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Abstract

An experimental investigation is conducted to evaluate the potential degrada-
tion in the mechanical properties of an epoxy resin and unidirectional glass
fiber-reinforced epoxy (GFRE) as a result of exposure to fluctuating temper-
ature. A commonly used room-cured epoxy resin and the GFRE are subjected
to various numbers of thermal cycles (up to 1000 heating/cooling cycles).
Mechanical tests are conducted to examine the influence of thermal cycles on
the stiffness, ultimate strength and strain of the resin and its GFRE. The
Fourier transform-Raman spectroscopy (FT-Raman) is conducted to investi-
gate the influence of the thermal cycles on the resulting chemical changes and
curing degree of the resin. In addition, the Differential Scanning Calorimetry
(DSC) analysis is conducted to investigate the variation in the glass transition
temperature (T,) of the resin as a function of the applied thermal cycles.
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1. Introduction

Adhesives and fiber-reinforced composites often undergo thermal fluctuations;
as a result, their mechanical properties (e.g. stiffness and strength) could be de-
graded. Thermal fluctuations often occur in real-life and depending on the con-
figuration and purpose of a given structural system, the resulting degradation
could adversely affect the performance of the system. An example of such a sys-
tem would be adhesively bonded joints (ABJ]). The performance of an ABJ mat-

ing fiber-reinforced polymer composites (FRP) can be significantly affected
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when subjected to thermal cycles, especially if the applied temperature is near or
surpasses the glass transition temperature (T,) of the adhesive and resin forming
its adherends. Degradation of polymers can also occur when they thermally
fluctuate at freezing temperatures. Therefore, special care must be exercised
when thermoset resins/adhesives and fiber-reinforced polymer composites (FRP)
are used in structural applications that would be experiencing harsh environ-
ments [1]-[8].

Several researchers have investigated the influence of fuctuating temperatures
on epoxy resins and FRP. For instance, Fiedler et al. [9] studied the influences of
stress state and temperature (over a wide range of temperatures, 7.e. —50°C to
180°C), on the yield strength and fracture response of five different epoxy resins,
one of which was L135i, a room-temperature cured epoxy resin. The results of
their mechanical tests conducted to evaluate the compressive, tensile, and shear
strengths, and fractographic study of the fracture surfaces were correlated with
the stress state-dependent strength of the resin.

It should be noted that the tensile strength of all bulk resins becomes affected
by the in-service temperature, as well as the inherent glass transition tempera-
ture (T,) of resins. Moreover, brittle epoxy resins show an extended plastic de-
formation under a shear loading condition and elevated temperature before
fracturing. Bascom and Cottington [10] investigated the effect of temperature on
an elastomer-modified epoxy resin. They found that the bulk fracture toughness
of the resin increased sharply when the test temperature neared T, of the resin, a
similar phenomenon observed in the case of the unmodified resin. It was also
observed that the adhesives’ fracture energy broadened and shifted with in-
creasing temperature at thicker bond lines.

In another study, Grohs [11] investigated and compared the constitutive
properties of a two-part acrylic bulk adhesive experimentally. He assessed and
compared both linear and nonlinear responses of the adhesive by conducting
normal and shear tests. He concluded that the tests provided a straightforward
and accurate means for predicting the in-situ performance of the adhesive in
both linear and nonlinear regimes. It was also concluded that the conventional
failure criteria could not predict the yield strength and plastic deformation of the
in-situ adhesive. The reason for the shortfall was attributed to the fact that the
conventional criteria are developed based on incorporating the properties of the
materials in their bulk state, and they do not consider any stress singularities or
loading eccentricities that could develop during testing. Moreover, the tensile
testing of the bulk adhesive revealed non-uniform stress distribution within the
adhesive. Moreover, the void existence caused nonuniform deformation of the
bulk adhesive. Viana et al [2] also studied the degradation of the mechanical
response of epoxy adhesives as a function of temperature. Aged and unaged
dogbone tensile specimens of two epoxy adhesives were tested under different
environmental (temperature and moisture) conditions. The tensile properties of
both adhesives were observed to be unaffected by the aging time. However, the

tensile properties were affected by temperature and moisture. Moisture causes
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plasticization of resins, thereby reducing their strength, stiffness, and increasing
their ductility. Da Silva and Adams [12] evaluated the mechanical properties of
structural epoxy adhesives in tension and shear over a wide range of temperature
(ie. =55°C to 200°C). They examined three different adhesives; a bismaleimide
adhesive formulated for use at high temperatures and two paste-form epoxies,
for use at low temperatures. They concluded that the combination of bismaleimide
and one of the paste adhesives (i.e. Supreme 10 HT), produced the most resilient
joint with an excellent load carrying capacity in the selected temperature range.

In reference to investigations that evaluated the performance of fiber-reinforced
composites under fluctuating temperatures, Hawileh et al [13] evaluated degra-
dation in the elastic modulus and tensile strength of E-glass fiber-reinforced
plastic (FRP), carbon FRP, and their hybrids, under exposure to different tem-
perature ranges (from 25°C to 300°C) for 45 min. The decrease in the mechani-
cal properties of the E-glass FRP and carbon FRP sheets was more severe than
that of the hybrid composite sheets. Reductions in the elastic modulus of E-glass
FRP, carbon FRP, and their hybrids composites, when exposed to 250°C com-
pared to those measured at room temperature, were approximately 28%, 26%,
and 9%, respectively, while the tensile strength degradation levels were at 42%,
31%, and 35%, respectively. Furthermore, the fibers of the specimens that were
tested at low-temperature ranges (Ze. 100°C - 150°C) fractured in a brittle man-
ner, while a splitting failure mode was observed in specimens that were tested at
high-temperature ranges (i.e. 200°C - 250°C). In another notable study, Ou et al.
[14] investigated the effect of strain rates and temperatures on mechanical prop-
erties of a unidirectional glass fiber-reinforced polymer. They presented the
stress-strain response of the FRP at varying strain rates and elevated tempera-
tures. The Weibull model was used to quantify the degree of variability in the
tensile strengths, generating the parameters that could be used in future engi-
neering applications of the FRP. Eslami et al [15] also studied the effects of ag-
ing on the flexural stiffness and bending capacity of perforated glass fi-
ber-reinforced epoxy composite tubes subjected to combined moisture and ele-
vated temperatures (60% humidity and temperatures of 40°C, 60°C and 80°C).
Their results indicated that increase in temperature reduced the diffusion coeffi-
cient of the material, thus facilitating increased moisture absorption. As a result,
the flexural stiffness and bending capacity of the FRP was degraded markedly.
Kumar et al [16] investigated the degradation of an IM7/997 carbon fiber-reinforced
epoxy exposed to ultraviolet radiation and condensation. They concluded that
the matrix-dominated properties were affected the most, with the transverse
tensile strength decreasing by 29% after only 1000 hours of cyclic exposure to
UV radiation and condensation. However, their FRP’s longitudinal fiber-dominated
properties were not affected by the exposure durations.

In another study, Grammatikos et al [17] studied the effects of hygrothermal
aging on the durability of a pultruded flat FRP sheet immersed in distilled water
at 25°C, 40°C, 60°C and 80°C for 224 days. The tensile properties of their FRP
remained practically unaffected by the aging, whereas matrix dominated shear

DOI: 10.4236/0jcm.2019.92007

147 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2019.92007

M. Mohamed et al.

properties experienced an initial decrease. Spectroscopy analysis showed no
chemical degradation incidents on the fiber reinforcement surfaces, and infrared
spectroscopy revealed superficial chemical alteration in the aged matrix. Fur-
thermore, in another work, Grammatikos et al [18] investigated the effects of
thermal cycles on the structural integrity of a pultruded glass-FRP. The study
investigated sets of dry and soaked FRP specimens conditioned in distilled water
for 224 days, subjected to different temperatures, for a total of 300 cycles. Results
showed significant degradation of the tensile and shear strengths of their soaked
specimens, while a negligible degradation was observed in the dry samples’ me-
chanical properties. Moreover, Dogan and Atas [19] experimentally investigated
the effects of hygrothermal aging on the mechanical properties and impact be-
havior of unidirectional glass-epoxy composites. Their specimens were condi-
tioned at a constant temperature of 95°C and a constant humidity of 70% for
different periods of times, ranging from 0 h to 1200 h. The properties evaluated
were the modulus of elasticity, longitudinal, transverse and shear strengths, and
Poisson’s ratio. They concluded that the most influenced (or degraded) property
was the transverse modulus of elasticity, while the least affected one was the
shear modulus. Moreover, the perforation threshold of the composite materials
also decreased by the increase of conditioning time.

In another study, Mahato ef al. [20] studied the effect of the thermal spike on
the response of glass/epoxy composite experimentally. Their specimens were
exposed to 50°C, 100°C, 150°C, and 200°C temperatures for a holding period of
5, 10, 15 and 20 minutes, respectively. The specimens were tested under tensile
loading. Fractured surfaces were analyzed using a scanning electron microscope
(SEM), and the glass transition temperature (T,) was evaluated. An increase in
the ultimate tensile strength of the composite as a function of holding time was
observed. In other words, the thermally spiked glass/epoxy composite exhibited
the maximum ultimate tensile strength after the specimens were subjected to the
greatest holding times at the highest temperature (150°C).

Moreover, Khalili ef al. [21] conducted an experimental study investigating
the effect of thermal cycling on the tensile behavior of polymer composites rein-
forced by basalt and carbon fibers. Woven basalt and carbon fibers, as well as
combined basalt and carbon fibers, were used as reinforcement. The specimens
were first subjected to a number of thermal cycles (up to 30 cycles) from —30°C
to +220°C with a hold time of 3 min at each temperature and subsequently un-
derwent tensile testing. The degradation in the tensile strength of their basalt
reinforced specimens was observed to be less than that observed for their carbon
reinforced specimen (5% in comparison to 11%, respectively). Moreover, the ef-
fect of thermal cycles on the failure strain was found to be insignificant.

One of the critical considerations concerning the use of adhesives and compo-
sites is their long-term performance and durability under harsh environmental
loading conditions. Harsh loading states could cause degradation in the stiffness
and strength of adhesives and composites. A critical state that adhesive bonded

composite joints can be subjected to is thermal fluctuating or cyclic loading, a
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topic that has not been fully explored yet. In other words, a majority of the
available relevant research works have considered adhesives and composites that
were subjected to monotonic loads, while in many practical applications, me-
chanical and thermal cyclic loadings are often the prevalent loading states.
Therefore, an investigation is carried out to establish the influence of thermal
cycles on the mechanical properties of adhesively bonded joints formed by a
widely-used epoxy resin, and unidirectional E-glass fiber-reinforced composite
made using the resin.

The main objective of the present work is to investigate the influence of ther-
mal cycles on the performance of a commonly used neat epoxy resin, and the
E-glass fiber reinforced laminate composite produced with the same resin. This
investigation was motivated by our long-term objective of better understanding
the influence of thermal cycling on adhesively bonded joints consisted of fi-
ber-reinforced polymer composites adherends. Specifically of the interest is the
type of bonded joints used in FRP boatbuilding industry, which are usually
formed by the use of commonly-used room-cured epoxy resins. The study will
examine the influence of thermal cycling on the degradation of the mechanical
properties (Z.e. the modulus of elasticity, ultimate axial tensile stress and strain)
of the resin and its composite. The Fourier transform-Raman spectrometer
analysis is used to investigate the changes in the chemistry of the resin, which
could potentially develop as a result of applied thermal cycling. Also, the effect
of thermal cycling on the glass transition temperature (T,) of the resin is inves-

tigated with Differential Scanning Calorimetry.

2. Experimental Procedure

2.1. Material and Specimens Preparation

The widely used room-temperature cured West System 105 epoxy resin and 206
hardener (Bay City, MI) were used in this investigation. It should be noted that
this resin can be cured under a wide temperature range; for instance, at room
temperature, it would fully cure in 24 hours. The resin has a minimum glass
transition temperature, T,, of 60°C. Typical dog-bone shape coupons with di-
mensions of 95 x 10 x 5 mm were prepared by pouring the resin into a mold,
followed by degassing the resin. Moreover, eight-ply laminated plates were also
fabricated using the same resin and a unidirectional E-glass cloth by va-
cuum-assisted hand lay-up technique. The plates were cut into 250 x 25 mm
rectangular specimens, with an average thickness of 3.5 mm. The configurations
of these two groups of specimens, as illustrated in Figure 1, conform to ASTM
D638 [22].

2.2. Test Procedure

All tensile tests conducted on the neat epoxy and unidirectional E-glass-epoxy
composite specimens were performed as per ASTM D638, using an Instron

servo-hydraulic universal test machine (model 8500+), equipped with a 100 kN
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Figure 1. (a) Dog-bone tensile neat-resin specimen (b) unidirectional E-glass-epoxy
specimen and (c) Tensile Test setup.

load cell. A laser extensometer (model LE-05, Electronic Instrument Research,
Irwin, PA) was used to record the axial strain in specimens (see Figure 1). Data
from the load cell, actuator’s displacement, and laser extensometer were ac-
quired through a data-acquisition system (DAQ) and stored in a personal com-
puter. The tests were conducted under displacement-controlled, at a loading rate
of 1.5 mm/min, with a data sampling rate of 50 Hz. The modulus of elasticity
was calculated in a semi-automated fashion by using a special code written in
Python language, in conjunction with the MATLAB fitting toolbox, which was
used for fitting a line to the linear portion of the stress-strain curve.

2.3. Thermal Cycling Test

As discussed earlier, several researchers have identified cyclic thermal loading as
one of the most critical loading schemes that could affect the life-cycle of ABJs.
In several engineering applications, ABJs often experience fluctuating tempera-
tures (cold-warm and vice-versa). Many investigators have considered the cycle
range of —35°C to +45°C in their studies [23] [24]. The temperature of —35°C
represents the average lowest temperature experienced in most northern hemis-
phere climates, while +45°C accounts for an average extreme value of service
conditions in summer. Note that the higher temperature is well below the glass
transition temperature (T,) of the resin considered in this study, which has been
rated at a minimum of 60°C, according to the manufacturer. Cyclic thermal tests
were conducted within a bench-top humidity/environmental chamber (the As-
sociated Environmental Systems Model ZBHD-205). The chamber is designed to
generate and control low and high-temperature environments in the range of
—65°C to +200°C (see Figure 2). The temperature within the chamber was mo-
nitored and recorded continually using a thermocouple K-type, controlled by a
data-acquisition system (DAQ), hosted by a PC.
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Each heating-cooling cycle included four stages, with each stage of heating
and cooling lasting 30 minutes. Figure 2 illustrates the schematic of the thermal
cycles, including details of one complete cycle, where the maximum and mini-
mum temperatures within the thermal cycle are denoted by T, and T,, respec-
tively.

In total, eight groups of specimens were tested, each subjected to a different
total number of cycles as reported in Table 1. After thermal cycling, each speci-
men underwent tensile testing. Note that group-1 included the “virgin” or base-
line specimens that were not subjected to thermal cycling and were just mono-

tonically loaded.

Temperature (C degree)
=)

RIRIRRIRIRRIRRRIRA

Time (min)

(©)

+—T1

0 T T T T T T 1

0 20 40 60 80 100 120 140

Temperature ("C)

— T2
Time (min)

(d)

Figure 2. Test Setup (a) the environmental chamber equipped with a PC; (b) graphic
illustration of the applied cycles captured by THERMOLINK program (c) schematics of
the applied thermal cycles and (d) one complete cycle.
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Table 1. Identification of specimen groups.

Group ID 1 2 3 4 5 6 7 8

Number of Zero

. . . 150 300 450 600 750 900 1000
applied thermal cycles (baseline specimens)

2.4. Fourier Transform-Raman Spectrometer Analysis
(FT-Raman)

Fourier transform-Raman spectroscopy was used to investigate the curing level
in each group of specimens after cycling them and identify any chemical changes
that could have occurred within the epoxy resin and E-glass FRP as a result of
the thermal cycling. Using the FT-Raman, one can identify the types of chemical
bonds by producing an infrared absorption spectrum of the material, much sim-
ilar to molecular “fingerprinting”. A Nicolet NXR 9650 FT-Raman spectrometer
equipped with a 1064 nm Nd:YVO4 Laser and InGaAs detector were used. All
spectra were collected with a 2 cm™ resolution, and the laser power set to 0.5-Watt
power. All FT-Raman spectroscopy evaluations were conducted at room tem-
perature. However, as will be explained later, additional measurements were
performed under various isothermal conditions to detect whether additional

curing of the polymer took place as a result of the applied thermal cycles.

2.5. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) analysis was also conducted as per
ASTM E1356-08 [25], using a TA Instrument Q200 DSC to evaluate the poten-
tial change in the glass transition temperature (T,) of the resin that was cycled at
the various thermal cycles noted in Table 1. The DSC analyses were conducted
on small samples (approximately 10 mg) cut from the tested epoxy resin speci-
mens, subsequent to the thermal cycling. They were heated to 150°C and then
cooled down to —45°C, and again heated to 150°C using a temperature ramp of

10°C min™". Replicate samples were runs to ensure consistent T, measurements.

3. Experimental Results
3.1. Effect of Thermal Cycles on the Mechanical Properties

The experimental data were processed to obtain the stress-strain curves of the
neat epoxy adhesive and unidirectional E-glass-epoxy composite specimens.
Figure 3 illustrates typical stress-strain curves of the neat epoxy and unidirec-
tional E-glass-epoxy specimens.

The influence of thermal cycling is examined through its effect on the mod-
ulus of elasticity, ultimate tensile strength and strain of the materials. Figure 4
and Figure 5 illustrate the summary of the degradation levels in the modulus of
elasticity, ultimate tensile strength and strain corresponding to the ultimate
strength, respectively, as a function of the total number of thermal cycles the
neat resin and FRP were subjected to. Note that each bar-chart represents the

average result of at least four tested specimens.
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Figure 5. Degradation of the mechanical properties of glass FRP as a function of the
applied thermal cycle, (a) modules of elasticity, (b) ultimate axial tensile stress and strain.

Notable degradations in the modulus of elasticity, and ultimate tensile stress
and significant softening of the resin response are observed in both the resin and
FRP. However, as expected, the decrease in the properties of the resin is more
significant than that in FRP. This is because unidirectional FRP’s strength and
stiffness are fiber dominant properties, as opposed to being matrix dominant.
Note that the modulus of elasticity and the ultimate strength of the resin were
decreased by approximately 17% and 8% after being exposed to the maximum
number of applied thermal cycles (ie. 1000). However, surprisingly, similar le-
vels of degradation (ie. 16% and 8%, respectively), took place in the specimens
at much earlier stages of thermal cycling (at, Ze. 300 - 400 cycles). The apparent
levelling off of the degradation observable after 300 cycles may be attributed to
the fact that the resin may not have been fully cured, and that its ultimate curing
occurring after a few thermal cycles curbed the rate of degradation of its me-
chanical properties. In other words, it appears that the polymer chains were
strengthened after having been exposed to a certain number of cycles, thus be-
coming more resilient against the subsequent applied thermal cycles. This post-
ulation will be discussed further in the following section.

Moreover, degradations in the modulus of elasticity and ultimate tensile
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strength of the E-glass FRP after 1000 cycles were approximately 12% and 13%,
respectively. Similar to the resin’s response, the FRP also experienced greater le-
vels of degradation after 300 thermal cycles (by approximately 12% and 29% in
the modulus of elasticity and ultimate tensile strength, respectively) in compari-
son to those observed after 1000 thermal cycles. Furthermore, an apparent strain
hardening of approximately 20% was observed as the number of thermal cycles
increased, up to 300 cycles. However, after that stage, the strain capacity of the
FRP softened markedly (as much as 25%). The failure modes of the unidirec-
tional specimens were consistent, regardless of the number of thermal cycles the
specimen had been exposed to.

3.2. Fourier Transform-Raman Spectroscopy

The phenomenon observed above (i.e. the apparent improvement in the proper-
ties after the application of a certain number of thermal cycles), is consistent
with the findings of an investigation that was conducted on the same resin with-
in our research group a few years ago [26]. It also corroborates with the findings
reported by other investigators [16] [27] [28] [29]. To gain a better understand-
ing of the effect of thermal cycles on the resin and its FRP, and to further explore
whether any change in resin’s chemistry was responsible for the observed phe-
nomenon, further exploration was carried out using a Raman spectrometer. The
Raman spectroscopy measures the rotational and vibrational transitions in mo-
lecules. These features can be used to detect and identify specific changes in
chemical bonds of polymers, which could develop from exposure to thermal
cycling. The relative intensity of Raman spectra peaks is also directly propor-
tional to the relative and proportional concentration of active molecules of the
components of polymers [30] [31] [32] [33].

Figures 6-8 illustrate the typical variations in signals obtained from the
FT-Raman spectroscopy of the epoxy resin and its FRP, respectively, after having
been exposed to various numbers of thermal cycles. The spectra look similar for
all specimens in the range of 500 to 4000 cm™', and they follow a similar trend.
This would indicate that the chemical structure of the resin did not undergo any
major changes after having been exposed to the cycles of heating and cooling.
Moreover, all spectra peaks are consistent with those reported in the literature.

However, several peaks are observed in the spectra, which would indicate

strong connections of resin’s chemical components ( R'/C_C\R) [34]. The
changes observed in C=C stretching of the benzene ring at 1600 cm™ (asym
stretch), and the Raman line at 2860 cm™ are very intense, corresponding to CH,
sym. stretch. Also, the observed Raman shift absorption to increase degassing at
~3000 and ~3100 cm™' (see Figure 6), is believed to be due to stretching vibra-
tion of the secondary amino group associated with the hardener when reacted
with the resin. Accordingly, these peaks can be used as a reference for assessing
the degree of cure of adhesive, which is indicated by the change in intensity of

the peaks, attributed to the epoxide group.
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Figure 6. FT-Raman spectra of the epoxy resin specimens after having been subjected to
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Figure 7. FT-Raman spectrometer of the FRP specimens after having been subjected to
various thermal cycles.
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Figure 8. Raman spectra normalized with respect to line at 2860 cm™ for the epoxy resin.
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Moreover, to explore any evidence of chemical degradation, the relative
spectral intensities were also examined. For that, all spectra were scaled with re-
spect to the maximum value (Ze. at 2860 cm™), as illustrated in Figure 8. As
mentioned, the 2860 cm™ shift was selected because it is very intense, so that the
measurements can be done with high accuracy at that intensity. Moreover, it is
not associated with the polymer backbone; therefore, it should not be changing
the absolute intensity, even if chemical changes take place in the polymer.

Farquharson et al. [35] showed that Raman shifts at ~1600 cm™ are due to a
polymer’s backbone and that their intensity could be diminished as the polymer
degrades. In our case, the line at ~1610 cm™ does not follow a monatomic de-
crease as a function of thermal cycles. The signs of curing in such resins are
identifiable by the existence of the Raman lines at ~1640 cm™', reflecting insuffi-
cient curing, and the lines at ~1610 cm™’, indicating an increase in curing.
Therefore, the variation in the peak ratios would be an indication of further
curing of the resin. Examination of the spectra evidenced no sign of the ~1640
cm™' peak as a function of increasing thermal cycles. Therefore, this would indi-
cate that the original samples were already fully cured.

Despite the above-noted results, the nonlinear variation of the mechanical
properties remains quite perplexing. To further explore the cause of such a vari-
ation, additional Raman spectroscopies were conducted. In this part of the ex-
amination, selected groups of the FRP specimens (Ze. those that were subjected
to 0, 600 and 1000 thermal cycles (groups 1, 5 and 8)), were further examined.
The spectra of these specimens were obtained under the isothermal regimes of
20°C, then heated up to 140°C, and subsequently cooled to 55°C, and then let
cool down to room temperature (20°C).

The spectra for this part of the examination are illustrated in Figure 9. Evi-
dence of very strong bonds is noted at the next shift peaks (Ze. at ~1610, 1720,
2970 and 3070 cm™).

As can be seen, one cannot decipher any significant conclusion from the plots.
It should be noted that deciphering the data becomes even more challenging be-
cause the curves at each isothermal regime associated with specimens subjected
to the various thermal cycles virtually fall on top of one another. Nevertheless,
C=C multiple bands stretching of phenyl ring are evidence at a strong bond at
~1610 cm™'. As stated earlier, however, the shifts at ~1600 cm™ are due to the
backbone of the polymer, and it can diminish in intensity as the polymer de-
grades. The large emission observed at 140°C above ~3000 cm™ is an artifact
heating emission from the variable temperature cell; this peak is confirmed with
no sample present at the same temperature.

To further enhance the variation of the Raman spectra, an attempt has been
made to show the peaks in a bar-chart format, as illustrated in Figure 10(a).
Further clarification can be seen by our attempt in presenting the variation of
the Raman intensity as a function of the applied thermal cycles, shown in Figure
10(b). There seems to be clear evidence that a reaction (postulated to be due to

further curing of the resin) occurred due to the application of thermal cycles (up
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to 600 cycles). This evidence is clear when considering the variation of the inten-
sity at 1610 cm™" shift, as well as the other selected shifts. This follows the trend
observed in the curves illustrating the variation in mechanical properties, as illu-

strated in Figure 4 and Figure 5.
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Figure 9. FT-Raman spectrometer of the FRP specimens tested at
different thermal cycling number.
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Figure 10. Influence of thermal cycles on the Raman intensity in
FRP specimens (a) under various isothermal regimes, and (b) variation
of the intensity at a specific isothermal regime.
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3.3. Influence of the Thermal Cycles on Glass Transition
Temperature (Ty)

The DSC data was processed using Universal Analysis 2000 software (TA In-
struments). Results obtained from DSC thermograms revealed the effect of
thermal cycles on the glass transition temperature (T,) of the resin. The T, tem-
peratures are evaluated by the inflection point through the glass transition ob-
tained during sample heating. Figure 11(a) illustrates the resulting thermo-
grams of the specimen at different thermal cycling numbers (Ze. the data ob-
tained from the DSC instrument). Moreover, Figure 11(b) illustrates the change
in the glass transition temperature of the epoxy resin after exposure to various
thermal cycles.

As seen in Figure 11(a), thermograms of the epoxy resin after undergoing
thermal cycling show a steady heat flow, regardless of the number of cycles ap-
plied to the specimens. Figure 11(b) illustrates the variation in the glass transi-
tion temperature of the resin as a function of thermal cycles. A decreasing trend
in T, is observed as the samples undergo thermal cycling. However, interesting-
ly, in concert with the variation seen in the modulus of elasticity and ultimate
strength of the resin, as shown in Figure 3, one can see a sudden change in T,
value after resin’s exposure to 300 thermal cycles. In all, resin’s T, degrades by
9% after having been subjected to a 1000 thermal cycle.

4. Summary and Conclusion

An investigation was carried out to establish the influence of thermal cycles on

the mechanical properties of a widely-used epoxy resin, and the unidirectional

E-glass fiber-reinforced composite made using the resin. Specifically, the degra-

dation of the resin as a function of applied thermal cycles was the main goal of

the investigation. The outcomes of the investigation are summarized as follows:

- Thermal cycles caused a notable degradation in the stiffness and strength of
the epoxy resin. The modulus of elasticity and ultimate tensile strength of the
resin after exposure to 1000 thermal cycles were degraded by approximately
17% and 8%, respectively.

- While resins properties are not supposed to govern the axial strength and
stiffness of unidirectional fiber-reinforced composites, that was not the case
in this investigation. In fact, mechanical test results revealed degradations le-
vels of 12% and 13%, respectively, in the modulus of elasticity and ultimate
tensile strength of the specimens. Interestingly, initially, the FRP exhibited
stiffer response as thermal cycles were increased (up to 300 cycles); however,
upon increasing thermal cycles, FRP’s response softened significantly (by as
much as 25%).

- The FT-Raman spectra obtained for the neat resin exposed to various num-
bers of thermal cycles showed a similar characteristic. In other words, a vari-
ation in the intensity of the Raman spectra at lower thermal cycles was ob-
served; however, the intensity in resin specimens that were exposed to 600
and greater numbers of thermal cycles levelled off.
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Figure 11. Variation in (a) thermograms of the epoxy resin after undergoing thermal
cycling and (b) glass transition temperature as a function of thermal cycling.

- A maximum change in the glass transition temperature (T,) of 9% was ob-
served in the resin as a result of the applied thermal cycling. The change in T,
as a function of applied thermal cycles was in concert with the observed vari-

ation in the stiffness and strength of the resin.
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