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Abstract

The effects of an aliphatic reactive diluent on the viscosity, gel time, chemical resist-
ance, mechanical properties, fracture toughness, microstructure and relaxations of
two different epoxy resins, i.e., a bifunctional and a multifunctional epoxy, were
investigated. The gel time was not significantly affected by the diluent. The modulus
and ultimate strength gradually declined, while the ductility steadily increased as
the diluent content was increased. The failure mode of epoxy samples under flexural
test changed from brittle to much more ductile upon the progressive incorporation of
diluent into the epoxy resins. The strain at break of bifunctional resin improved by
75%, while that of multifunctional resin enhanced by more than 24%. The dynamic
mechanical thermal analysis (DMTA) showed that the introduction of reactive dil-
uent into different epoxy resins reduced the storage modulus at the glassy region
and significantly broadened the glass transition region of the epoxy matrices with
approximately no change in the glass transition temperature. The DMTA results
also indicated increased microstructural heterogeneities upon the addition of diluent
to the epoxy resins as evidenced by atomic force microscopy. The fracture tough-
ness of epoxy resins enhanced with diluent content, about 20% and 29% increase
for bifunctional and multifunctional resins, respectively. This was attributed to the
improved material’s ductility and activation of plastic deformation in the epoxy res-
ins upon the addition of reactive diluent.
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Introduction

Epoxy resins are widely used as matrix resins for fiber-reinforced composites due
to high mechanical strength and modulus, good adhesion property and dimen-
sional stability [1]. However, as a consequence of their highly cross-linked
structure, these materials suffer from brittleness, poor crack resistance and low
fracture toughness, which limit their applications in certain areas [2, 3]. There-
fore, much research has been carried out to enhance the toughness of the cured
epoxy resins without any significant loss in other properties [4—6]. Several meth-
ods have been proposed for increasing the toughness of epoxy resins, including
the use of polysulfones [7, 8], chain branching [9] and fibers [10], and one of
the most effective approaches is the introduction of a second component which
is capable of phase separation as reactive liquid rubber [11], thermoplastic [12]
or core—shell particles [8, 11, 12]. Because of their excellent elasticity and good
impact strength, a number of polyol-based reactive diluents have been consid-
ered as a good choice to improve the resistance to brittle fracture of epoxy resins
[13-15]. In addition to the toughening effect on the epoxy system, lower viscos-
ity and extended pot life increase the resin wetting action and the level of filler
loading without substantial decrease in curing rate and thermal stability. These
properties make polyols suitable for the modification of an epoxy matrix to obtain
improved peel and impact strengths, and facilitate processing of fiber-reinforced
polymer composites. Grishchuk et al. [16] used a polyethersulfone as a toughener
for epoxy resins. They found 160% improvement in Charpy impact properties.
Urbaczewski-Espuche et al. [17] have studied the effect of an aliphatic reactive
diluent on the properties of a diglycidyl ether bisphenol-A epoxy (DGEBA) resin.
The cross-link density and the chain flexibility increased with the amount of dilu-
ent, while the elastic modulus was decreased [18-20]. Fracture toughness was
improved as the amount of diluent was increased. Crack propagation was related
to the ability of the networks to deform plastically [21-23]. Montserrat et al.
[24] studied the effect of a reactive diluent (RD) on the kinetics of the curing
of an epoxy resin, based on DGEBA. Increasing the RD content leads to a small
increase in both the non-isothermal and the isothermal heats of curing and has a
slight effect on the kinetic parameters. The introduction of aliphatic chains in the
structure of the epoxy decreased the glass transition temperature. Harani et al.
[25] used two types of Desmophen (800 and 1200) as modifiers of epoxy systems.
Hydroxyl-terminated polyester, a polyol, improved the epoxy toughness. Polyol
type (Mw and branching) and concentration significantly affected the impact
strength and critical stress intensity factor of epoxy resins. Desmophen 1200
led to fairly good results. The localized plastic shear yielding was the prevail-
ing toughening mechanism for epoxy resins. Rosu et al. [26] synthesized para-
tert-butyl phenol formaldehyde epoxy-acrylic resin and cured in the presence of
reactive diluents based on glycidyl ethers of phenol, para-tert-butyl phenol, as
well as para-nonylphenol. The analyzed samples heated on 110 °C, duration 16 h,
showed that the curing reaction depends very much on the structure of the reac-
tive diluents. Nunez-Regueira et al. [27] used differential scanning calorimetry
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to study the influence of an epoxy reactive diluent, vinyl cyclohexane dioxide on
the curing reaction of a polymeric system composed of diglycidyl ether of bis-
phenol A and 1,2-diaminocyclohexane (DCH). Both the curing degree and the
glass transition temperature of the polymeric system decrease with an increase
in the diluent percentage. Das and Karak [28] used an epoxidized vegetable oil
as a reactive diluent for commercial BPA-based epoxy resin at different composi-
tions. The results indicated that the epoxidized oil not only reduces the viscosity
of the BPA-based epoxy resin but it also enhances the performance of the cured
resin. Bakar et al. [29] modified the epoxy resin using phenyl diglycidyl ether
(PGE), xylene and kaolin. The impact strength (IS), critical stress intensity fac-
tor (K¢), flexural strength and glass transition temperature (Tg) were evaluated
as functions of the modifier content. It was found that the addition of diluents
led to a significant reduction in both viscosity and T,. A threefold increase in IS
was obtained with the addition of 2.5% PGE. Moreover, the addition of 15% PGE
resulted in about 145% enhancement of the K. However, the addition of xylene
had no significant effect on these properties. Rahman et al. [30] investigated the
morphology and properties of nanotube/polyol/epoxy ternary nanocomposites.
The addition of a polyether polyol to the epoxy resin increased Mode-I fracture
toughness and flexural strain energy, while adversely affected the flexural strength
and stiffness. A synergistic effect was observed with the addition of amino-
functionalized multi-walled carbon nanotubes (NH,-MWCNTSs) into polyol-
toughened epoxy, with significant improvements in fracture toughness and strain
energy as well as in flexural strength and stiffness. Matrix plastic deformation and
lower cross-link density due to polyether polyol in the epoxy system increased
toughness while reducing flexural strength and stiffness. However, incorpora-
tion of 0.3 wt% of NH,-MWCNTs into the polyol-toughened epoxy composites
improved the mechanical properties as well as fracture toughness, compared with
pristine epoxy and polyol-toughened epoxy.

In our previous work, we studied the mechanical and fracture resistance properties
of blends of two epoxy resins [31]. The present work was aimed to study the structure
and properties of epoxy resins modified with a reactive diluent. A comparison study
was made using two kinds of epoxy resins. One was a bifunctional epoxy resin, and
the other was a multifunctional epoxy resin. Then, the effect of diluent content on the
microstructure, mechanical properties, fracture toughness, solvent resistance and cross-
link density of the resulting thermoset material was systematically investigated. The
novelty of present work is that the effect of epoxy matrix functionality on the ultimate
properties of modified epoxy was examined in detail. In addition, the effects of dilu-
ent content on the gel time, chemical resistance and compressive mechanical proper-
ties are rarely reported in previous works which are investigated in this work. Attempt
was made to establish a structure—property correlation in the epoxy systems under
investigation.

@ Springer



3908 Polymer Bulletin (2019) 76:3905-3927

Experimental
Materials

The epoxy resins with the trade names of LV1189 (Mokarar Co., Iran) and
Epikote 828 (Momentive Co., USA) were used in this work, with epoxy equiva-
lent weight (EEW) of 185 g/mol and 182 g/mol, respectively. The viscosity of
LV1189 at 80 °C was 2400 mPa s, while the viscosity of Epikote 828 at 25 °C
was 12,000 mPa s. The reactive diluent used was 1, 4-butanediol diglycidyl
ether (BDDGE) (Mokarar Co., Iran), which is a bifunctional diluent with EEW
of 132 g/mol. The viscosity of BDDGE at 25 °C was 14.1 mPa s. HA76 (Moka-
rar Co., Iran) is an aliphatic amine hardener with amine H equivalent weight
(HEW) of 52 g/mol and was purchased and used as a room-temperature curing
agent. The viscosity of HA76 at 25 °C was 12.5 mPa s.

LV1189 is a novolac and multifunctional based epoxy resin, which is semi-
solid at ambient temperature. To measure its viscosity, this resin was first heated
up to 80 °C and then, its viscosity was measured at this temperature. Epikote
828 is a general purpose and a bifunctional epoxy resin based on diglycidyl
ether bisphenol-A (DGEBA), but its viscosity at room temperature is high for
many applications.

Formulations and mixtures

Epikote 828 is a liquid resin, and LV1189 is a semisolid resin; given the scope
of viscosity applicable in various industries, different amounts of diluents were
used in the formulation of these two resins to maintain the viscosity of the mix-
tures at ambient temperatures in the range of 700-1300 mPa s in the final mix-
ture. The EEW of mixture (EEW ;) was calculated from the following equation.
= Wmix
mix W, Wy .. ey
EEW, ' EEW,

EEW

where W; and EEW, are the weight and EEW of component i in the mixture, respec-
tively. The amount of curing agent (CA) required per 100 g of resin mixture under
the stoichiometric conditions was calculated by the following equation.

Amine H eq wt x 100
EEW,; @

mix

CA (phr) =

In all the mixtures, 1 +£0.5 phr extra curing agent was added to complete the curing
reaction. The amounts of resin, diluents and curing agent used as well as the coding
of the samples are shown in Table 1.
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Table 1 Formulations of different epoxy samples prepared in this work

Sample code Epikote 828 LV1189 (phr) BDDGE (phr) EEW (g/mol) HA 76 (phr)

(phr)
EO 100 0 0 189 28.6
El5 100 0 15 173.4 30.0
E20 100 0 20 171.2 30.4
E25 100 0 25 169.2 30.7
E30 100 0 30 167.4 32.1
LO 0 100 0 185 28.1
L30 0 100 30 169.3 31.7
L50 0 100 50 163.2 31.9
L60 0 100 60 160.8 323
L70 0 100 70 158.8 32.8

Mixing and curing procedures

At first, the raw resin was weighed for each sample and modified by the addition
of a predetermined amount of diluent. Due to the high viscosity of LV1189 at
ambient temperature, it was heated up to 80 °C for 10 min and then was mixed
with predetermined weight of reactive diluent. The resin—diluent mixtures were
blended by a mechanical mixer running at 400 rpm for 20 min to obtain a homog-
enous mixture. Then, the mixture cooled down to the room temperature. In the
next stage, the curing agent was added to the resin—diluent system and was mixed
for 15 min by a mechanical mixer running at the same speed. At the end of mix-
ing process and to remove the trapped bubbles, the mixture was placed in a vac-
uum oven at 25 °C for 10 min.

The mixtures of different samples were molded in a silicone mold. Then, the
samples were cured at ambient temperature for 24 h and finally post-cured at
80 °C for 4 h to complete the curing process.

Test procedures

Viscosity measurement

A Brookfield RVDV-II-Pro rotational viscometer was employed for viscosity
measurements according to ASTM D2196 standard. To do this, about 3 mL of
the sample was placed in the device’s cup of spindle No. 14 and after reaching the
desired torque and temperature, the sample’s viscosity was measured.

Measurement of epoxy equivalence weight (EEW)

The EEW of neat resins and also some mixtures was measured according to
ASTM D1652-04 standard. For this purpose, the resin was first dissolved in an
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appropriate diluent such as di-chloromethane and then, the resulting solution was
reacted in directly or inversely titration by hydrogen bromide. There was a good
agreement between the measured EEWs and the calculated ones (according to
Eq. (1)) for resin mixtures.

Determination of gel time

Gel time of the samples was determined according to ISO 8130-6 standard test
method. About 2 mL of the sample was placed on a metal hot plate at the desired
temperature. The gel time of the samples was recorded at two different tempera-
tures of 25 and 60 °C. During the test period, the sample was stirred continuously
with a glass rod. The resin viscosity increased gradually due to cross-linking, and
after a while, it showed an elastic behavior (like a gel) and reached the gel state.
At this time, the timer was stopped and the recorded time was reported as the gel
time. The experiment was repeated at least three times for each sample and at each
temperature.

Chemical resistance

The chemical resistance of the samples was determined in acetone and methyl ethyl
ketone (MEK) solvents. A rectangular cubic of cured sample with the dimension of
75%25%3.2 mm® was prepared, and its weight was measured after complete cur-
ing and drying. The specimen was then immersed in acetone or MEK solvents at
room temperature, and the change in weight of the sample was measured after 24-h
immersion.

Mechanical properties

The mechanical properties of the samples were measured under the compression
and flexural tests according to ASTM D695 and ASTM D790 standards, respec-
tively. For flexural properties, specimens with the dimension of 80x 13 x 3.2 mm?
were prepared and subjected to a three-point bending test using a SANTAM STM-
150 universal testing machine (UTM). In the case of compression test, the specimens
with the dimension of 13x13x20 mm?® were prepared and subjected to compres-
sion test. The mechanical tests were carried out at room temperature. The reported
mechanical properties are the average of at least four repetitions.

Dynamic mechanical thermal analysis (DMTA)

DMTA test was used to study the viscoelastic properties of some samples, accord-
ing to ASTM D5023 standard. The glass transition temperature of the cured sam-
ples was determined form the peak of tan 6 curve. Rectangular specimens of
30% 12.5%3.2 mm? dimension were cut from the molded sheets and were tested
using a Triton (model Tritec 2000 DMA, UK) instrument. The DMTA test was
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performed at a frequency of 1 Hz, temperature range of 30-160 °C and at a heat-
ing rate of 5 °C/min.

Fracture toughness measurement

The three-point single-edge notched bending (SENB) specimens were used to
measure the fracture toughness of the samples according to ASTM D5045 stand-
ard. Rectangular specimens of approximately 57 x 12.7 X 6.4 mm® were prepared;
a notch of about 2 mm depth was inserted using a fresh saw, and then, a line of
1.0 mm depth was drawn in the notch root with a frozen fresh razor blade. For
this purpose, a frozen sharp blade was tapped on the notch root such that a natural
crack forms at the tip of the notch. The samples were then tested using a SAN-
TAM machine operated at a bending speed of 10 mm/min at room temperature.

The plane-strain critical stress intensity factor (Kjc), as a measure of fracture
toughness, was calculated using the following equations:

Py
Kic = —f(0) 3)
BW:

—x(1 —x)(2.15 - 3.93x + 2.7x%)|

1.99
fo0 = 6\5[ “)

(1 +20)(1 = x)3

where P, is the critical load for expansion of the sharp pre-crack, B is the sample
thickness, W is the sample width and f(x) is a dimensionless constant (shape factor)
that depends on the geometry and mode of loading. Moreover, x = < where a is the
pre-crack length and w is the width of specimen. "

The fractured surfaces of the samples were examined via atomic force micros-
copy (AFM) (C26 model, DME Co., Denmark) and scanning electron microscopy
(SEM, VEGA Tescan model) techniques. The mode of failure and mechanisms of
deformations of different samples were studied and proposed by the observation
of fractured surface morphology.

Phase morphology

The phase morphology of the samples was investigated by scanning electron
microscopy (SEM, VEGA Tescan model) technique. The samples were cryo-frac-
tured in liquid nitrogen and then coated with a thin layer of gold prior to micro-
scopic imaging.
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Table2 Viscosity and gel time of E- and L-type epoxy series

Sample code Viscosity (mPas) at ~ Viscosity (mPas) at  Gel time (min) at Gel time

30 °C 60 °C 25°C (min) at
60 °C
EO 11,500+25 1250 +25 60+5 40+5
El5 950 +25 15012 55+5 35+5
E20 700+ 25 125+12 65+5 40+5
E25 562+12 62+12 50+£5 30+£5
E30 475+12 37+12 505 30+5
LO Semi solid 2200+25 - 55+5
L30 2300+25 275+25 120+5 60+5
L50 1375+25 200+25 115+5 55+5
L60 812425 17512 130+5 60+5
L70 600+ 12 105+12 120+5 55+5

Results and discussion
Determination of viscosity

The viscosities of E- and L-based epoxy samples (Table 1) containing different
amounts of reactive diluent were measured at the temperatures of 30 °C and 60 °C,
and the results are listed in Table 2. As expected, the viscosity of the epoxy sam-
ples gradually decreased as the content of reactive diluent in the epoxy samples was
increased, regardless of the type of epoxy matrix. This is due to dilution effect of the
diluent on the epoxy samples which tends to increase the molecular weight between
the cross-linking points via decreasing the cross-link density of the diluted epoxy
sample (see following sections). Moreover, an increase in test temperature from 30
to 60 °C led to a significant reduction in epoxy sample’s viscosity, as expected. At a
given diluent content (30 phr), the viscosity of L-based epoxy sample is greater than
that of E-based sample which is due to the higher viscosity of neat LV1189 epoxy
resin than the neat Epikote 828 resin.

Gel time

The gel times of E- and L-based epoxy samples were measured at ambient tem-
perature (25 + 1 °C) and 60 °C. The average values of gel times of different epoxy
mixtures are summarized in Table 2. No clear trend can be seen in this table for
the effect of diluent content on the gel time of epoxy samples of different chemi-
cal structures. The level of scattering of data obtained at 60 °C is much less than
that at 25 °C. Therefore, it can be concluded that an increase in the amount of
diluent in the range studied in this work does not significantly affect the gel time
of the epoxy mixtures. However, it is obvious from the data in Table 2 that an
increase in test temperature from 25 to 60 °C accelerated the gelation process in
the epoxy samples, so that a remarkable decline in the gel time is clearly apparent
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Fig.1 Mass gain for different epoxy samples in the presence of acetone and MEK solvents

for epoxy samples as the temperature was increased. This is because the cross-
linking reactions accelerate as the test temperature was increased. In other words,
the increase in temperature reduces the activation energy for cure reactions in the
epoxy samples.

Chemical resistance

To determine the chemical resistance of the epoxy samples, the change in the mass
of samples immersed in the active solvents for 24 h was calculated and the results
are presented in Fig. 1. In the case of E-based epoxy samples containing various
amounts of diluent, the data in Fig. 1 demonstrate that the amount of mass gain
in the MEK solvent slightly increases with the diluent concentration in the epoxy
system. The same trend can be observed for E-based epoxy samples in the acetone
solvent, in that the extent of mass gain of resulting epoxy increases with the weight
fraction of diluent in the sample.

For L-based epoxy samples, the data reveal an enhanced mass gain with dilu-
ent content in both MEK and acetone solvents. The chemical resistance data further
indicate that both L- and E-based epoxy samples are much less resistant to MEK
solvent than the acetone solvent. The change in mass gain as a function of dilu-
ent content is probably due to the change in the microstructure (molecular weight
between entanglements and cross-linking density) of epoxy samples as a result of
the incorporation of diluent in these samples (see following section). Moreover, at
the same level of diluent loading (i.e., 30 phr), the L-based epoxy sample is consid-
erably more resistant against acetone and MEK solvents than the E-based sample.
This is due to the fact that L-type epoxy is a multifunctional epoxy sample while the
E-type epoxy is a bifunctional one. The higher cross-link density of L-type epoxy
as compared with the E-type sample is responsible for its much lower mass gain in
both solvents.
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Cross-link density measurements

The cross-link density (CLD) of the samples was measured from chemical resist-
ance and swelling results in acetone solvent. The CLD of the epoxy samples, y, was
measured from the Flory—Rehner equation [32]:

_ —[In(1 = v) + v+ x0?|
V[vl/3 - g]

®)

where v is the volume fraction of polymer in the swollen gel at equilibrium, y is the
polymer—solvent interaction parameter and V is the molar volume of solvent. The
volume fraction of polymer (v) can be calculated from the equation [32, 33]:

mlds

T d, — dy) + md, ©

where m, is the weight of polymer before swelling, m, is the weight of the polymer
after swelling, d; is the density of solvent and d,, is the density of polymer. The poly-
mer—solvent interaction parameter (y) was determined by the following relation [32]:

x=p+ (V/RT>(5S - 5p)2 @)

where f, is the lattice constant, usually about 0.34, V is the molar volume of sol-
vent, R is the universal gas constant, 7 is the absolute temperature, 6 is the
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Fig.2 Cross-link density (CLD) of different samples determined from swelling tests in acetone solvent
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solubility parameter and the subscripts s and p refer to the swelling agent and poly-
mer, respectively.

The results for CLD of the different epoxy samples prepared in this work are pre-
sented in Fig. 2.

As can be seen in Fig. 2, the CLD of E-type epoxy samples is significantly higher
than that of L-type samples. Moreover, the data demonstrate that the CLD values
for both E- and L-type epoxy samples gradually decreased as the reactive diluent
content in the epoxy samples was increased. This finding is in line with the result
reported in the literature [27, 30]. The reduction in CLD for samples with diluent
content can be attributed to the plasticization effect of diluent which tend to increase
the molecular weight between entanglements. As a result, the CLD tends to fall as
the concentration of diluent was increased.

It should be noted that the results of CLD measurements are consistent with the
results given in Fig. 1, in that the E-type epoxy samples showed greater mass gain
than the L-type samples in acetone solvent as the CLD of the former samples is
lower than that of the latter ones.

Flexural properties

The typical flexural stress—strain curves of pure epoxies (EO and LO types) along
with the different E- and L-based epoxy samples containing various amounts of
reactive diluent are shown in Fig. 3. The progressive introduction of higher loadings
of reactive diluent changed the stress—strain response of epoxy samples in the simi-
lar way. The LO epoxy showed a linear elastic response with low ultimate strength
and ductility, while the EO epoxy sample exhibited nonlinear stress—strain behavior
with much greater ultimate strength and strain at break.

As can be seen in Fig. 3, the gradual increase in the weight fraction of diluent in
the both E- and L-type epoxies changed the flexural behavior of the epoxy mate-
rial from brittle type into more ductile one. An increase in diluent content from 15
to 20 phr altered the response of the epoxy material to much more ductile. Further
increase in the concentration of diluent in the E-base epoxy sample from 20 to 30
gradually reduced the maximum stress and ultimate strength of the resultant mate-
rial with no change in the strain at break.

In the case of L-type epoxy samples, the stress—strain curves in Fig. 3 show that
L30 sample fails in a brittle manner. The other L-type epoxy samples with higher
diluent content exhibited much more ductility under the flexural test, which is mani-
fested in the much larger strain at break values of these samples. It seems that a
steady increase in the content of diluent in the L-based epoxies gradually reduces
the maximum stress and ultimate strength of the samples. The changes in tensile
behavior of epoxy samples with diluent content can be ascribed to the change in the
CLD of the samples as a consequence of addition of diluent to samples. Lower CLD
values are more favorable to greater material’s deformation and deviation from lin-
ear elastic response.

Compared to E-based epoxy samples, the L-type epoxy samples display lower
ductility even at higher diluent content. This may be due to the much higher network
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Fig.3 Typical stress—strain curves of E- and L-type samples modified with various amounts of reactive
diluent

cross-link density in the L-type epoxy samples than the E-type ones (see Fig. 2),
which restricts the material’s deformability under the flexural test.

The different flexural properties of the epoxy samples were measured from the
curves of Fig. 3, and the results are depicted in Fig. 4. In the case of L-based epoxy
samples, it is apparent that the LO sample had much higher flexural modulus at the
cost of significantly lower flexural strength and deflection at break compared with
the other samples. For E-based epoxy samples, the flexural properties of EO sample
are comparable with those of its modified versions.

As can be seen in Fig. 4, the flexural modulus of epoxy samples decreased with
the diluent content in the sample, regardless of the type of epoxy matrix. An increase
in the weight fraction of reactive diluent declines the material’s resistance against
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Fig. 4 Flexural properties (flexural modulus, flexural strength and deflection at break) of epoxy samples
containing different amounts of reactive diluent

deformation under flexural test, as expected. This is due to the plasticizing effect
of diluent used in the epoxy samples in this work which reduces the stiffness of the
epoxy material [17—19]. The higher the content of diluent in the epoxy sample, the
lower the stiffness of resultant material [17—-19]. The same trend can be observed for
flexural strength of epoxy samples as a function of diluent content (Fig. 4). This is
because the ultimate strength of the material is also dependent on the rigidity of the
epoxy material [19, 20].

For strain at break parameter, the results in Fig. 4 demonstrate that for E-type
epoxies, the material’s ductility significantly increases at first for the sample con-
taining 20 phr of reactive diluent compared to the sample with 15 phr diluent and
then remains almost unchanged for the samples with higher loadings of diluent. For
L-type epoxy samples, the strain at break enhances with diluent content up to sam-
ple with 60 phr diluent and then slightly decreased for the sample containing 70 phr
diluent. The increase in deflection at break is due to the increase in material’s flexi-
bility upon the incorporation of reactive diluent, which in turn enhances the deform-
ability under the flexural test. The higher the content of diluent in the epoxy sample,
the greater the flexibility and deformability of resultant material.

In addition to the plasticizing effect of diluent in the epoxy samples, the fall in the
CLD of the epoxy samples upon the addition of diluent is also responsible for the
increase in deflection at break and a decrease in strength and stiffness (modulus) of
modified epoxies in Fig. 4.

Compression strength

The compressive strength of the epoxy samples is displayed in Fig. 5. For E-type
epoxy samples, the compressive strength slightly decreased with the diluent content
in the epoxy sample. This finding is in agreement with the literature [18-20]. In the
case of L-type epoxies, the samples containing higher than 30 phr of diluent exhib-
ited much lower compressive strength than the sample with 30 phr diluent. Nonethe-
less, the L-type epoxy samples with 50-70 phr diluent show approximately the same
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compressive strength. It can be said that increasing the amount of diluent does not
affect the compressive strength which may be due to the fact that shear failure is the
main mechanism of failure in compression test. The decline in compressive strength
with diluent content is partly due to reduced CLD values of epoxy samples contain-
ing progressively higher loadings of diluent.

DMTA results

The DMTA results of some of epoxy samples are shown in Fig. 6. This figure shows
the temperature dependence of storage modulus and loss tangent for E15, E25, L50
and L70 epoxy samples. The storage modulus is related to the elastic response of the
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Fig.6 Temperature dependence of dynamic viscoelastic parameters (storage modulus and loss tangent)

for E15, E25, L50 and L70 samples
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material, while the loss tangent is associated with the relaxation processes occurring
in the sample [24].

The storage modulus gradually declines with temperature, and a sudden fall in the
storage modulus can be seen at a defined temperature for epoxy samples illustrated
in Fig. 6. In the case of loss factor, a peak can be observed. This peak was consid-
ered as the glass transition temperature of epoxy sample under investigation. In the
case of storage modulus of E15 and E25 epoxy samples, it can be seen that increase
in the diluent content from 15 to 25 phr mostly affected the storage modulus curves
of the samples at the glassy state regions. A remarkable drop in storage modulus
value at the glassy region is clearly visible for E25 sample compared with EI1S5,
undoubtedly due to the higher content of reactive diluent in the former sample than
the latter one [24]. The lower CLD value of E25 sample compared with E15 sam-
ple may also partly contribute to the lower modulus of E25 than the E15 one (see
Fig. 2). No significant change was detected for glass transition temperature of E25
sample compared with E15 one. In turn, the loss factor curve reveals that the relaxa-
tion peak of E25 is much broader compared with the E15 sample. This broadening
is extended toward higher temperatures. This indicates that the epoxy sample com-
posed of 25 phr diluent contains higher degree of microstructural heterogeneities
than the sample with 15 phr diluent [27-29]. This finding indicates that an increase
in diluent content from 15 to 25 wt% led to an increase in the microstructural hetero-
geneities in the modified E-type epoxy systems.

The effect of diluent content on the dynamic viscoelastic properties of L50 and
L70 samples is the same as that observed for E-based epoxy samples discussed
above (Fig. 6). It is apparent that the L70 sample has lower storage modulus than the
L50 sample at the glassy state region, most probably due to the higher diluent con-
tent followed by lower CLD of the former sample than those for the latter one (see
Fig. 2). Moreover, the relaxation peak of L70 sample is much broader than the L50
sample. It can be seen that the presence of higher contents of reactive diluent acti-
vated the relaxation processes at lower temperatures compared with the L50 sample.
However, the relaxation peak corresponding to the glass transition temperature of
L70 sample did not change as compared with L50 sample. Moreover, higher amount
of diluent produced higher degree of microstructural heterogeneities compared with
the L50 sample, which is manifested by a much broader relaxation transition as com-
pared with the L50 sample. While many studies in the literature reported a decrease
in the glass transition temperature with the addition of diluent into the epoxy resins,
the results of the present work reveal no significant change in the glass transition
temperature and just a significant broadening of the relaxation peak was detected.
In turn, the DMTA results of the present work show considerably enhanced micro-
structural heterogeneities in the diluted epoxies studied in this work.

Phase morphology
The SEM micrographs taken from cryo-fractured surfaces of some of epoxy sam-

ples are shown in Fig. 7. For E-based epoxy samples, the morphological textures
observed for samples containing various amounts of diluent are similar to each
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Fig.7 SEM micrographs taken from the cryo-fractured surfaces of some of E- and L-type epoxy samples
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other. The SEM micrographs reveal the presence of numerous submicron spherical
structures (particles) in the structure of E-based epoxy samples. The SEM micro-
graphs of cryo-fractured surfaces of some of L-based epoxy samples are also shown
in Fig. 7. The structural characteristics visible in the micrographs for L-based sam-
ples are similar to what observed for E-based epoxies. The inhomogeneities are
related to the diluent in the epoxy systems, which are present in the epoxy resins in
relatively large concentrations. At relatively high concentration of diluent in these
epoxy samples, the diluent component can form separate domains and/or phases
in the epoxy mixtures. It seems that the amount of microstructural heterogeneities
increases with the diluent content in the samples as the higher number and larger
inhomogeneities form in the L-based epoxies. This is due to the much higher diluent
content in the L-based epoxies as compared with the E-based samples. This increase
in the particles’ concentration with increasing diluent content further corroborates
that the particles are associated with the diluent component in the epoxy resins.
Similar morphological textures are also reported in the literature by other research-
ers for other epoxy systems [25, 34].

Fracture toughness

The typical load—displacement curves of different epoxy samples containing vari-
ous amounts of reactive diluent are shown in Fig. 8. It can be seen that the shape of
load—displacement curves for neat epoxies and the different E- and L-based epoxy
samples did not change upon the addition of different amounts of diluent into epoxy
resins. However, the maximum load, maximum displacement and the area under the
load—displacement curves are affected by the concentration of diluent in the epoxy
system.

In the case of E-based epoxy samples, the gradual increase in diluent content
from 15 to 25 phr gradually increased the maximum load. Further increase in dilu-
ent from 25 to 30 phr led to a fall in maximum load. However, it can be seen that
for E-based epoxy samples of different diluent contents, the maximum displacement
steadily increased with diluent weight fraction in the epoxy system. The same trend
can be observed for L-based epoxy samples as a function of diluent content. An
increase in diluent content from 30 to 60 phr gradually enhanced the maximum load
on the load—displacement curves of L-type epoxies, and further increase in diluent
from 60 to 70 phr gave rise to a decrease in maximum load. Nonetheless, a mono-
tonic increase in the displacement at failure for L-type epoxy samples is clearly
obvious as the concentration of diluent was increased from 30 to 70 phr.

The plane-strain critical stress intensity factor (known as fracture toughness)
values calculated for E-based and L-based epoxy samples are displayed in Fig. 9.
The Kj. values for neat EO and LO epoxy samples were 1.4 and 1.3 MPa m'2,
respectively. For E-based epoxy samples, it can be seen that the fracture tough-
ness gradually increased with the diluent content in the epoxy sample. The same
trend is visible for L-based epoxy samples. The data demonstrate that the frac-
ture toughness of L-based epoxies also enhances as a function of diluent con-
centration in the material. At a given amount of reactive diluent (i.e., 30phr), the
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Fig. 8 Load—displacement curves of fracture test for different epoxy samples containing various amounts
of reactive diluent

fracture toughness data reveal that the E30 sample has a slightly higher fracture
toughness than the L30 sample. The improved fracture toughness of both E- and
L-based epoxy samples with diluent content can be attributed to the increased
ductility of the resulting epoxy material upon the incorporation of diluent in the
material [24-26]. The enhanced ductility with the addition of diluent is undoubt-
edly due to reduced CLD value of epoxy samples with diluent content. The
increased material’s ductility is favorable for the activation of higher degree of
shear yielding and plastic deformation under the external loads [22, 25, 29]. For
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diluted samples, the applied fracture stress is dissipated via energy absorption
and/or dissipation processes of plastic deformation.

Fractography

The fractured surfaces of the samples were studied via the SEM and AFM analyses.
The SEM micrographs taken from the surfaces of the samples obtained after the
fracture mechanics tests are shown in Fig. 10. For pure E-type epoxy sample (E0),
a smooth fractured surface is apparent, indicating a brittle fracture behavior. For
E-based epoxy sample containing 30 wt% reactive diluent also, a smooth fractured
surface is obvious. However, there is some evidence of localized plastic deformation
on the surface of this sample, suggesting greater amount of energy dissipation dur-
ing the fracture test compared with the unmodified sample.

For L-type pure epoxy sample in Fig. 10, some evidence of fracture initiation
zones is visible on the surface. Lower fracture initiation sites can be seen on the
fractured surface of L60 sample, indicating higher fracture resistance of this mate-
rial during the fracture tests.

Since all the neat and modified L- and E-type epoxy samples exhibited lin-
ear load—displacement curves under the fracture tests (Fig. 10), the macroscopic
fracture behavior of these samples was of brittle type. As a result, the fractured
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Fig. 11 AFM micrographs taken from the fractured surfaces of different epoxy samples. a E20, b E25, ¢
E30, d L30, e L50, fL70
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surfaces of these samples were smooth regardless of the type of the epoxy sample
and the extent of the plastic deformation and shear yielding was not significant.

The AFM micrographs taken from the fractured surfaces of some of epoxy
samples are shown in Fig. 11. In the case of E-type epoxy samples, the micro-
graphs in Fig. 11a, b reveal that for samples with 20 and 25 phr diluent the
fractured surface is very smooth. With an increase in diluent content from 25
to 30 phr, the fractured surface becomes rougher. The increased roughness of
fractured surface indicated greater resistance of the material against crack ini-
tiation and subsequent propagation, as higher volume of material participates at
the deformation process [22, 29, 30]. The fractured surfaces of different L-type
epoxy samples are depicted in Fig. 11c, d. As can be seen, the AFM micrographs
reveal the significantly rougher fractured surfaces of L-type epoxies compared
with E-type samples. The much higher surface roughness is in agreement with
the higher fracture toughness of L-type epoxies than the E-type epoxies. It seems
that the surface roughness tends to increase with diluent content in the L-type
epoxy systems. The much higher roughness of L-type epoxy samples than the
E-type epoxies can be attributed to the much higher resistance to crack initiation
and subsequent crack propagation during the fracture tests. The increased resist-
ance against fracture is also apparent as larger volumes of material participated in
the fracture process which is manifested by the increased surface roughness. The
increased fracture resistance for L-type epoxy samples can also be due to higher
network cross-link density in these systems.

Conclusions

Two different epoxy resins were modified via the addition of an aliphatic reactive
diluent. The effect of diluent content on the viscosity, gel time, chemical resist-
ance, mechanical properties and fracture toughness, was studied. The obtained
results led to the following conclusions.

While the viscosity of epoxy samples decreased with diluent content, no sig-
nificant effect was observed for gel time. The flexural modulus, compressive
modulus and ultimate stress gradually declined, while the sample ductility stead-
ily increased with the weight fraction of diluent. A brittle to ductile transition
was observed for epoxy samples under the flexural test with the incorporation
of diluent into epoxy resins. The introduction of reactive diluent into different
epoxy resins reduced the storage modulus at the glassy region and broadened the
glass transition region of the epoxy matrices, indicating increased microstruc-
tural heterogeneities of epoxy samples upon the addition of diluent. However, no
change was found in the glass transition temperature for modified epoxies. The
plane-strain fracture toughness improved with diluent content for both epoxy res-
ins, most probably due to improved material’s ductility. The obtained results were
rationalized in terms of the change in the cross-link density of the epoxy samples
with diluent content.
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