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Residual Strength Estimation and
Damage Characterization by Acoustic
Emission of Drilled Thermally
Conditioned Fiberglass Laminates

Structural components of composite materials in aerospace industries are
assembled using fasteners, installed by performing cutting processes, such
as drilling, on the material. In composites, this is considered particularly
critical, because delamination due to mechanical stresses and fiber/resin
pullout may be facilitated during cutting, so that the structural integrity of
composite laminates may be affected. Acoustic emission (AE) technique is
employed to monitor the failure modes and damage mechanism of drilled
composite materials, while in an attempt to improve the strength of the
composites, thermal conditioning has been applied. This paper investigates
the residual performance of drilled unidirectional glass fiber reinforced
plastic (GFRP) laminates subjected to various thermal conditioning
methods. Thermally treated laminates underwent three-point flexural tests
under AE monitoring to compare their residual strength with the untreated
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1. INTRODUCTION

The research on composite materials have advanced
extensively over the last few decades, resulting in
widespread use of GFRP composites for aerospace and
automobile structures, sporting goods and many other
lightweight applications, because of their low density,
acceptable cost, high strength and stiffness, chemical
and corrosion resistance, and good fatigue tolerance that
make them a substantial alternative to metals, alloys and
also other families of reinforced composites [1-8].

The improvement in manufacturing and machining
process is a continuous challenge in the field of
composite materials, including GFRP. Even though
composite components are normally produced to near-
net shape, machining is often needed to accomplish
tolerance requirements for the assembly needs. As
Ravishankar et al report [9], drilling is often used to
make holes for assembling different parts with screws,
rivets and bolts. As in the case of metal parts and
laminates [10], the evaluation of overall performance
and damage tolerant properties for composite laminates
with drilled cut-out holes or similar defects also
represent a relevant aspect for safety design, evaluated
by Abrate et al, especially to avoid the occurrence of
failure at low loads [11-14]. Delamination, fiber pull-
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out, interlaminar cracking are the most frequently
defects in composites, produced following thermal
damage due to drilling, as demonstrated in different
literature [15-17]. Among these, delamination is
predominant, which takes place as separation of the
various laminate layers due to localized bending at the
in-situ point of drill contact.

It needs to be noticed that most studies on drilling
effect on laminate performance and damage, concern
carbon fibre reinforced composites. In practice, most
studies on fiberglass concentrated on modelling, for
example by torque and thrust, their behavior under
drilling [18]. Shyha et al [19,20] observed that the
drilling-induced delamination may occur on both sides
of the laminate, hence at the entrance and at the exit of
the drill bit from it: the two external layers are
considered the most affected by this problem, which can
lead to deterioration of components’ properties and
performance. This can be controlled by reducing thrust
forces during the drilling process, a possibility which is
widely influenced by feed rate levels. Rawat et al [21]
observed a substantial reduction in fiber-matrix
interface shear strength, due to elevated temperatures
during drilling, followed by matrix cracking and fiber
pullout. According to Wong et al [22, 23], in the
aerospace industry, approximately 60% of different
components were reported to be rejected because of
delamination and hole quality problems. A few studies
by Kim et al [24, 25] have concluded that the thrust
force plays a vital role in controlling delamination
failure during drilling. According to Won et al [26, 27],
the creation of pilot hole and the application of back-up
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plates minimizes the delamination; also, drilling can be
carried out at lower thrust forces using drill bits with
smaller chisel edges.

Drilling CFRP composites caused particularly high
and localized temperatures, as proved by Merino-Perez
et al [28]. Heat-induced degradation of PEEK/
epoxy/graphite composites during short ageing periods
on the flexural properties of the composite using 4-point
bend tests was investigated by Kim et al [29]. They
portrayed that early stage degradation accounted for the
majority of the decay in the mechanical properties, but
with modest effect on the weight loss. However, after
prolonged exposure, a significant weight loss was
observed, which had little impact though on the
mechanical properties. The changes in environmental
conditions such as heat and moisture cause a major
impact in polymeric composites. Lifetime performance
of polymeric composites is affected due to prolonged
exposure to thermal and moisture expansion. The
decrease in interlaminar shear strength (ILSS) value is
predominant at higher conditioning temperatures. The
coalescence of hydrothermal forces and residual stresses
are sufficient to induce the failure of laminated
composites and thus should be considered in damage-
tolerant design and lifetime prediction, as it was
concuded by Choi et al [30]. According to Favre et al
[31], thermal exposure will induce an ageing of the
matrix, mainly due to its oxidation, which is a non-
negligible effect in thermal cycling, resulting in the
matrix micro-cracking between plies. The effects of
space  environmental  conditions on  several
carbon/epoxy composites have been studied by Seehra
et al [32]: the study concluded that the mechanical
properties remained unchanged after the exposure.
However, when tested at low temperature, a slight
decrease in strength was revealed. The behavior of
graphite/epoxy composite materials subjected to thermal
cycling was studied by Shin et al [33]. In this study,
they measured a noticeable decrease in strength and
stiffness of the composites after exposure, decrease
which became more severe with the increasing number
of thermal cycles: the properties that were affected at an
earlier stage by thermal cycling were notably transverse
flexural strength and stiffness.

Acoustic emission (AE) is defined as a transient
elastic wave generated by the rapid release of strain
energy within the material. Hamstad et al [34] suggested
a basic principle, which make worthy pursuing AE
evaluation of materials: during loading, damaged
specimens produce a higher amount of AE (more
signals of higher amplitude) than the undamaged ones.
Stage-by-stage approach has been carried out to
characterize fiber failure modes, beginning from a
single carbon fiber composite which illustrated that the
frequencies of AE signals virtually remain unchanged
irrespective of the propagation distance between the AE
source and sensors were studied by Ni et al [35]. The
dominant frequency content of the sub-classified failure
modes such as matrix cracking (90-110 kHz),
delamination (130-200 kHz) and fiber failure (250-280
kHz) have been particularly investigated for GFRPs in
recent studies by Asokan et al [36] and Christopher et al
[37]. Bussiba et al [38], in particular, examined the
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damage accumulation profile in terms of AE parameter
such as counts rate and cumulative counts by using
frequency analysis.

The effect of fiber orientation and the predominance
of the different failure mechanisms in GFRP laminates
using frequency and parametric analysis has been
studied by Arumugam et al [39]. Liu et al [40] worked
on discrimination of different failure mechanisms of
carbon fiber/epoxy specimens by using the combination
of AE parameters, such as amplitude, cumulative
counts, and energy.

In this work, the influence of thermal conditioning
on the residual flexural strength of drilled GFRP
laminates was investigated and damage modes were
characterized using acoustic emission (AE). The
specimens were conditioned at the temperature of 600C
for various thermal cycles in multiples of 5 up to 30
cycles, which were later drilled and subjected to three-
point flexural testing.

2. EXPERIMENTAL PROCEDURE

2.1 Materials Preparation and Flexural Testing
Monitored using Acoustic Emission

Unidirectional GFRP laminates were fabricated by hand
lay-up technique. This method consists of impregnating
a layer of stitch-bonded glass with a mixture of epoxy
resin (LY556) and hardener (HY951) by the aid of
rollers, successively applying it to a mold surface. Then
the laminates were allowed curing at room temperature.
The stacking sequence consists of [0°];6 yielding a total
thickness of 4:2(+0.1) mm. Flexural test specimens
were cut according to the ASTM D790-03 standard
from fabricated unidirectional laminate using water jet
cutting machine and are shown in Fig. 1 (a & b). Each
flexural test specimen had planar dimensions 150x25
mm and was subjected to three-point flexural loading
(support span = 120 mm) using a Tinius Olsen H100kU
Universal Testing Machine, shown in Fig. 2, equipped
with a 100 kN load cell. The crosshead testing speed
was set to 1 mm/min. An eight-channel AE system,
supplied by Physical Acoustics Corporation (PAC), was
used to monitor AE data continuously, with a SAMOS
E3.10 data acquisition system using sensors with a
broadband of resonance (10 kHz — 2 MHz), with 40 dB
pre-amplification and a 45 dB threshold.

2.2 Thermal Conditioning

After ensuring visually that the flexural test specimens
were dried, they were introduced into a hot air oven, in
which they were conditioned at a temperature of 60°C.
The temperature was raised from room temperature
(20°C) to elevated temperature (60°C) and then vice
versa with a minimum dwell time at each of the two of
10 minutes, as prescribed by IEC 61215:2005 standard.
The transition from low to high temperature occurred in
an average time of approximately 30 minutes, so to
ensure that the slope of the temperature rise curve was
in the region of 80°C/h, hence lower that 100°C/h,
which is the maximum value prescribed by the above
standard.
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Epoxy systems used for this study have a minimum
glass transition temperature (T,) around 85°C, as from
indications provided by the manufacturer. Hence,
thermal conditioning temperature of 60°C was well
below T,. Subsequently, the specimens were exposed to
the thermal treatment with different number (5, 10, 15,
20, 25, and 30) of thermal cycles. No substantial change
in geometry or weight of the specimens was observed as
the consequence of the thermal cycles.
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Figure 1. Flexural samples (both surfaces, drilled and
undrilled)

Figure 2. Flexural test specimen with each AE sensor
positioned at 40 mm from the center

2.3 Drilling

The thermally treated and untreated specimens were
subsequently categorized into two groups: drilled and
undrilled. A 8 mm hole was drilled in the center of the
unidirectional specimens using a Dremel high-speed
tool. The specimens were supported on a back plate to
avoid initial push-down delamination during drilling.

3. RESULTS AND DISCUSSION

The influence of thermal conditioning on drilled and
undrilled unidirectional glass/epoxy composites was
experimentally investigated by subjecting to flexural
testing under acoustic emission monitoring. The failure
mode has been characterized based on peak frequency
analysis data obtained from AE data acquisition system.
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3.1 Drilling behavior and acoustic emission
characteristics

Figure 3 shows AE Root Mean Square (RMS), which is
the strength of the signal integrated over 1 second, vs.
time plot for thermally treated and untreated specimens.
For the sake of more detailed observation of the drilling
process, this was divided into five phases: contact (A-
B), penetration initiation (B-C), steady penetration (C-
D), penetration with lower thrust (D-E), and finally, exit
(E-F). These were compared with the AE RMS values
observed.
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Figure 3. AE RMS and AE Cumulative Counts vs. Time, for

specimens: (a) Untreated (b) Treated for 5 Cycles (c)
Treated for 30 Cycles

During the first stage (A-B), a rapid increase in AE
RMS was observed because of drill bit contact with the
specimen while initiating the penetration. From (B-C)
the complete steady penetration occurs through the
cutting stage of the specimen, which is the proper
drilling phase.

Delamination occurs because of exceeding the axial
thrust force during drilling, which is greater than the
interlaminar shear strength of the remaining plies.

High amounts of energy were released because of
delamination, which was detected by the AE sensor; as
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a result, a rapid increase in the RMS value was observed
in (C-D) phase. AE RMS value remains at a constant
low level, dropping from the peak in (D-E). Friction
between rotating drill bits and the walls of the hole
induces low-level energy signals which were observed
in the final phase (E-F).

According to the above plot, initiation time of AE
RMS value has been delayed for the specimens that
were thermally treated for 30 cycles with respect to the
5 cycles and untreated specimens: this is clearly
observed in the region of initial contact (A-B). The
delay in RMS peak was also evident in the following
two phases. Here, a rapid increase in the RMS value
occurs, whose extent appears more limited though with
increase in the number of thermal conditioning cycles.
This leads to the conclusion that thermal conditioning
reduces delamination. Also during (D-E) & (E-F)
stages, AE RMS value was observed to decrease
considerably with the increase in number of thermal
cycles applied to the material. Therefore, acoustic
emission can be used as a promising technique for
classification of AE signals during the drilling process
and to characterize the failure mechanisms in advance.

Figure 4 shows microscopic photographs of
specimens with drilling-induced delamination around
the holes. The delamination on the front side was
observed to be peel-up, while push down delamination
was revealed at the back side of the specimens. The
uncut fiber and spalling are clearly visible inside the
drilled holes. The delamination region is considerably
decreasing in thermally treated specimens confirming
the influence of conditioning on the polymer
composites. Change in color of the specimen surface
was also noted, because of oxidation.

UNDRILLED

DRILLED

Figure 4. Microscopic images of drilled zones in specimens

3.2 Flexural behavior and acoustic emission
characteristics

Three-point flexural test was performed to determine
the flexural strength and residual strength of post-drilled
and thermally conditioned specimens alike. Various
damage modes have been investigated. The dominant
failure mode, delamination, induced during the post-
drilling flexural test was considerably reduced in
thermally treated specimens than untreated specimens.
Figure 5 shows ultimate flexural strength at various
number of thermal cycles for undrilled and drilled
specimens. For undrilled specimens, significant
improvement up to 20 thermal conditioning cycles was
observed. This confirms that in general terms thermal
conditioning cycle enhances bonding between fiber
and matrix [41, 42]. The maximum relative
improvement is obtained between 0 and 5 thermal
conditioning cycles, which implies that the only
thermal conditioning process produces benefits
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already. For 25 and especially 30 thermal conditioning
cycles, however, a progressive decrease of laminate
flexural strength is measured. An explanation of this
trend can be the fact that prolonged exposure to
elevated temperature causes matrix oxidation, which
was observed also from the microscopic images,
resulting in cracking and surface degradation. Drilling
results in a loss of flexural strength around 15% for
unconditioned laminates. Also for drilled laminates
conditioning up to 20 cycles increases their flexural
performance therefore is beneficial, no longer so for
25 and 30 cycles. It needs to be pointed out though that
the maximum recovery of drilling damage is obtained
at 15 conditioning cycles.

The phenomenon of damage in various specimens
during flexural testing was characterized by different
stages, such as damage initiation, damage propagation
and occurrence of rupture. Initially, at the early stage
referred to the elastic region, the structure deforms
without any formation of cracks and no AE signals were
acquired. The AE energy was very limited in this region
and the equivalent rise angle shows slight peaks due to
less significant damage formation in the middle of the
test. As far as microcrack development is concerned,
when increasing the applied force, these appear in the
interfacial region, leading to damage propagation. The
region can be easily visualized by initiation of AE
activity with high emitted cumulative energies and rise
angle with higher peaks than the first stage. As the
damage progresses, macro-cracks are formed and they
propagate along the interface region, with AE energy
being released with maximum rise angle. AE energy
recorded in this region shows a stepwise pattern in
which each sudden jump of energy can be correlated to
a sudden fracture energy release and can thus be
attributed to macro-fracture events.

Figure 6 shows load vs. time plot during flexural
tests, grouped with equivalent rise angle (ratio of rise
time to amplitude) and cumulative energy for undrilled
and drilled laminates. The increase in rise angle
typically indicated fracture/cracking transition modes
during loading [43]. From the figure, a mutual
correspondence was observed between AE and flexural
data. In particular, substantial AE activity starts much
earlier for drilled than for undrilled laminates, as an
effect of damage produced. In the case of drilled and
unconditioned laminates, some AE activity is detected
even before the laminate has reached its maximum
flexural load, as can be observed from the step-like (and
not quasi-hyperbolic) nature of the AE cumulative
counts curve.

Maximum rise angle peak is measured in every case
after the laminate has reached its maximum flexural
load. In some instances, most part of acoustic emission
activity is concentrated at the very end of the test, which
suggests that substantial damage only occurs in the
proximity of final collapse. This is particularly true for
drilled laminates subjected to 5 and 15 cycles of thermal
conditioning. In contrast, for drilled laminates subjected
to 30 cycles of thermal conditioning, the rise angle peak
occurs earlier to show that the laminates undergo a more
gradual process of damage during plastic phase of
flexural loading.
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Figure 6. Load, AE rise angle and cumulative counts vs.
time for various numbers of cycles on drilled and undrilled
laminates

Figure 7 shows microphotographs of thermally treated
flexural tested specimen with and without drilling holes. It
is observed that the delamination and fiber breakage was
clearly visible from the damaged untreated and undrilled
laminates. The appreciable reduction in delamination and
fiber breakage was observed in thermally treated
specimens. As thermal conditioning cycles increase up to
30, once again moderate color change at the surface of
specimens was observed. This phenomenon occurs
because of oxidation where the polymer undergoes mass
loss, shrinkage resulting in initiation of spontaneous cracks
causing degradation of fiber/matrix interface which
reduces the flexural strength of composites at higher
thermal conditioning cycles. The resistance to delamination
and damage mechanism prevented in the end, for a limited
number of thermal conditioning cycles, the occurrence of
catastrophic failure. In practice, the dominant failure mode
observed in thermally conditioned specimens was matrix
cracking and this did not change as the effect of drilling,
causing steady and delayed failure mechanism.

UNDRILLED |}

DRILLED

Figure 7. Microscopic photographs of undrilled and drilled
laminates, conditioned or not with a various number of
cycles after flexural tests
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3.3 Failure modes characterization using acoustic
emission

Acoustic emission can also provide information on the
failure modes of composite that can be discriminated
with sufficient accuracy by frequency analysis of AE
signals which were acquired as the result of damage
accumulation during testing. Consequently, every AE
waveform signal has a unique characteristic, that is, its
amplitude, duration and frequency content can be
associated with the specific damage mechanisms, such
as matrix cracking, debonding and delamination, and
fiber failure which was studied by Pappas et al [44].

Figure 8 shows the peak frequency versus time plots
for undrilled and drilled specimens exposed to various
thermal cycles. In all cases, four different ranges of
peak frequency were observed, such as 60-120 kHz,
150-200 kHz, 220-280 kHz, and 300-350 kHz, which
can be related to matrix cracking, debonding,
delamination and fiber breakage, respectively.

It can be observed that most AE activity detected in
initial phases of flexural loading is correlated to matrix
cracking and is in general terms more abundant in
drilled than in undrilled laminates. Debonding and
especially delamination—-related AE events only take
place at subsequent times during the test, whereas fiber
breakage is typical of situations in which the level of
maximum elastic strain has been exceeded and therefore
the laminates undergo a significant plastic deformation.
The main exception to this behavior can be observed in
the drilled laminates conditioned with 30 thermal cycles
where limited AE activity is observed therefore it can be
suggested that only minor amounts of damage is
necessary to lead to failure of the laminate and thermal
stress is no longer beneficial. In contrast, it produces
early fibre breakage in the material, as is obvious from
the events’ distribution.

UNTREATED

— e -

x s
100 el S

Peak frequency (kHz)

T T T T T T
100 200 300 400 500 600

T T T T
200 250 300 350 400 450 500 550 600
Time (s) Time (s)
1 S 5CYCLES

5CYCLES

- B
e 1]

K

=4 1
g 2

T T T T T T
100 200 300 400 500 600 100 300

2o
Time (s)

15 CYCLES

T
300 400 500
Time (s)

= AT CRACAT
1 Babiong.
o DELAumAT

30 CYCLES

* ]
———— T T T T T
400 500 0| @ o 100 200 300 00 500

300
Time (s) Time (s)

DRILLED

T
0 100 200

UNDRILLED

Figure 8. Peak frequency of AE events vs. time for undrilled
and drilled laminates thermally conditioned or not

In the more holistic study over AE events distri—
bution, reported in Figure 9, it can be also observed that
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the percentage amount of matrix cracking events is
rather casual in undrilled laminates. In contrast, matrix
cracking events are consistently very high in drilled
laminates, and especially when the number of thermal
cycles amount to more than 15. A possible explanation
is that obvious damage produced by drilling in the
polymer matrix surrounding the hole is compensated up
to a point from thermal cycling: in the case of lami—
nates thermally conditioned with 30 cycles, matrix crac—
king is so heavy that it unprotects fibre from breakage.
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Figure 9. Percentage of AE events associated to different
failure modes for laminates undrilled and drilled, conditi—
oned with various numbers of thermal cycles

Finally, Figure 10 shows the microscopic photo—
graph of cross-sectional view of the thermally treated
laminates. The influence of thermal conditioning intro—
duces surface flaws resulting in oxidation cracking
causing degradation. Oxidation-induced cracks in unidi—
rectional composites often initiate at fiber tips exposed
at the surfaces. As the number of thermal conditioning
cycles increase, spontaneous cracks arise within the
oxidized layers at the surface of specimens. This effect
of oxidative degradation causes the reduction in
strength and load carrying capacity of the specimen.

UNTREATED

Figure 10. Microscopic images of cross-sectional view of
thermally conditioned laminates

4. CONCLUSION

In this study, the effect of thermal conditioning on the
drilling behavior and residual strength of drilled
unidirectional GFRP specimens was investigated.
Drilled and undrilled specimens, thermally treated with
different cycles, from 5 to 30, were then subjected to
three-point flexural tests with real-time monitoring of
acoustic emission (AE).

From the results, it can be suggested that thermal
conditioning has considerably improved the residual
strength of the drilled unidirectional GFRP composite
laminates. The damage modes were observed to be
generally decreased in thermally treated specimens
because of removal of internal stresses. Microscopic
images evidence the suppression of delamination and
hindrance to failure mechanism in general terms.

As a consequence, matrix cracking turned out to be
the dominant failure observed in thermally treated
specimens, especially above 15 conditioning cycles,
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where the positive effect on thermal treatment on
flexural performance started to be minor, finishing to
disappear for conditioning with 25 or 30 thermal cycles.
Here, a slight decrease in ultimate load was observed
due to prolonged exposure of conditioning time because
of oxidation degradation. The microscopic images
clearly evidence the delamination suppression and
influence of oxidation [45].

A general consideration would highlight the effect of
thermal conditioning on drilled laminates to avoid that
matrix cracking around the hole would not result in
early and progressive damage. This is valid until ther—
mal conditioning does not result in excessive stress, and
can really bring back the flexural performance of drilled
laminates at levels approaching, within 10-15% loss, the
level of strength of as-received laminates.
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IMPOLEHA 3AOCTAJIOI' HAITIOHA 1
KAPAKTEPU3ALIMJA IUTETE
AKYCTUYHOM EMHUCHJOM BYIIHUX
TEPMHWYKU OBPABEHUX IAMHUHATA CA
CTAKJIEHUM BJIAKHUMA

J.J. Kakacepy, B. Apymyram, K. CapaBanakymap,
C. dypra, 1. Cantysn, A. I1aBaosuh

CTpykTypHE KOMIIOHEHTE KOMIIO3HUTHUX MaTepHjaja y
Ba3IyXOIUIOBHO] WHIYCTPHjU CaCTaBJbEHE Cy MOMOCY
npuuBplIiinBaya, MOCTABJbEHUX IOCTYIIKOM pe3ama,
Kao ITO je Oyliewe, Ha MaTepujaity. Y KOMIIO3UTHMA
OBO C€ cMarpa IHOCEOHO KPUTHYHHM, jep Ce TOKOM
ceuera MOXKE OJIAKIIATH AeNaMHUHaNKja 300r MEXaHHI—
KUX Hallpe3ama U IMOBJa4yeHa BilakaHa /CMoJIe, Tako Ja
Ce MOXE YTULUATH HA CTPYKTYPHU HHTETPUTET
KOMIIO3UTHHUX JlaMHHATa. TEeXHHKa aKyCTHYHE €MHCH]C
(AE) xopuctu ce 3a mpaheme pexuma KBapa |
MeXaHH3aM omTecerha KOMIIO3UTHUX MaTepHjana, 0K
ce y TOKymajy mo0oJellama 4YBpcTohe KOMIIO3UTA
MpuMjelkyje TepMHUYKO KOHAWIWOHWpame. OBaj pan
UCTpaxyje mpeocrale KapaKTepUCTHKE JaMHHATa
ojauarmx crakieHnM BiakanMa (GFRP) xoju cy
NOABPTHYTH  Pa3IMYUTHM  MeToJaMa  TePMUYKOT
KOHIMIMOHUPAbA.

Tepmuukn obpalenn mamuHATH Cy TIoJ KOHTpoioMm AE
HNOJABPTHYTH TECTOBMMA ca TpH Tadyke Kako Ou
ynopehuBaiy BUXOB 3a0CTaIM HANOH ca HeoOpaleHuM.
Pesynratn jacHo moka3dyjy aa ce TepMHuKa oOpaja
MOX€E KOPHCTHTHM Kao edukacHa MeToja 3a
MUHUMH3Hpamke nenamunanije y GFRP.
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