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In order to obtain a composite material with desired improved resistance to penetration of ballistic projectiles, a
poly(p-phenyleneterephthalamide) reinforced laminar thermoplastic composite material has been made. This paper
describes the procedure of manufacturing such a composite material, as well as the procedure of embedding fiber-
optic sensors (FOS) in it, using the hot-melt method. Optical fibers were embedded in specimens of composite
materials as intensity-based real-time damage detection sensors. Manufactured composite specimens with embedded
FOS were subjected to static loading indentation. The initiation of damage and fracture during testing was detected
by observation of the characteristic changing of the optical signal. The results of the experiments confirmed that
optical fibers might be applied as intensity sensors in real-time monitoring of structural changes in thermoplastic
laminate composite materials. The finite element method (FEM) modeling was used to analyze stress and
displacement distributions through the layered composite plate, caused by indentation, and to simulate the contact
problem - projectile/composite plate. The finite element simulation results of the considered layered composite plate
have shown very good agreement with the experimental results.
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Introduction

ARA-ARMID fabrics are known for their remarkable

performance, especially good thermic resistance, high
tensile strength and toughness [1+4]. Combining those fiber
characteristics with thermoset matrix properties results in
excellent composite reinforcing capabilities and hence
improved ballistic protection [5+9].

In addition to classical methods for damage detection in
composite materials with polymer matrix (ultrasound [10],
acoustic emission [11,12]), fiber-optic sensors (FOS) are
widely used to monitor and precisely estimate material
behavior during its manufacturing and exploitation life.
Different FOS configuration can be found which mostly
depends on optical fiber types being used and their light
sensitivity. Numerous investigations on Smart Materials
with embedded interferometric FOS such as Fabry-Perot
[13-15], Michelson [16], and Bragg grating sensors [17-21]
were made.

The shape and structure of intensity based optical fiber
sensors allow their simple embedding in the host material
without disturbing its basic mechanical properties, and
therefore, they can be used as reliable, long-term automated
sensors for real time structure damage and deformation
detection [22,23]. Many authors noticed delamination
within composite structures by using intensity-based FOS
[24-27] and studied damage detection caused by low energy
impact [28,29]. Hofer [30] has embedded a net of uncoated
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FOS of different diameters into the GFRP (Glass Fiber
Reinforced Plastic) and CFRP (Carbon Fiber Reinforced
Plastic). Purpose of his investigation was a possibility of
exploitation of such smart material as a component in an
Airbus production line. During his study, he managed to
develop a system for automated indication of the damage
that is invisible by bare eye, but detectable from the pilot
cabin in real time. This system has opened a possibility for
routine control minimization or even its abrogation.

Most of investigated composites contain thermoreactive
polymer as a matrix. Preliminary investigation made on the-
rmoplastic  composite  material aramid fiber/poly
(vinylbutyral) [31] has shown that this specific material has
the energy absorption capacity 5.5 higher than the same
capacity of traditionally used materials with the same
reinforcement, but mechanisms of its energy absorption had
not been adequately explained, which is a subject of
investigation in this article. Intensity-based FOS were
embedded in referred material and completely smart
material was tested by indentation. The finite element
method (FEM) was used to analyze stress and displacement
distributions through the layered composite plate, caused by
indentation, and to simulate the contact problem -
projectile/composite  plate. Detailed finite element
descriptions of numerical simulation behavior of smart
aramid fiber reinforced composite material under static
loading are given in references [33-37].
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Properties of Material Components

Properties of reinforcement

Kevlar 129 fibers in a form of woven fabric, of a
superficial mass of 280 g/m’, were used as composite
reinforcing material. The properties of Kevlar 129 are
shown in Table 1.

Table 1. Properties of aramid fibers'

Density, g/cm’ 1.44
Ultimate tensile strength, cN/tex 235
Tensile strength, MPa 3380
Elongation at break point, % 34
Moisture content, % 7
Decomposition temperature, °C 560
Sound velocity, m/s 8660
Matrix properties

Thin PVB foils were used as a matrix in composite
material. The properties of thermoplastic
PVB are shown in Table 2.

Table 2. Thermoplastic matrix properties’

Density, g/lem’ 1.058
Refractive index 1.48
Tensile strength, MPa 23
Elongation at break, % 210
Tensile modulus, MPa 5
Poisson’s ratio +0.5
Shore “A” Hardness 64
Specific heat, J/kgK 2100
Glass transition temperature, °C 16
Thermal conductivity, W/mK 0.21
Dielectric constant at 1 kHz 4
Dissipation factor at 1 kHz 1.8 10-4

Description of Composite Shaping Process

Composite specimens were made by uniform lamination
of Kevlar fabric layers and PVB foils and then hot-pressed
in a Teflon coated mold. Afterwards, specimens were left in
a mold under slightly increased working pressure to cool
from the maximal working temperature of 190°C to 100°C,
and then were taken out of the mold to cool at room
temperature under a load of 10 kg [31]. The parameters of
the optimal working regime are shown in Fig.1. At the end,
total masses of specimens were measured and the mass
percentage of specimen’s specific components was
calculated. The results are listed in Table 3.
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Figure 1. Optimal regime of laminated composite material hot-pressing

! Original properties given by manufacturer

Table 3. Specimens total mass, mass percentage of specific components

Reinforce-| Total Mass % of [Mass %
. Type of 3 .
Specimen : ment mass,| specimen | reinforce- | of ma-
reinforcement .
g mass, g ment trix
02 Aramid fabric 150,0 230,0 65,2 34,8

Optical Fibres Embedding Procedure

Three optical fibres were embedded in the produced
composite specimen O2. The fibers were placed in parallel
to the specimen surface and covered with additional layers
of the matrix and the reinforcement. The specimens were
hot-pressed again with simultaneous real-time monitoring
of the light signal intensity drop. The diagram of the light
signal intensity drop during the embedding of the optical
fibers into the composite material (Fig.2) clearly shows that
there was no permanent drop or complete loss of signal
detected, which indicates that the fibers did not suffer
significant damage during the embedding process. The
photo of the specimen after the described embedding
process is shown in Fig.3.

330 200
O
o

L 150
-
2 20 Fiber 2 g
o iber 5
& X Fiber 3 100 g
= Tempereture . )
S 230 \ Fiber 1 Y
B e e ——
(¢
=

0+———+——++—+—+———+——1lo

D 19 39 59 79 99 119 139 159
Time /min

Figure 2. Light signal intensity drop measurement during the optical fibers
embedding into the composite material

Figure 3. Photo of the composite material specimen with the embedded
optical fibers

The optical fiber sensors were embedded into the last
layer of the composite material according to the previously
described procedure [32].

The mechanical properties of the manufactured laminar
composite material are listed in Table 4.

Table 4. Mechanical properties of the composite material aramid fabric/
PVB matrix

En, Exn, Esn, G, Gk, G, y v v Density p,
GPa GPa GPa GPa GPa GPa "2 BB kg/m’

1499 1498 3 4 4 4 03 02 02 1413
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Test results and the discussion of the static load
effect on the composite material

Testing by means of embedded fiber optic sensors

The manufactured composite specimens with optical
fibers were subjected to static loading by the adapted tensile
testing machine. The specimens were tested in a case when
the loading was directed onto the bottom layer (the furthest
po-sition of the optical fibers from the indentation loading
point).

Adapted tensile | o Applied force signal

testing machine

Iy ]
LED ’ p Phototransistor «*
sources b P A receivers

Figure 4. Measuring and acquisition part of the equipment

The opto-electronic part of the measurement system
consists of three emitter diodes as a light source for optical
fibers, and three photo detectors for light intensity
measurement. It is shown in Fig.4. The load was
permanently measured during testing by the load
measurement converter. The acquisition of the output
signals from the photodetectors and the load converter was
conducted using the AD converter card and a personal
computer. The acquisition software, written in Pascal,
provides simultaneous 16-channel signal sampling as well
as changing of the sampling rate, so the load and the
photodetector output signals were monitored
simultaneously for all three fibers embedded in one
specimen. The indentator position is shown in Fig.5.

‘26 Composite layers

Figure 5. Position of the indentator during testing
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Figure 6. Signal intensity changes during indentation
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Figure 7. Signal intensity changes in a function of the applied force

The graphs presented in Fig.5 show the time dependence
of the normalized light intensity signal through the optical
fiber placed exactly under the indentation point, as well as
the applied load during the indentation testing. In Fig.6 the
normalized optical signal intensity versus the applied load
is presented. From Figures 6 and 7 it could be seen that the
light intensity drop is proportional to the load until the first
local minimum in a normalized optical signal (denoted as
damage in Figures 6. and 7) has happened. Hence, at a
force value of 11.72 kN the signal intensity increases which
indicates the local stress decrease. The explanation of this
phenomenon can be the fact that the indentator, after
piercing through the first layer of the composite plate, ran
into the layer of the thermoplastic matrix. This is a medium
of lower strength than the composite one and therefore the
area of lesser local stress around the optical fiber. The
signal intensity increases until the point when the indentator
touches the second layer of the composite material,
renewing stress around the fiber and decreasing the signal
intensity as a consequence. The applied force causes
microbending of the optical fiber and changing of the shape
cross-section. After unloading, the signal intensity restores
its initial value, which indicates the undamaged structure of
optical fibers during tests. The maximum value of the
applied force was 27.50 kN.

Indentator displacement disposition

Specimen indentation was performed with the
compression strength testing machine. As an indentator, an
11.287 mm diameter steel ball was used. The ball was
blackened before indentation in order to obtain a clear
indentation mark. The indentation mark diameters were
measured by the micrometer, and the mark depth (w) and
the compression strength (HB) were calculated. The test
results are listed in Table 3.

The functional relationship between the indentator
displacement and the applied force is shown in Fig.8. The
microscope photos for corresponding points are shown
below the picture — the point D where there is no detected
initial damage of the first layer within the material, the
point E where initial reinforcement failure occurs and
changes the curve slope, and finally, the point H, which is
the final point of testing.

Table 5. Experimental and calculated results of the compression strength
determination

Mark diame- Mark depth Force F, Compression

Point Load, kg

ter d, mm W, mm daN strength HB, MPa
A 800 4.750 0,52 784.8 422.6
1 860 4.790 0.53 843.7 446.4
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B 900 4.850 0.55 882.9 455.0
C 1000 5.060 0.60 981.1 462.3
D 110 5.280 0.66 1079.1 464.5
G 1150 5.330 0.67 1128.1 476.0
E 1200 5.430 0.70 1177.2 477.3
F 1250 5.950 0.85 1226.2 408.1
H 1320 6.552 1.05 1294.9 348.6

Table 6. Mechanical properties of the indentator material

Modulus of Shear Modulus G, Poisson's ratiov  Density p,
Elasticity E, GPa MPa kg/m®

500 193.8 0.29 7820

The obtained results show sudden change of the curve
slope after the point E where the applied force is 11.772
kN. This slope change indicates that the first layer failure
happens at the mentioned value of the applied force.
Sudden increase of the indentator displacement values is
also a consequence of the assumed first layer failure within
the composite material reinforcement and decrease of the
material resistance for a specific value of the applied force.
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Figure 8. Functional relationships between the indentator displacements
and the applied force along with the microscope photos of the characteris-
tic indentation points

The composite plate contact stress analysis by the Finite
Element Method

The Finite Element Method (FEM) can be successfully
used for the static and dynamic stress analysis [33-37]. In
the present study, we investigated the stress distributions at
the laminated plate under static load introduced by the steel
indentator. For this purpose a three-dimensional finite
element method was applied to calculate stress distributions
at the laminated composite plate. The analysis was
performed on the 15 deg circular segment of the composite
plate, 18.5 mm in length and 7.3 mm in thickness, placed
on a horizontal rigid surface, with a hemispherical hardened
steel indentator of 11.287 mm in diameter. A circular
segment of 15 degrees for the FE analysis of the composite
plate was used for the simplicity reason. A 7.3 mm thick
composite plate was made of 26 layers of aramid fabric as
reinforcement and PVB matrix. The plate was modeled
with 3D solid finite elements. The mechanical properties
for such 3D elements are those defined - measured for the
composite specimen (Table 4). The mechanical properties
of the indentator material are listed in Table 6. The
specimen was cut out from the analyzed composite plate.
The geometric nonlinear static FE analysis in the contact
region was done by using the 'slide line' type finite
elements. The Finite Element Analysis is carried out using
the MSC/NASTRAN code, which is characterized by
advanced capabilities for a structural contact analysis.

The results obtained in the experiment — measured
displacement/penetration of the indentator in the composite
plate vs. applied force and the calculated compression
strength HB are given in Table 5.

For a set of the applied compression force F, daN, a
corresponding mark of the penetrating depth 'w', mm in the
composite plate is measured.

The stress and displacement distribution in the finite
element model of the composite plate segment are shown in
Figures 9, 11 and 12 for the case of compression force
F=11.772 kN, w=0.7 mm.

Table 7. Displacement-compression force relationship obtained by the
experiment and the FEM

Compression

Poi Displacement- Displacement-FEM
oint force ]
F (daN) experiment (mm) (mm)
A 784.8 0.52 0.528
I 843.7 0.53 0.554
B 882.9 0.55 0.572
C 981.1 0.60 0.613
D 1079.1 0.66 0.654
G 1128.1 0.67 0.672
E 1177.2 0.70 0.691
F 1226.2 0.85 0.710
H 1294.9 1.05 0.738

There is quite a good agreement between the simulated
results and the experimental ones, 1-3 % in the region
before the point E. For further force increase, the FE
analysis in this case, makes no sense because the first
reinforcement layer has failed. As it can be seen, this FE
analysis method for this composite plate is quite adequate.

Compared dis place ment-compression force diagram
of experimental and FEM simulated results
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Figure 9. FEM- Experiment displacement vs. compression force results
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Figure 12. Distribution of displacement, mm in contact zone - indentation
mark depth, magnified

The force vs. displacement experimental and FE analysis
results are listed in Table 5 and Fig.9. The diagram shows a
characteristic point E (compression force F=11.772 kN,
w=0.7 mm; F'=0.49 kN for segment) at which the first layer
failure occurred. A relatively small increase of the applied
force causes a large increase in displacement — depth 'w'
(points F and H).

Conclusion

In the processing of poly (p-phenyleneterephthalamide)
reinforced laminar thermoplastic composite material,
optimal shaping parameters were obtained, as well as
optimal resin content.

The subject of the experiment was the analysis of aramid
fibers-PVB ballistic composite materials with embedded
optical fibers as intensity sensors for detection of real-time
mechanical damage and deformations. The light signal
intensity drop is an optical fiber response to the applied
static loading on composite material. The main goal of
experiment is to develop a system for thermoplastic
composite structure health monitoring during composite
processing and real life exploitation.

The experiments showed that the signal intensity drop
through optical fibers occurs when stress through material
is carried over onto them. An embedded set of optical fibers
is an efficient way to estimate what is happening within
thermoplastic composite material when it is subjected to
static loading.

The testing results showed that failure of the first
reinforcement layer occurs at 11.77 kN of the applied force.
At this point, the indentator displacement was 0.7 mm,
which is also described as a peak value in the signal
intensity-applied force diagram. A good agreement between

the model made by the finite element analysis and the
experiment was obtained.

The results presented in this paper confirm a possibility
to apply optical fibers as intensity sensors for health
monitoring of thermoplastic laminate aramid-PVB
composite materials, under real-time conditions of static
loading.
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Analiza SMART aramidnim vlaknom ojacanih laminarnih
termoplasti¢nih kompozitnih materijala tokom statickog
opteredivanja: poredenje eksperimentalnih rezultata i numericke
simulacije

Sa ciljem dobijanja kompozitnog materijala poboljSane otpornosti na proboj balisti¢kog projektila, napravljen je
poli(p-fenilentereftalamidom) oja¢an laminarni termoplasticni kompozitni materijal. Ovaj rad opisuje postupak
izrade ovog kompozitnog materijala, kao i postupak ugradnje fiber-optickih senzora (FOS) u isti, upotrebom metode
toplog presovanja. Opticka vlakna su ugradena u uzorke kompozitnih materijala kao intenzitetni senzori za detekciju
oSteenja u realnom vremenu. Izradeni kompozitni uzorci sa ugradenim FOS su izlagani statickom opterecenju
utiskivanjem. Inicijalno oSteenje i lom tokom ispitivanja su detektovani padom inteziteta svetlosnog signala
propustenog kroz opti¢ka vlakna. Rezultati eksperimenata su potvrdili opravdanost upotrebe opti¢kih vlakana kao
intenzitetnih senzora za pracenje strukturalnih promena u termoplasti¢nim laminarnim kompozitnim materijalima u
realnom vremenu. Za analizu raspodele napona i deformacija po debljini viSeslojne kompozitne ploce, pod dejstvom
utiskivanja, KkoriS¢en je metod kona¢nih elemenata (MKE). Primenom MKE je simuliran kontaktni problem
projektil’kompozitna plo¢a. Rezulatati MKE analize razmatrane kompozitne ploce su pokazali odli¢no slaganje sa

eksperimentalnim rezultatima.

Kljucne reci: kompozitni materijali, termoplati¢ni materijali, laminarni materijali, SMART materijali, balisticka
zastita, opticko vlakno, analiza napona, metoda kona¢nih elemenata.

AHaJIM3 cMapT-apaMHA0BbIM BOJJOKHOM YCHJICHHBIX JAMUHAPHbIX
TEPMOILIACTUYECKUX KOMIIO3UTHBIX MATEPUAJIOB B TCYECHUHU
CTATHYECKOH HAIPY3KHU

C ueqbl0 MOJy4eHHs] KOMIO3UTHOIO MaTepHaJa YJIy4YlIeHOr0 CONPOTHBJICHHSI HA NMPOOUMBaHUE 0AIHCTHYECKOIO
CHAPfAAa, H3roTOBJeH Moau (n-peHnIeHTepedTaIaMUAOM), YCHIEHHBIH JaMHHAPHBIH TePMOIJIACTHYECKHUH
martepua. Hacrosimas padoTa onuchbIBaeT NOCTYNOK H3rOTOBJIEHHSI 3TOr0 KOMIO3HTHOI0 MaTepuaJja, a B TOM 4ucje
U NOCTYNOK BCTPOEHHsSI BOJIOKHO-ONTHYecKHX ((pubep-ontuyecknx) naruukos (FOS-fiber-optics sensors) B ToT
MaTepHaJl M0/1b30BAHHEM MeToa ropsiyero miasjenus. OnTuyeckue BOJIOKHA BCTPOEHbI B 00pa3ibl KOMIIO3HTHBIX
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MATepHAJIOB B POJM HHTEHCHMBHBIX JaTYUKOB JUISl OOHAPY:KEHHUS NOBpPEXIEHUH B PpeaJlbHOM BpeMeHH.
H3roToB/IeHHbIE KOMIIO3UTHBbIE 00pa3ubl O BCTPpoeHHbIMM FOS moaBepruyThl CTATHYECKOH HArPY3Ke CKUMAHHEM.
HayanbHoe moBpexIeHHe U M3JI0M B T€YeHHH MCCJIeJ0BAHUS OOHAPYKeHbI CHUKEHHEM MHTEHCHBHOCTH CBETOBOIO
CHIrHAJIA, NMPONYIIEHOI0 4Yepe3 ONTHYECKHE BOJOKHA. Pe3yjbTaTbl 3KCHEpPHMEHTAa NOTBepPAUJIH 000CHOBAHHOCTH
ynoTped/ieHHs ONTUYECKHX BOJIOKOH B POJIM MHTEHCHBHBIX AAaTYMKOB JUISl HAOJIyJeHUs M3MEHEHHil B CTPYKType B
TePMOIUIACTHYECKUX JIAMUHAPHBIX KOMIIO3UTHBIX MaTepHaJax B peajbHoM BpeMeHu. Jlist aHa/u3a paccnpeaeseHus
HanpsizkeHHid v JedopManmii Mo TOJINMHE MHOIOCJOHHOH KOMIIO3UTHOH IUIMTHI, MOJ JAelCTBHEM CKUMAHMS,
HCHO/IB30BAH MeTO KoHeuHbIX dieMeHTOB (MKD). Ilpumenennem MKD cumynnpoBanHHa KOHTaKTHas mpodjeMa
cHaps/KkoMno3uTHasi mimTa. Pesyabratel MKD ananm3a paccMaTpuBaeMoll KOMIO3MTHOH IUIMTBI MOKAa3aJIu
OTJIMYHOE (II0JTHOE) COrJIACOBAHHUE € IKCIEPUMEHTAILHBIMH Pe3yJIbTaATAMH.

Knrouesue cnosa: KOMIO3UTHBIE MaTepHuaJibl, TCPMOIUIACTUYCCKHE MaTepHa/bl, JAMHHAPHbIC MaTepHaJbl, CMapT-
MaTepuaJibl, DajsIMCTHYECKAsT 3a1MTa, ONTHYECKOE BOJIOKHO, AaHAJIU3 HANIPAKEHUS, METOA KOHEYHBIX 3JIEMEHTOB.

Analyse des matériaux composites thermoplastiques laminaires
renforcés par la fibre aramide smart durant la charge statique

En vue d’obtenir le matériau composite dont la résistance est améliorée quant a la pénétration du projectile
balistique, on a fabriqué un matériau composite thermoplastique laminaire qui est renforcé par le poly (p-phényl-
énétérephtalamide). Ce papier décrit le procédé de fabrication des senseurs fibre—optiques (SFO) par la méthode de
la presse chauffante. Les fibres optiques sont incorporées dans les échantillons des matériaux comme les senseurs
d’intensité pour la détection des dégats dans le temps réel. Les échantillons composites fabriqués aux SFO incorporés
ont été exposés a la charge statique par indentation. Le dégat initial et la fracture lors des essais ont été détectés par la
diminution de P’intensité du signal lumineux a travers les fibres optiques. Les résultats des essais ont confirmé qu’il
était possible d’utiliser les fibres optiques comme senseurs d’intensité pour la surveillance des changements
structuraux chez les matériaux composites laminaires thermoplastiques dans le temps réel. Pour analyser la
distribution de la tension et les déformations de I’épaisseur de la plaque composite a couches a plusieurs, causées par
indentation, on a employé la méthode des éléments finis (MEF). En appliquant cette méthode on a simulé le probléme
du contact projectile/plaque composite. Les résultats de I’analyse MEF de la plaque composite considérée ont
démontrés qu’il y avait trés bon accord avec les résultats des essais.

Mots clés: matériaux composites, matériaux thermoplastiques, matériaux laminaires, matériaux smart, protection
balistique, fibre optique, analyse de tension, méthode des éléments finis.



