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Abstract: Thermosetting epoxy resin polymer with cycloa-
liphatic amines curing agent has been widely used for a
composite matrix with carbon fiber reinforcement. The
utilization was increased due to the superior performance of
this epoxy resin compared to other polymers. However, a
changing operational environment has potentially reduced
composite performance, which most likely begins with
matrix degradation. This research applies thermal treatment
by the quenching process sequence to the epoxy resin
matrix and its reinforced carbon fiber composite (CFRP). The
composite is made by epoxy resin diglycidyl ether bisphenol-
A, curing with cycloaliphatic amine as matrix and
strengthening carbon fiber mat/woven. Three times
quenching treatment was performed by heating the specimen
around the glass transition temperature and then dipped
immediately in fresh water. After quenching treatment, the
epoxy resin shows a reduction in tensile strength and
elongation. Under infrared observation, epoxyresin does not
significantly ~show changes in functional groups.
Investigation under X-ray refraction also indicates no
difference in a crystalline structure; this epoxy resin stays in
an amorphous form before and after quenching. In contrast
to the matrix, the quenching treatment of the CFRP
composite above the epoxy resins glass transition temperature
revealed an increase in the inter laminar shear strength (ILSS).
The matrix ductility reduction after quenching should be
carefully considered for application in the form of epoxy
resin sheets or CFRP composite construction materials.

Keywords: cycloaliphatic amine, inter laminar shear

strength,quenching, fiber carbon mat
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1 Introduction

The diglycidyl ether of bisphenol-A (DGEBA) epoxy resin is
a thermoset polymer that has been widely used as a
composite matrix for construction materials. Its advantages
and unique properties lead to an increase in the
consumption of this material. For example, epoxy resins can
be reinforced with carbon fibers to produce composite
materials called carbon fiber-reinforced polymer composites
(CFRP). These composites are strong, lightweight,
malleable, and highly resistant to corrosion, water, and
fatigue [1]. Applications of CFRP composites are found in
aircraft components, ship construction, automotive, civil
buildings, sports equipment, and households [2,3]. Many
survey results predicted that construction engineers would
reduce the use of metal materials and switch to CFRP
materials in the future. This prediction has the consequence
of increasing the consumption of carbon fiber and epoxy
resin by about 12% annually [4]. In addition, most
thermoset epoxy resins are cured using an amine hardener or
curing agent. The epoxy resin system developed by the
hardener can withstand high temperatures and is considered
a suitable matrix in struc- tural composites [5].
Cycloaliphatic amines, one of the variants of amine
hardeners, have specific characteristics as a combination of
the properties of aliphatic and aromatic amines. This amine
can form a robust tertiary amine cross linked network at the
end of curing [6]. The composition of this epoxy resin system
also does not have a negative impact on the mechanical
and chemical properties [7], with a curing time that is
technically andeconomically acceptable [8].
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As a construction material, CFRP is often used in places
that are directly exposed to the environment. Sudden and
extreme environmental changes play a roleas dynamic loads
on CFRP composites that have the poten-
tial to cause structural failure. For example, thermal shock
can cause internal stresses due to material expansion and
contraction during heating and cooling treatments or
differences in the coefficients of thermal expansion of
composite material components [9]. Epoxy resins also
experience dimensional deviation when heated and cooled
at the same rate [10]. However, epoxy resins generally
maintain their tensile strength and modulus of elasticity up to
200°C [11]. Carbon fiber and thermosetting polymer matrices
in CFRP composites significantly differ in the thermal
expansion coefficient. Microscopically they have the
potential to cause interfacial stress due to differences in
deformation rates when subjected to thermal loads [12]. The
distinction of deformation rate between the fiber and the
matrix initiates the breakdown of cross-links and formsa stress
concentration at the interface [13]. Heating and cooling
affect composites’ tensile strength and impact due to two
aspects. First, the difference in the coefficient of thermal
expansion of the fiber and the epoxy resin formsdeformation,
micro-cracks, and tension or compression at the interface.
Second, post-curing at high temperature increases cross-
linking at the interface and strengthens the impact strength
[14]. One of the two aspects that is more dominant will
contribute greatly in determining the composite properties.

This article describes the changes in epoxy resin and
CFRP characteristics after thermal loading through a
quenching treatment subjected to up to three cycles. Rapid
temperature changes in the quenching process can
potentially change the epoxy resin’s molecular bonds and
functional groups. In addition, exposure to high tem-
peratures and immersion in water within an atmospheric
environment can affect the tensile strength and elonga- tion
of the epoxy resin. Furthermore, the laminar bond
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between the epoxy resin matrix and the carbon fiber mat is
likely to be different when water molecules have the
opportunity to penetrate the composite structure.

2 Materials

The CFRP composite matrix is made of epoxy resin
bisphenol A epichlorohydrin (DGEBA, brand: Eposchon)
with an epoxide function of 189 + 5 and cycloaliphatic amine
(brand: Eposchon EP 555) for the hardener containing 3-
aminomethyl-3,5,5 trimethylcyclo-hexylamine. Based on
the constituent function groups, this hardener is categorized
as isophorone diamine [15], which has a hydrogen equivalent
weight of 86 and a viscosity of 0.05-0.1 N s/m2 at room
temperature [16]. The CFRP composite reinforcement uses a
carbon fiber mat (brand: Toray, type: T300). This mat is
woven by a 2 x 2 twill and plain pattern with five yarns every
10 mm distance. Each yarn consists of 3,000 fiber filaments,
which results in a density of 200 g/m2 with an average
thickness of 0.2 mm. The detailed properties of carbon fiber
are shown in Table 1. Before being used, epoxy resin and
carbon fiber are not sub- ject to pre-treatment (as received).

3 Methods

Epoxy resin and hardener with a ratio of 2/1 were mixed
carefully and homogeneously to produce the epoxy resin
matrix. The curing time in the atmosphere was set for a
minimum of 42 h. The next step, post-curing within the
programmable electric oven, was performed at a tem-perature
of 60°C for 6 h [17]. The final shape of the epoxy resin
matrix was a sheet or board with an average thick- ness of 2
mm. A similar procedure was adopted for com- posing the
CFRP composite in which the carbon fiber mat

was placed exactly in the middle of the matrix thickness.

Table 1: The properties of the carbon fiber used in this research (concerning the datasheet issued by Toray Composite Materials, Inc.)

Property Value Property Value
Tensile strength 3.53 GPa Coefficient thermal expansion -0.41 x 10°%/°C
Tensile modulus 230GPa Specific heat 0.777J/g°C
Strain at failure 1.5% Thermal conductivity 0.105J/cms°C
Density 1.76 glcm® Electric resistivity 1.7 x10%Qcm
Filament diameter 7um Chemical composition Carbon >93%
Yield 198 ¢/1,000 m Impurities <50 ppm
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Figure 1: Infrared spectrum zones of (a) fingerprint and (b) overtone of epoxy resin specimen without quenching treatment.

Figure 1 depicts a fully cured epoxy resin’s infrared spec-
trum (Fourier transformation infrared, FTIR). The func-

tional group determination of each wavenumber peak is listed
in Table 2. Spectrum tracing in the fingerprint region (500
until 1,500/cm), a double bond zone (1,500

until 2,000/cm), a triple bond zone (2,000 until 2,500/cm),

and single bond (2,500 until 4,000/cm) are the pattern

or character of the spectrum of thermosetting polymeric
materials [18]. The epoxy functional group was detected atthe
wavenumber peak of 828, 958, 1,181, 1,297, 1,609, and

2,927/cm [19].

Figure 2 is a differential scanning calorimeter (DSC)
curve resulting from epoxy resin thermal testing with a
heating rate of 10°C/min. The DSC curve confirmed that

epoxy resin’s glass transition temperature (Tg) is 131°C, with
on-site and off-site points at 61 and 201°C, respec-

tively. The peak of the first curve at 270°C with energyof
47,537 J/g shows the crosslink network formation of epoxy
resin. The second curve peak at 515°C shows the burning
emerging of the aromatic epoxy resin function, producing
heat equal to 295,231 J/g.

In the next step, the epoxy resin matrix specimen and
CFRP composite were subjected to quenching treat- ment at a
target temperature of 125 and 150°C and cooling media of
aquades at room temperature (25°C).

First, the heating process was conducted in the pro-
grammable electric oven, where the temperature was
gradually raised at the rate of 25°C/min. When the tem-
perature reached the target, it was held for 3 minutes to
ensure temperature uniformity in all segments of the spe-
cimen. Second, the sample was immediately immersed in

a container filled with aquades. Its volume must ensure no
increasing temperature after the specimen is immersed. The
second and third quenching are repetitions of the treatment
above after the sample is immersed in water for at least 5
min.

For testing purposes, the specimens were condi-
tioned according to the test standard and identified by code,
as shown in Table 3. The molecular network and crystal

structure were tested with FTIR and XRD, respec-
tively. Investigation of changes in mechanical properties
of the epoxy resin was conducted by tensile test according

Table 2: Thermoset epoxy resin functional groups detected as infrared wavenumber peaks by FTIR (assignment refers to Coates [20])

Wavenumber peak (1/cm)

Group of Wavenumber (1/cm)

Origin bonding

Functional group/assignment

734 720-750 {-CH>} Methylene/saturated aliphatic (alkane/alkyl)
828 820-890 {C-0-0O} Epoxy and oxirane ring/ether and oxy compound
958 925-1,005 {1 CH:} Methylene/saturated aliphatic (alkane/alkyl)
1,108 1,070-1,140 {C-O-C} Cyclic ether/ether and oxy compound
1,181 1,130-1,190 {C-N} Secondary amine/amine and Amino compound
1,297 1,280-1,350 {C—N} Aromatic amine/amine and amino compound
1,609 1,580-1,615 {C]cCc-C} The aromatic ring (aryl)
2,870 2,860-2,880 {-CHs} Methyl/saturated aliphatic (alkane/alkyl)
2,960 2,950-2,970 {-CHs} Methyl/saturated aliphatic (alkane/alkyl)
3,029 3,010-3,040 {C-H} Olefinic (alkene)
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Figure 2: DSC curve of epoxy resin specimen without quenching.

to ASTM D638-14 [21]. In comparison, the quality bondingof
the composite was mechanically tested with the shortbeam
bending method to determine the shear strength of

its interfacial bond. This test refers to the ASTM D2344-
2003 [22] with the average width and thickness of CFRP
composite of 11.463 and 1.898 mm, respectively. Regarding

this composite thickness, the supporting points were set ata
distance of 10,880 mm to meet the requirements of the test
standard. The data were statistically analyzed from five
specimens to get the average value and coefficient of
variation (CV).

4 Results

X-ray diffraction and infrared spectrumof epoxy

resin

The quenching treatment did not cause the crystal struc- ture
formation in the epoxy resin. As shown in Figure 3, the
epoxy resin formed until the end of the curing process
produces a pure amorphous material. Similar X-ray dif-
fraction was also obtained for the amorphous polyur-ethane
material [23]. The quenching treatment up to three times
with the target temperature above Tq also

did not show the formation of a crystalline structure. The
peak formed at an incidence angle of 20 = 18° is proven to be
very gentle, indicating no appearance of a crystalline
structure [24]. In general, sharp impulses at

Table 3: Specimen identification for testing
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Figure 3: X-ray spectrum of the specimen before and after
quenching treatment.

the X-ray intensity peak that indicate the crystal struc- ture’s
presence do not appear along the diffraction angle

interval. This fact suggests that the release of thermal energy
by the epoxy resin during the quenching process is
insufficient to convert the crosslinked network or

oéger phases into nucleation to form a crystalline struc- ture
: ]In the absence of a crystal structure, a crosslinked
network plays a very dominant role in determining the
properties of epoxy resin. Figure 4 shows the infrared
spectrum of the quenched epoxy resin. There is no new
absorptivity peak overall wavenumber that indicates no

Specimen designated TOX0 T1X1 T1X2 T1X3 T2X1 T2X2 T2X3
Temperature target (°C) No treatment 125 125 125 150 150 150
Number of quenching 1 2 3 1 2 3
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Figure 4: Infrared spectrum of the Specimen after quenching withvarious
conditions.

functional group created after quenching. However, the
infrared spectrum shows a crosslinked network that forms
secondary or tertiary amine groups with C-H,, N-H, and
—CHj; main bonds [26]. C—H; and C—Hs bonds were detected
by infrared at wavenumber 2,970-2,860/cm and N-H wag
bonds at wavenumber 733/cm. The C-N crosslinks in sec-
ondary amines were found at wavenumber 1,149/cm [27]. The
crosslink is also formed through the reaction between the
epoxy groups, creating a cyclic ether group charac-

terized by the presence of C-O-C bonds at the infrared
spectrum wavelength 1,108/cm [28]. The invisible peakof
915/cm in the infrared spectrum indicates that the

epoxy ring is in the open state. The absence of this peak
was detected after the epoxy resin system was sub- jected to
post-curing treatment, as shown in Figure 1. This condition
confirms the impossibility of changing

the crosslinking structure naturally due to the unavail- ability
of an epoxide molecule to be combined with the hardener
amine group. However, the crosslink density

can be improved through vitrification or -etherification
mechanism by adding heat that is sufficient to drive the
molecular movement [29]. The broad spectrum between
3,500 and 2,500/cm strongly shows the bonding region

of the O—H atoms in the carboxylic functional group. The
spectrum of wavenumber 1,182/cm is a character for C—-N
bonds that experience stretching vibration when exposed to
infrared light. The loss of intensity in the epoxyring groups
and the presence of O-H and C-N groups confirmed the
conversion of the epoxy groups into polymer

chains and crosslink networks [30].

Epoxy group conversion might be analyzed by com-
paring a specific wavenumber’s function group peak area.
The conversion could be predicted via the car- boxylic group
peak area (at 3,059/cm) and the DGEBA ring (at 1,108/cm)
as reference [31]. It was also allowed
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to calculate it involving the peak area of the oxirane function
group at 823-847/cm and taking a reference group of the
aromatic ring at 733 or 1,586/cm [32]. The

other way, the C-O bond of the oxirane ring at 1,131/cm,
which it opens when reacting with the amine group, and the
reference area of the aromatic ring peak at 1,603/cm can also
be used as an alternative for calculating the conversion of
the epoxide group [33]. Epoxy extension

reaction equation or functional group conversion is most
commonly used to calculate the degree of crosslinking of
epoxy resins during curing [34], as f%llows:

(A IA).
| «\f;Ar)o/"

The subscripts i and j represent the temperature and
the number of quenching cycles, respectively. The nota- tions
Asand A, are the functional group peak area and the reference
peak area, respectively. The subscript 0 is used
as the condition of the unguenched specimen, and t to
indicate the state of the sample subjected to the quenching
process.

The calculation of the epoxy extension reaction resultedin
a change in the number of crosslinked chains that occurred in
the specimen after quenching treatment. Peak area changes in
the infrared spectrum at 828 and 3,059/cm were used as the
basic conversion of the functional groups of the epoxy resin
regarding wavenumbers 733 and 1,108/cm, respectively. Figure
5 shows the patterns of peak area at the wavenumber for
conversion analysis of epoxy crosslink. Table 4 contains the
calculation results of the conversion of epoxy functional
groups, which offer a tendency to decrease the number of
crosslinked networks when repeated quenching treatment.
However, the effect of quenchingtemperature did not show a
significant difference in the
number of crosslinks. The crosslink formation process forthe
vitrified epoxy-amine resin system at 100°C takes 36 min
[29]. Furthermore, there is no curing process through the
vitrification mechanism during the quenching process
in the gelation phase state [35].

The decrease in crosslink to about 50% occurred in the
three-time quenching at a temperature of 150°C. At glass
transition temperature, some segments of the epoxy
resin chain become free to move due to the increase in
volume because of expansion. In this condition, there is an
opportunity for the epoxy chain to undergo rearrangement
if sufficient time is available. However, the quenching pro-
cess at a fast cooling rate results in insufficient time for the
epoxy resin to rearrange [12]. The effect of rapid cooling also
does not allow the epoxy resin to reach an equilibrium
condition, so the atoms that make up the polymer chain
cannot adjust their position to fill the vacant space during

Copyright @ 2021 Authors
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Figure 5: Infrared peaks area of specimen for crosslink conversion calculation.

Table 4: Calculation of function group conversion of epoxy resin

dimensions due to swelling. When absorbed in an epoxy

resin, water is found in the form of free water molecules,

Specimen Peak area, Rij Peak area, Rjj which are highly mobile (=3,600/cm) and water moleculesbonded
108 cm?mol 108 cm?mol by hydrogen bonds (=3,300/cm) [30].

Ar at Arat Arat  Arat

3,059/ 1,109/ 828/ 733/cm

cm cm cm
TOXO0 2.597 4.961 1.000 8.226 5.123 1.000 Tensile Strength of epoxy resin
T1X1 1.471  2.894 0.971 4.049 2.896 1.148
T1X2 2.003  3.977 0.962 6.301 4.413  1.125 The stress—strain curve from the tensile test indicates thatthe
T1X3 0.672  1.497 0.858 2.386 0.852  0.573 epoxy resin has brittle properties. The yield area that usually
Eg ?2;139 ‘2‘-;;‘2 g-zz 2-223 ‘2‘;;6 :).?)?0 appears in ductile materials does not appear in the tensile
253 0215 0965 0.426 179  0.6325 0.567 test yield curve, as shown in Figure 6a. The brittle nature is

heating [36]. In addition, when the epoxy resin is heated to
approximately the glass transition temperature, it may
experience a thermo-mechanical effect due to the poly- mer’s
softening or decomposition. More critical degrada-

tion is possible when the material is heated in an oxidizing
environment or free air rather than in a vacuum or inert gas
[37]. This degradation due to heating is related to the

weight reduction of the epoxy resin, which at each surface
depth has a different degradation rate [38]. This surface
degradation can potentially increase water absorption when the
epoxy resin is subjected to a quenching process. The

presence of water in the resin will degrade the thermome-
chanical properties, adhesion, and chemical degradation of

the polymer network and crosslinks and damage the
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also shown on macroscopic photos in the form of fracture
lines of the test specimen in the fracture shapes that do not
show vyield areas, strain hardening and necking, as usually
occurs in ductile materials, which is shown in Figure 6b.
The single quenching treatment of theepoxy resin at a target
temperature of 125°C showed a significant decrease in strain
and stress that can represent

tensile strength, reaching 46 and 27%, respectively, com-
pared to the epoxy resin without quenching. Repeated
quenching at 125°C increased tensile strength and strain or
elongation, although it did not reach the strength of
unguenched epoxy resin but decreased the fracture mod-

ulus, as indicated in Table 5. However, repeated quenching

at 150°C reduces tensile strength but increases the modulus. The
portion of strain reduction that is greater than the stressreduction
results in an increase in fracture modulus (stress/

strain) calculation, even though the tensile strength is

Copyright @ 2021 Authors
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Figure 6: (a) Stress to strain curve and (b) tensile fracture patterns of epoxy resin specimen: (i) TOXO0, (ii) T1X2, (iii) T2X2, (iv) T1X3, and

(v) T2X1.

Table 5: Stress and strain of epoxy resin after quenching treatment

Specimen  Stress (MPa) Strain Modulus of

(mm/mm)  fracture (MPa)

Mean CV (%) Mean CcVv
(%)

TOX0 26.463 3 0.081 4 326.704
T1X1 19.282 4 0.044 4 438.227
T1X2 23.367 5 0.056 8 417.268
T1X3 23444 4 0.061 4 384.328
T2X1 23958 4 0.071 10 337.437
T2X2 21831 5 0.055 7 396.927
T2X3 21558 5 0.050 9 431.160

reduced. In this case, the epoxy resin with a higher moduluswill
be obtained at the lower tensile strength and vice versa. The
heating stage during the quenching process in an atmospheric
environment allows oxidation of the epoxyresin. The

oxidation is generally characterized by the disap-
pearance of the hydroxyl group and generating a carbonyl

compound as a carboxylate group. An infrared spectrum
detects this group at a wavenumber of 1,550—1,610/cm
[39]. Epoxy resins with conditions above the glass transition
temperature will generally experience an uncontrolled reac-

tion because oxygen will easily and quickly diffuse into the
epoxy [40]. In addition, the molecular oxide as the productof
the cleavage of the primary polymer chains or the

breaking of crosslinks has properties as volatile. It is trapped
on the surface of the epoxy resin [41]. In addition, the non-
equilibrium state of the epoxy resin causes the
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formation of a glassy state that takes place continuously
around Tgy so that the epoxy properties will be affected
when cooling occurs around it. Generally, glass formationmakes
epoxy materials stiffer and more brittle [42].

Furthermore, the oxidation of adjacent hydroxyl groups

forms an ether chain. Oxidation of hydroxyl also causes intra-
molecular dehydration in the epoxy resin, which further
oxidizes to form a carboxylate group [43]. Therefore, the
presence of hydroxyl groups may be increased on

repeated quenching treatment. The mobility of the epoxy
resin molecules when heated and followed by immersion in
water provides an opportunity for the addition of hydroxyl
groups because there is sufficient energy for water mole-

cules to diffuse into the epoxy resin [44]. The dispersed
water molecules can then more easily access other polar
groups which have less energy or which have low enthalpy
values [45]. The hydroxyl group can be attributed to the
epoxy resin’s thermal degradation and oxidation, which is
dominated by the weakest atomic bond [46].

Interlaminar shear strength (ILSS) of
composite CFRP

Changes in stress and strain of epoxy resin after quenching
treatment are not correlated commensurately with changes in
the ILSS value of CFRP composite. The short beam bending
test shows an increase in the ILSS of the composite after

quenching. The increase in the three-point flexural
load applied during the test and displacement did not

Copyright @ 2021 Authors
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Figure 7: (a) Load to displacement curves result from short beam bending test of CFRP composite and (b) the ILSS comparison afterquenching

treatments.

show the same pattern for all quenching treatments, as shown
in the curve in Figure 7a. However, a higher target
temperature and repeated quenching increased ILSS with a
relatively constant gradient, as shown in Figure 7b. The
maximum increase was obtained in the quenching treatment
three times at a target temperature of 150°C, which was 31%
of the ILSS value of the composite without quenching, as
shown in Table 6. The maximum statistical

CV value is 18%, which means that the standard deviation of
the data is still within acceptable limits [47].

Thermal loading has the potential to provide signifi-
cant chemical and structural changes to the epoxy resin
crosslink network as well as reduced CO, content. These
changes affect the mechanical properties of epoxy as an
adhesive, coating, or composite matrix [48]. Interfacial
reactions can also provide different morphological mod-
ifications to the epoxy microstructure around the fibersurface.
Carbon fiber and epoxy resin’s complex interfacial structure
region entangles various physical interactive forces,

such as hydrogen bonding, van der Waals, electrostatic inter-
actions, or mechanical interlocking [49]. The interaction
between carbon fiber and matrix during thermal treatment is

essential because, around this location, the matrix material

Table 6: The ILSS between carbon fiber mat and epoxy resin

is migrated to the interfacial zone with low molecular mobi-lity.
The resulting microstructural gradient can promote crackinitiation
and propagation through this region [50]. In addi-

tion, the thermal shock causes internal thermal stress due tothe
expansion and contraction of the material during heating and
cooling or due to differences in the coefficient of thermal
expansion of the composite material components [9]. Epoxy
resins also undergo dimensional deviation when heated and
cooled at the same rate [10]. In CFRP composites, carbon
fiber and polymer matrices significantly differ in thermal
expansion coefficient. Microscopically, they also have the

potential to cause internal interfacial stresses due to differ-
ences in the rate of deformation when subjected to thermal
loads [12]. The deformation rate differences between the
carbon fiber and the epoxy resin lead to the crosslink break-
down and the formation of stress concentrations at the inter-face.
In the case of the quenching cycle, the repeated heating

and cooling processes affect the tensile and impact strengths of
the CFRP composite for two reasons. First is the difference

in the coefficient of thermal expansion of carbon fiber and
epoxy, which forms deformation, micro-crack, and stress
concentration in the interface area. The second is post-
curing, which potentially occurs at high temperatures,

Specimen TOXO0 TiX1 T1X2 T1X3 T2X1 T2X2 T2X3

ILSS (MPa) 8.777 9.102 10.340 11.107 9.487 10.894 11.520

CV (%) 17 17 18 18 16 15 17
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increases the crosslinks chain in the interface region and
improves the ILSS [14]. As a consequence, the epoxy resin
may form an interpenetrating network. It is also possible for

the epoxy molecules of one surface to diffuse fast into the
other, which may result in more excellent inter-diffusion
bonding [51]. The increased ILSS may also be enhanced by
the improved thermo-mechanical performance attributed to the
interfacial covalent interactions engendered by the ring-opening
reaction between the epoxy and the amine moi- eties [52].

5 Discussion

Epoxy resins experience two crucial phenomena during the
quenching process. The first is forming a carboxylic group
from the hydroxyl oxide, which helps improve the epoxy
resin’s strength. Second, a thermo-mechanics effect

due to rapid cooling reduces the epoxy resin strength. The
quenching treatment dominates the destructive impacton the
tensile strength of the epoxy resin because there is not
enough time for the epoxy resin to set a balanced
arrangement during heating. Meanwhile, the presence of
carboxylate in the CFRP composite bridges the carbon fiber
surface and the epoxy resin. This bridge demonstrates thata
stoichiometric chemical bonding is formed between

(a)

(b)
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these carboxylic groups and the diamine hardener [53], which
will be faster by epoxy resin heating. Two opposing

mechanisms occur when the CFRP composite is heated,

namely, post-curing contributing to improving ILSS and
interfacial deformation between the fiber surface and the
epoxy resin resulting in a decrease in ILSS. The dominantone
between the two will play a role in determining the ILSS.The
phenomena of epoxy resin ductility and the

inter-laminar shear strength after quenching are depicted in
Figure 7. The unquenched sample (Figure 8a) shows a
crack in the resin in linear propagation, leading per-

pendicularly to the carbon fiber. Then, the crack bends

following the interface between the epoxy resin and the
carbon fiber. This damage model shows the ductilityof the
epoxy resin and the weakness of ILSS. The contra-

dictory fact is seen in the sample with three times
quenching at a temperature of 150°C (T2X3). A higher ILSS
is proven by the fracture model reaching and damaging the
carbon fiber, and the brittle epoxy resin

produces a wider fracture opening than just a single fracture
line (Figure 8(b)).

In the building industry, epoxy resins are commonly
used for roofing, flooring, and cementing [54]. The roof
system is a layer that resists the flow of liquid damage to the
walls or roof structure. Furthermore, a rubber compound is
usually prepared in which the epoxy resin is enhanced
with the necessary additives for making a sheet roof.

Figure 8: Macroscopic images of fracture pattern of (a) TOXO0 and (b) T2X3 samples.
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This sheet is applied to the roof in the cured state. The
advantage of this sheet is that its large size, up to 15 m wide,
can remove the required seams and joints [55]. How-

ever, applications such as roofing have the consequence of
exposure of the epoxy resin to harsh conditions that cause
deterioration of properties over a period. Damage can occurdue
to strong winds, sun exposure, rainfall, yielding, and

temperature changes [56]. On the other hand, thermosetting
epoxy resins resistant to heavy traffic, abrasion, chemical or
water spills, and intensive cleaning make them also often
used for flooring. Epoxy resin formulations in cement or
concrete, referred to as synthetic resin flooring, are applied to
improve their properties ranging from increased strength

to underwater durability and to obtain high-performance
flooring systems [57].

The use of high-performance materials such as CFRP for
structures has been applied to replace concrete-based
materials. It permits a drastic reduction in self-weight and
allows for the design of lightweight structural ele- ments.
One application is the T-beam member, the com- posite

CFRP used as a reinforcement for high-performance concrete.
The CFRP T-beam is stiffer than the beams

without reinforcement, but the deflections were allowed to be
comparatively large. However, delamination failure occurred
during the tensile tests of the T-beam, leading to

the concrete cover spalling [58]. Reducing the weight of
structural components by using CFRP composites is also
used for bridge construction. The most existing develop-
ment in the last 20 years has been the design and con-
struction of a composite bridge which will make it possibleto
build a bridge with a span longer than that possible with steel
and concrete. A bridge made with traditional mate-

rials collapses under its weight when its length exceeds
about 1,950 m. The dynamic loads on the bridge also con-
tribute to fatigue failure in its construction. To overcome
this problem, the brittle nature of CFRP, which is dan-
gerous when subjected to fluctuating loads, is anticipated

by adding an elastomer in the form of a latex emulsion to the
bridge structure material. The resulting composites have a
higher flexural strength and lower water perme-

ability [59].

Although ILSS composites do not degrade under
quenching, the fact that the ductility of the cycloaliphatic
amine-cured epoxy resin is reduced should be a concern
for engineers to apply to constructions with dynamic
loads or walls that are directly exposed to weather changes
[60]. The oxidation layer on the epoxy resin’s surface can
potentially reduce the strain-at-break by two types of sur-face
behavior: voiding and cracking [61]. Brittle materials are
more susceptible to rapid crack propagation when
an initial crack is exposed to dynamic loads than ductile
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materials [62]. In addition, cracks in the epoxy resin matrix
impact the penetration of oxygen and moisture directly into
the reinforcing fiber, so in a relatively short period,

it will reduce the performance of the reinforcing fiber in the
composite.

6 Conclusion

The cycloaliphatic amines cured DGEBA epoxy resin has
T, of 131°C at fully consolidated condition. When sub-
jected to quenching treatment up to three times at tem-
peratures of 125 and 150°C, this epoxy resin showed a
higher percentage of strain reduction than stress reduc- tion,
referring to this material without quenching. It is due to the
domination of the thermo-mechanic effect compared to the
formation of carboxyl during the quenching process.
However, the quenching treatments improved ILSS when this
epoxy resin was used as a matrix in CFRP composites. The
diffusivity of the epoxy resin molecules at high tem-
peratures allows them to diffuse into the pores between

the carbon fibers to form a strong bond or mechanical
interlocking.

However, in terms of future needs that might drive
innovations, one has to develop easy methods of recy-
cling thermosets and composites that have reached the end
of their useful lives. Reducing the strength and elon- gation
or ductility of epoxy resins can be used to create
new surfaces on CFRP composite easily. A slight bending
has the potential to generate a lot of cracks in the epoxy resin
without damaging the carbon fiber. This crack is an
opportunity that can be used to accelerate the degrada-
tion of epoxy resin by chemical reactions in the context
of after-used CFRP composites recycling. The solvolysis
method is an attractive alternative allowing suitable che-
mical solutions to directly penetrate the composite inter-facial
surface through the already-formed cracks [63]. The large
contact surface can potentially increase the rate of chemical
reactions so that improving the perfor-

mance of the solvolysis process in recycling can be rea- lized
[64].
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