fibers
was examined prior to impact testing by observing the continuity of a 632 nm light beam
from a Helium/Neon laser powered at 10 mW.

The samples with dimensions of 60 x 60 mm® were impacted at low velocities using a
single drop-weight impactor of a Impactomat machine provided with a projectile of mass
2.7kg, cylindrical in shape with a rounded 20-mm diameter nose. The plates were placed
in fixtures that simulated fully clamped boundary conditions and were impacted once,
at energies ranging from 5 up to 40J, when penetration of the projectile could be observed
fully.

The resulting impact damage on the specimens with and without OF was assessed in
three ways: by ultrasonic C-scan imaging with a Ultrapac equipment, by visual
observation of the impacted and back surfaces, and by optical microscopy observation
of cross sections cut up from the central crushed (due to the impact) region. For the
specimens with embedded OF, the survivability of the fibers was observed using the
criterion of continuity of a laser beam.

Table 1 shows the nine stacking sequences used for the 18-ply layup specimens, with and
without OF.

As can be seen, the OF were embedded in three different positions: 1 — in the middle of
the ply; 2 — between the third and fourth laminates referred hereafter as near the impact
surface (nis); and 3 — between the 15th and 16th laminates, referred hereafter as opposite
to the impact surface (ois). For the configuration type A (unidirectional carbon fibers),
two arrangements of the OF were used: parallel to the structural fibers (Al) and
perpendicular to the structural fibers (A2, A3, and A4). In the configuration type B (cross-
ply arrangements), the OF were placed always parallel to the structural ones. The
configurations type B3 and B4 are shown in Figure 1.

Considering now the static and fatigue tests, the specimens were manufactured using a
Seal Texipreg HS 110 REC prepreg composed by unidirectional high strength carbon
fibers and an epoxy matrix with a volume fraction of 32%. Autoclave curing with
temperature and pressure values of, respectively, 125°C and 7 atm was the process used to
obtain the best material properties and its lowest dispersion when considering different
specimen sets. Each specimen had a rectangular shape (150 x 25 mm?®) and a nominal
2mm thickness resulting from a total of 18 plies stacked in different sequences (with or
without an embedded OF), resulting in the configurations presented in Table 2.

Table 1. Notation and types of specimens used in impact tests.

Type Stacking sequence Optical fiber
A0 [0°]4 No
Al [0g/OF (0%)/0] Yes
A2 [0o/OF (90°)/05) Yes
A3 [0s/OF (90°)/045) Yes
Ad [045/OF (90°)/03] Yes
B1 [02/902/02/902/0]5 No
B2 [02/902/02/902/0/OF (03>/O/902/02/902/02] Yes
B3 [02/90/OF (90°}/90/02/90,/0,/90,/05/90,/05] Yes
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Figure 1. Cross-ply layup of carbon fibers using 18 laminates with OF placed (a) between the third and fourth
laminates (near the impact surface - nis), and (b} between the 15th and 16th laminates (opposite to the impact
surface - 01s).

Table 2. Notation and types of specimens used in static and fatigue tests.

Type Stacking sequence Optical fiber
A {0°]4g No
B [02/902/02/902/0]3 No
C {902/02/902/02/90]5 No
AT [03/0 F/01 5] Yes
A-M [OQ/OF/OQ] Yes
B-T [02/90/0F/90/0,/90,/0,/90,/02/902/0,] Yes
B-M [02/902/02/902/0/0 F/0/902/02/902/02] Yes

For the three-point bending fatigue tests performed in this work, the D790 ASTM
standard was used in order to prevent possible collateral effects related with different
loading modes. such as interlaminar shear.

All specimens were carefully characterized before the fatigue tests with the objective
of determining an average value for the ultimate strength of each specimen configura-
tion. Being so. static three-point flexural tests were performed, accordingly with the
referred standard, using a Zwick 1435 universal mechanical testing device equipped with a
5-kN load cell.

Fatigue tests were conducted on an Instron 1341 universal hydraulic testing system, with
a 25kN installed load cell, coupled to a FastTrack 8800 digital controller for data
acquisition and monitoring of all test parameters.

Finally, in order to more adequately qualify and quantify the damage present in the
structure, some acoustic emission tests were performed using a Marandy MR1004
equipment coupled with a broad range piezoelectric transducer, which was connected to
an appropriate software in order to acquire the total countdown of all events detected
above a preset reference threshold voltage.

Microstructural observations were also effectuated using both a Hitachi S-2700
scanning electron microscope and a Leica MEF4M metallographic microscope.
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RESULTS AND DISCUSSION

Impact Tests

Starting with impact tests, and considering unidirectional composites (configuration
type A), no difference in behavior could be detected between specimens with and without
OF. since all specimens fractured throughout for the lowest impact loading energy (5J)
allowed by the impact testing fixture used. However, for the cross-ply arrangements
(configuration type B). some different behavior could be observed. The most interesting
difference in behavior regards the survivability of the OF for the configuration B3 (nis) as
compared with the configuration B4 (ois) that is presented in Figure 2.

When placed between the third and fourth laminates, the OF can act well (it works) as
an on-off sensor, since it always breaks for energies larger than 10J, what does not happen
and fourth for energies lower than 9 J, with some uncertainty in the 9-10J range (in this energy range,
the impact it was observed that sometimes the OF breaks, sometimes not). However, when placed
between the 15th and 16th laminates (hence opposed to the impacted surface), the function
of the OF as an on-off sensor seems to be not possible. No breakage of the OF is observed
all over the range from 5 to 17.5J, with the exception of the 9-10J interval, where the same
uncertain behavior of the configuration B3 was observed. This means sometimes the OF
breaks, sometimes not. This observation sounds as an apparently ‘unrealistic’ finding, and

ber it is difficult to explain. The meaning of the continuous curves in Figure 2 (crack length) is
explained later, together with some speculation on the cause of this curious phenomenon.
The numerical value of the minimal impact loading energy to cause the breakage of the
OF is probably a function of the thickness of the specimen. Since the thickness of the used
specimens was roughly constant of the order of 2.5mm, the present results point to a
minimal specific energy of about 4 x 10°J/m when embedding the OF near the impact
surface, corresponding to the threshold value of 10J found in these measurements.
The impact-induced delaminations in 18-ply carbon/epoxy composites with 100 um
multimode optical fibers placed at the two different positions, shown in Figure 1 were also
investigated. The first question that arose was how to evaluate the impact damage
ASTM (delamination), if using for instance X-ray or ultrasonic c-scan nondestructive evaluation
different
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Figure 2. Different impact behaviors of 18-ply carbon/epoxy composites with embedded optical fibers,
S-2700 (a) configuration B3, optical fiber placed near the impact surface (nis), and (b) configuration B4, optical fiber
opposed to the impact surface (0is).
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techniques or destructively using a sectioning procedure. It was decided to use the
ultrasonic c-scan technique and microscopic observations of cross sections of the through-
the-thickness direction, but another procedure was added, as explained hereunder. The
most important observations are listed here.

(i) The most visible effect of impact loading on the tested specimens is the appearance
of a crack in the middle of the surface opposed to the impacted one; this crack consists
of a fiber/matrix splitting of the external 05 ply and could be clearly observed even
before any visible effect (development of a dent) appeared on the impacted surface;

(ii) The cracking or splitting phenomenon is proportional to the impact loading energy.
that is, it increases steadily with increasing impact energy;

(ii) The cracking effect is more severe in specimens with embedded OF than for specimens
without OF for the same impact loading energy.

In the face of these observations, it was decided to measure the length of the crack
induced in the surface opposed to the impact as an impact damage characterization
parameter. Figure 3 shows the results obtained for specimens with cross-ply arrangements.
with and without OF.

The graphs in Figure 3 show clearly the difference in behavior between specimens
without OF and specimens with OF. For the former, there is a threshold impact energy
of approximately 7 J; below which no visible crack i1s observable on the surface opposed to
the impacted one. Tn specimens with OF, the cracking occurs even for the minimal impact
energy (5J) and for higher energies, specimens with OF have always a crack length
larger than specimens without it. However, the most important observation is the fact that
the crack length for the configuration B3 (nis) is almost always larger than that for the
configuration B4. The continuous curves shown in Figure 2 are the same pictured in
Figure 3, respectively for the B3 (Figure 2a) and B4 (Figure 2b) configurations.

Optical microscopy observations of through-the-thickness cross sections of the
impacted zone for specimens with and without OF allowed to come to another series of

Crack length (mm)

20

Energy (J)

Figure 3. Results of the impact tests (crack length) obtained for specimens with cross-ply arrangements.
(B1): without OF, (B3): OF placed between the third and fourth laminates, (B4): OF placed between 15th and
16th laminates.
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conclusions that can contribute for the interpretation of the observed phenomena. These
are:

(i) The impact damage consists of delaminations, which are more extensive toward the
back face, and have a top-down aspect as a cascade process;

(i1) These delaminations always occur between layers with different carbon fiber
orientation (for instance between 0, and 905 or vice versa) and seems to be a
simple loss of adhesion between these layers:

(i) This progressive delamination seems to radiate from the point of impact in the
through-the-thickness direction, being connected by inter-lamina and shear cracks;

(iv) The damage in the last lamina, already described as the cracking/splitting of the
fiber/matrix structure, is mainly caused by a dramatic impact-induced flexural
deformation:

(v) Finally. for low energy impacts in specimens with OF, it was possible to recognize
that the delamination phenomenon starts in the interface immediately below the
optical fiber.

Figure 4 illustrates points (1)—(ii1) and Figure S illustrates point (iv), while in Figure 6,
a SEM image reveals the delamination described in point (v) occurring immediately below
the optical fiber in a specimen with stacking sequence B4.

The observation of the cascade-fashioned propagation of delaminations in the through-
the-thickness direction is in perfect agreement with the experimental results already
presented by Poon et al. [22] when investigating impact damage in toughened carbon/
epoxy composites. The present investigation points to the observation of the same
phenomenon, but clearly enhanced by the presence of embedded optical fibers, which
leads to the conclusion that their introduction in the composite structure significantly
influences the impact behavior of the host material.

The impact loading generates a stress wave that propagates from the point of impact
toward the back face, being reflected at the lowest ply. The observed delamination results
from the fact that the embedded OF acts as an inclusion that induces a local strain

¢ Impact

= -1 Delaminations

Crack

Figure 4. Impact damage propagating in the through-the-thickness direction in a cascade fashion.
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Figure 5. Damage in the last lamina caused by impact-induced flexural deformation.

Impact

U

2

@)

Delamination

Figure 6. Scanning electron micrograph image of a delamination damage for low energy impact occurring in
the interface immediately below the optical fiber in a specimen with stacking sequence B4. Magnification 50 x.
(1) 11th and 12th layers parallel to the OF; (2) 13th and 14th layers perpendicular to the OF; (3) optical fiber
embedded between 15th and 16th layers parallel to the carbon fibers.

concentration that interacts with the stress wave induced by the impact loading. This
interaction of the stress wave with the local strain field surrounding the OF results in an
energy release. that intensifies the amplitude of the stress wave and. consequently,
enhances the impact damage. The singular behavior pointed out in Figure 2 in the 9-10J
region of impact energy may be due to some kind of resonance effect between the stress
wave and the geometry of the specimen, and seems to be independent of the position of
the OF. This curious behavior was detected through measurements of 5 specimens for each
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energy level chosen (9.5, 10, 11, 12.5, and 151]). It was observed that for the 9-10J energy
level and for the configuration B4, the OF broke in some cases (=250%). which could not
be observed for the higher energy levels. Eight more specimens were then tested m this
energy range (9-10J, configuration B4), with the same statistical results. These results
claim for a more extensive research for a comprehensive explanation.

Static Tests
In the flexural tests, the values for the elastic modulus (£,) and maximum strength

resistance (o,) were determined by the control system software using, respectively, the
following equations:

3PS
El=—
" owre M
3PS )
0, = B <
2wt? )

where, P is the applied load, S is the distance between supports, w and ¢ are, respectively,
the specimen width and thickness and. finally. ¢ is the strain obtained from the control
software of the test system.

Three to five tests. al similar conditions, were performed considering each specimen
configuration. Table 3 presents the elastic modulus and flexural strength mean values
obtained for each configuration (compare with Table 2).

From these results, it is possible to conclude that, as expected, unidirectional type
configurations with or without embedded OF (A, A-M, and A-T) have the highest values
for stiffness and strength when compared with cross-plied configurations, while on
the other extreme, cross-ply type C laminates show the worst values for these properties.
Thus, and in order to comply with the ASTM standard’s recommendations [23], this
configuration was rejected from further tests since it implied a very large deflection of the
specimens, causing both undesirable shear stress loadings in the laminate’s middle plane
and severe work conditions at the test machine’s actuator for the pretended load frequency
(almost corresponding to its limit situation). So, only type A and B specimens’
configurations, with or without OF, were considered for fatigue tests.

Table 3. Elastic modulus and flexural strength resistance for each
configuration of specimens.

Specimen E, Standard o Standard
type (GPa) deviation (E;) (MPa) deviation (o,)
A 96.9 10.8 13405 115.7

B 71.9 2.8 1045.9 7.5

C 39.6 1.22 898.8 12.7

AT 94.8 7.41 1259 265
A-M 99 1.73 1384 35.5

B-T 714 2.55 1019.7 227
B-M 73.2 4.53 1107.5 29.6
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Table 4. Stiffness and strength variation between analogous
configurations with or without OF.

Type of AE4

specimens (%) Ao,
A AT —2.16 —6.08
A A-M + 217 +3.2
B BT —0.69 -25
B B-M + 1.81 +5.9

The results listed in Table 3 confirm the previous conclusion of other investigators
about a very small influence of the OF on the static mechanical properties of the host
material. Only a slight decrease in the stiffness and strength values was detected in the case
of sensor embedment between the third and fourth plies of unidirectional laminates (A-T
configuration). Type B specimens revealed a similar practically indifferent behavior
regarding the OF presence, having even shown a small increment of these properties for
the B-M configuration, i.e., with embedded OF in the laminate middle plane.

Table 4 allows to compare the stiffness and strength variation between analogous
configurations with and without OF embedment.

Fatigue Tests

Fatigue tests were carried out using a sinusoidal loading type for two maximum stress
Jevels, concretely 75 and 90% of the ultimate strength value determined in the static tests.
It was decided to use a 6 Hz frequency, in order to prevent possible thermal effects that
could degrade the material behavior, and a 0.1 stress ratio. Time constraints imposed a
total number of 500,000 load cycles as the stipulated test limit.

All fatigue tests turned to type A and B specimens (without OF) and A-T, B-T. A-M
and B-M (with embedded OF between the third and fourth or ninth and tenth plies).
A comparative study was intended to be carried out on a possible baneful effect related
to the OF presence in the material considering three test variables: the laminates stacking
sequence, the OF position in relation to the specimen’s thickness, and the applied load
level.

In general, almost all configurations revealed only a subtle stiffness decrease for the
lower applied stress level (75%). However, the higher stress level (90%) led to an evident
elastic modulus decrease in some cases, specially in those configurations with embedded
OF, as some premature material failures occurred for a small number of load cycles.
Therefore, only the graphs regarding the stiffness decaying for higher stress levels (90%)
are subsequently presented.

Starting with unidirectional laminates, Figure 7 presents the elastic modulus variation
for specimen types A, A-T, and A-M. As shown, type A configuration experienced an
average stiffness decrease of approximately 14% (this value was only about 8% for the
lower 75% stress level). At the same time, and considering the highest stress ratio (90%),
the premature failure of two A-T specimens and all A-M specimens was detected. In
particular, the latter configuration revealed to be very critical, since all final failures
occurred for a very low number of cycles (1953, 12,008, and 76,536 c¢ycles). The same A-M
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Figure 7. Elastic modulus variation in fatigue tests for type A, A-T, and A-M specimens.

configuration, but considering the lower loading condition (75%), revealed a very subtle
stiffness decaying of approximately 4%.

These results were in someway surprising, since it was expected that OF embedment
between the third and fourth plies could be the worst case, due to the presence of the
sensor in the most critical region of the laminate regarding direct stresses. It is also




ot

1274 J. M. A. SiLva ET AL,

important to notice that for this configuration (A-T), and considering apart the two
fractured specimens, any degradation of the material properties for the remaining
specimens (only 4 and 2%, respectively, for the 75 and 90% stress levels) was evident.

Cross-ply laminates generally revealed to have less fatigue resistance than unidirectional
configurations. Type B specimens (without embedded OF) corroborate this fact, for from
a total set of five specimens subjected to the higher stress level (90%). two suffered from a
premature failure (at 13,791 and 55,597 cycles) and only one survived the whole fatigue
test without showing any visible superficial damage. The other two specimens had a
notorious superficial degradation evinced by the existence of delamination and cracking in
the laminate region subjected to compression loads. Even for the lower stress level case
(75%). this configuration revealed an average stiffness decrease of about 6%.

The embedment of the OF in cross-ply configurations causes a remarkable detrimental
effect, mainly when the sensor was placed in the laminate middle plane (B-M specimens).
In this case, all specimens failed for a very small number of cycles, namely, 1219, 1394, and
5833 cycles. For B-T configuration, an average stiffness decrease of approximately 12%
was observed and only one specimen failed immediately after the beginning of the test.

Figure 8 shows the variation of the elastic modulus for all these types of cross-ply
Jaminates along with the number of test cycles. It is interesting to note that B-T
configuration should have been the most adverse. for in this case OF embedment
was perpendicular to laminate adjacent layers and therefore. it provoked a lenticular resin-
rich region in its neighborhood. However, the configuration B-M revealed to be the
most critical. as we can conclude from the premature failures of all specimens shown in
Figure 8. As explained above, when discussing Figure 7, this phenomenon (embedment
in the middle plane as the worst case) was also observed for the unidirectional laminates.
probably due to the fact that the middle plane is a highly critical region regarding the
existence of shear stresses.

Table 5 summarizes the fatigue tests results for unidirectional and cross-plied laminates
with embedded OF (types A-M, B-M, A-T, and B-T), and considers the two applied ratios
between fatigue maximum stress and ultimate static strength (k=0.9 and £ =0.75).

In order to characterize the damage evolution during cyclic loading and trying to qualify
its nature, some acoustic emission (AE) tests were performed only for the highest stress
level (90%) and for the configuration types A. A-M. A-T, and B. The piezoelectric
transducer was placed at the same position for all specimens, and special attention was
devoted to the gripping procedure in order to minimize undesirable environmental noise.
Also an adequate threshold level was considered for each test in order to filter possible
erroneous signals resulting from the hydraulic machine’s normal operation. Figure 9
shows the experimental setup used for the acoustic emission tests schematically.

The AE tests were limited to a total of 20,000 cycles. These tests allowed concluding that
regarding total countdowns, damage evolution was a linearly increasing phenomenon.
Qualitatively, it is also possible to use these tests to distinguish among different damage
mechanisms acting during cyclic loading. In this sense it was possible to detect distinct
acoustic emission levels exhibiting a clearly nonlinear behavior and, therefore, to relate
them with the intensity of damage.

Some investigators, like Surgeon and Wevers [24], have already established a good
conformity between the emission’s intensity and the type of damage occurring in com-
posite laminates with embedded OF. Basically, low-level emissions can be attributed to
weakening phenomena (like matrix cracking), while more intense damage (like delami-
nation and fibers breakage) results in medium or high-level emissions. Our measurements
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Figure 8. Elastic modulus variation in fatigue tests for type B, B-T and B-M specimens.

allowed to identify the described damage evolution phenomenon, following a nonlinear
tendency starting from low level occurrences, such as matrix cracking, and ending with
high intensity catastrophic events, possibly strong delaminations or a large number
of fiber breakage. just preceding the final material rupture. Figure 10 shows this behavior
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Table 5. Compilation of the results for fatigue tests in laminates with embedded OF.

K: ratio between fatigue maximum stress and ultimate static strength

Configuration k=0.9 k=0.75

A-M Three specimens with premature failure Three specimens without significant
(1953, 12,008, and 76,536 cycles) damage after 500,000 cycles

B-M Three specimens with premature failure Three specimens without significant
(1219, 1394, and 5833 cycles) damage after 500,000 cycles

AT Two specimens with premature failure Three specimens without significant
(37,515 and 86,650 cycles) and three damage after 500,000 cycies
without significant damage after 500,000 cycles

B-T One specimen with a premature failure Three specimens without significant
(4518 cycles), one with strong delamination damage after 500,000 cycles

after 500,000 cycles and one without
significant damage.

Piezoelectric transducer

. Transducer
connection

Actuator
Fixed distance

Transducer fixing

Supports

Figure 9. Experimental setup for the acoustic emission measurements.

for type A-M specimens, presenting both total countdowns and medium and high level
acoustic emissions.

Optical and electronic microscopy observations constituted another relevant part of this
investigation intending to assess the damage mechanisms existing in the surroundings of
the OF, as well as a possible fatigue pattern at the fracture zone.

At the first stage. two specimen configurations were considered with different OF
embedment orientation (parallel and perpendicular) in order to confirm the distortion
related to the existence of a lenticular region. As expected, perpendicular OF orientation
resulted in an evident resin-rich lenticular region just near the laminate surface, as visible
in Figure 11(b). For the parallel orientation, there is a perfect OF embedment without
causing significant perturbation in its surroundings, as shown in Figure 11(a). The
presence of this lenticular region nearby the laminate interface is, probably, a main factor
contributing to the detected delamination emerging in this region. It is to expect that
the high distortion inflicted in the structure of the host material may contribute to the
formation of cracks that will propagate in the presence of cyclic loading.
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Figure 10. Acoustic emissions for type A-M specimens: (a) total countdowns and (b) medium (N13) and
high-level (N25) countdowns.

Figure 11. Visualization of the optical fiber presence in the interior of host material: (a) parallel embedment
and (b) perpendicular embedment. Magnification 50 x.

Figure 12 evidences this fact for a B-T specimen, showing an imnterlaminar crack with
subsequent interfacial development below the abovementioned lenticular region.

Finally, other interesting evidence resulting from SEM observations was the pattern
revealed at the fracture surfaces of both unidirectional and cross-ply configurations. As we
can see in Figure 13, it is possible to identify two distinct regions resulting from either
slow cyclic damage propagation or final breakage of specimen. In both cases shown (a)
unidirectional specimen; (b) cross-ply specimen, we can distinguish the two mentioned
regions, one with an airbrush-like aspect (revealing the specimen final rupture) and the
other having a much more smooth texture (resulting from the slow damage propagation).
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Interlaminar cracking

28 KV x35.0

Figure 13. Fracture surface for different configurations: (a) unidirectional specimen and (b) cross-ply
specimen.

CONCLUSIONS

The results of this investigation evince that there is actually a harmful influence on the
mechanical properties of the host material resulting from embedding optical fibers.
Obviously. both the nature of the effect as well as its intensity are dependent on several
variables, such as loading conditions and geometrical parameters.

We can summarize the results of this research in accordance with the three different
families of mechanical experiments performed as follows:

IMPACT TESTS

e The embedded optical fiber seems to act as a stress concentration agent. The
phenomenon of enhanced delamination as a consequence of embedding optical fibers
might be attributed to the interaction of the impact-induced stress wave with the local
strain field surrounding the OF. Such interaction results in an energy release that may
intensify the amplitude of the propagating stress wave.
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o The extent of impact damage is dependent on the position of the optical fiber in the
stacking layup. If the optical fiber is placed above the neutral zone, the effect seems to
be more severe than when the optical fiber is placed below it.

e Microstructural observations have shown that delamination in low impact energy tests
begins at the carbon fiber layer interface immediately below the OF.

THREE-POINT BEND TESTS

The present results confirmed the minor influence on the static mechanical properties
due to the presence of OF in the host structure, when compared to similar configurations
without any embedded sensor. In some cases. a small increase of strength and stiffness was
even noticed but with no obvious correlation that could be attributed to the OF.
Nevertheless, all variations related to strength and stiffness, resulting from confronting
homologous specimen configurations, with and without OF, have never exceeded an
inexpressive value of 6%.

FATIGUE TESTS

e The most critical specimen configurations contained embedded OF in the laminate
middle plane. This fact was even more notorious for cross-ply laminates, which revealed
premature ruptures for the higher stress ratio (90%) used in this research; for the lower
loading condition (75%). a significant stiffness reduction of about 20% was detected.
This behavior seems to be related to higher shear stress levels present in the middle
plane.

e Some laminates with embedded OF between the third and fourth plies, for both
unidirectional and cross-ply arrangements, underwent premature failure, but some
others have not shown any evident damage after the conclusion of the fatigue test. Thus
it can be inferred that this sensor disposition is not so detrimental as the case described
above (middle plane). Surprisingly, cross-ply specimens with perpendicular embedded
OF relative to adjacent plies (naturally supposed as the worst condition) did not reveal
the most critical behavior, in spite of undergoing a noticeable average stiffness reduction
of 12%. However, this property degradation could not be imputed exclusively to the OF
presence within the material, yet some homologous configurations without sensor
embedment have also evidenced some significant stiffness variation (about 25%).

s Acoustic emission tests allowed inferring quantitatively about the total level of damage
development, which followed in general, a linear increasing tendency. Qualitatively,
it was possible to establish that, as expected, damage occurrences start from low
intensity phenomena, such as matrix cracking, following a crescent evolution and
ending with higher level events, typically large delaminations and fiber breakage.

e Microstructural observations enabled to clearly identify the existence of a lenticular
region surrounding the perpendicularly oriented OF relative to adjacent plies. In some
cases, this highly distorted region promoted interlaminar and subsequent interfacial
cracking during the fatigue tests, confirming this OF orientation as the worst case
regarding the material overall mechanical behavior.
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