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Abstract: This work investigated low shrinkage curing techniques and characterization of unsatu-
rated polyester (UPE-8340) and vinyl ester (VE-922) reinforced composite. The reinforced polymeric
composite was composed using various amounts (0.1 vol.% to 0.5 vol.%) of methyl ethyl ketone
peroxide (MEKP) and the proportion of UPE and VE (5 vol.%) was kept fixed throughout the study.
The epoxy matrix was formed using a 3D printed acrylonitrile butadiene styrene (ABS) dumbbell
shape mold and the specimen was cured in the presence of air and an inner gas (carbon dioxide)
using a customized ambient closed chamber system. The influence of MEKP on UPE and VE rein-
force composites was studied by investigating curing kinetics, shrinkage, tensile properties, contact
angle, and thermal stability. The CO:z-cured results show a significant lower shrinkage rate and
higher tensile strength and flexural modulus of UPE and VE reinforced composite articles compared
with air-cured reinforced composite. These macro-scale results correlate with the air-cured struc-
ture, an un-banded smooth surface was observed, and it was found that the lowest amount of MEKP
revealed significant improvement in the contact angle of UPET and VE reinforced composites.

Keywords: curing; composite; unsaturated polyester resins; vinyl ester

1. Introduction

Unsaturated polyester (UPE) and vinyl ester (VE) are widely used thermosetting res-
ins due to their low price, light weight, easy processing of the samples, and water re-
sistance. Generally, both thermoset resins are commonly used in coating, composites,
laminating, microelectronics, aerospace, civil construction, automotives, and shipbuild-
ing [1,2]. Moreover, very recently, in the water treatment sector, particularly in desalina-
tion, their usage has increased tremendously due to the convenient fabrication of com-
modities components [2]. However, the pure forms of UPE and VE show inadequate ther-
mal and mechanical tendencies. Therefore, the pristine state of these two polyolefin ther-
moset resins is required to improve their characteristics, particularly the curing and
shrinkage issue during the molding process. Compared to VE, the crosslinking of UPE
resins is accompanied by a high degree of polymerization [3-6]. Technically, the UPE and
VE reinforced composites undergo residual strains and stresses during the curing cycle
[3,4]. These latter effects depend primarily on the polymer matrix’s physical and chemical
shrinkage behavior, from the point where curing stresses that become inept are relaxed to
any further extent [3]. To overcome the issue of physical shrinkage during the curing pro-
cess, one of the improvements is to directly impact the tensile strength of the thermoset
matrix and fracture characteristics, while by employing keys to increase the acceptance of
composites, a competitive and productive fabrication approach is found. Therefore, some
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studies have been carried out in recent years to develop nonthermal techniques of rein-
forced polymer composites for the required application, specifically in tailoring desalina-
tion commodities components [2,3]. The resins transfer molding, typically called the RTM
technique, is an economical approach to creating complex structures with significant qual-
ity from thermoset resins [6-8].

Besides that, during the curing process, the chemical shrinkage directly affects the
structural establishment of thermoset resins, and its characterization is thus of critical con-
cern for demonstrating the ability to regulate residual stresses [4,5] and configure the de-
velopment of reinforced components [3]. Thus, several investigations have been carried
out using various dilatometric instrumental techniques to overcome the chemical shrink-
age challenges for investigating the curing-based dimensional changes in thermoset res-
ins. Consequently, the instrumental technique has become a typical technique to measure
the volume changes caused by chemical or physical reactions during the curing process.
Nawab et al. [3] specifically highlighted the instrumental technique in their detailed re-
viewed section; these techniques include rheometer [9], pycnometer [9,10], gravimetric
method [11,12], fiber Bragg grating [13-17], capillary-type dilatometer [18,19], plunger
type dilatometer (PTD) [20-22], thermomechanical analyzers (TMA) [23], dynamic me-
chanical analyzers (DMA) [24,25], and ultrasonic waves for the analysis of residual stress
[26], respectively. Since chemical shrinkage equates to the details of the magnitude of cure,
perhaps the PTD and differential scanning calorimetry (DSC) technique is the most relia-
ble method to characterize the magnitude of the curing process [22,24,25]. However, ex-
cept PTD, all the instruments mentioned earlier work in low pressure; this tends to be
deleterious for an exclusively precise analysis since the experimental conditions may not
be exactly the same [27,28].

Furthermore, several methods have been applied to quantify chemical shrinkage due
to the volumetric or dimensional change crosslinking resin. Accordingly, it can be said
that there are two typical approaches to measuring resins chemical shrinkages, such as
linear (axial) shrinkage and volume dilatometry measurement [29]. Shah and Schubel [30]
used several techniques for measuring resin cure shrinkage and evaluated the real-time
resin shrinkage, manipulated using a rheometer, pycnometer, and a thermo-mechanical
analyzer (TMA) for ambient curing UPE and epoxy resins.

Sadeghinia et al. [31] investigated the cure-dependent properties of a series of epoxy
resins with and without filler. Their studies measured the cure shrinkage, the cure kinet-
ics, and coefficient of thermal expansion using DSC and a GNOMIX high-pressure dila-
tometer. Fernandez-Francos et al. [32] presented a new technique to monitor together the
degree of cure and curing shrinkage of thermosetting resins. They used situ ATR FT-IR
spectroscopy to achieve quantitative measurements of the degree of cure and shrinkage
for thermosets.

As described earlier, the chemical shrinkage is related to the magnitude of resin cur-
ing by neglecting the thermal gradients, and shrinkage was linear. However, in fact, the
thermal gradients always prevail in the thermoset resins because of the hefty bond among
the reaction kinetics, heat transfers, and the low thermal diffusivity of resin, respectively.
These variables set off more considerably in the case of molding the bulky parts and may
transform the shrinkage curve’s progress a great deal. Therefore, it is essential to quantify
these gradients and then determine the chemical shrinkage by considering them.

This study reports comprehensive shrinkage, tensile strength, and flexural modulus
properties of UPE and VE reinforced composite using a lower volume of MEKP as a pre-
cursor without any accelerator. Furthermore, the behavior of a 3D printed ABS dumbbell-
shaped mold for developing UPE and VE reinforced matrix specimens is studied. Both
the reactivity and the polymerization shrinkage were recorded during molding under air-
curing and COz-curing processing conditions. In addition, we studied the influence of
curing temperature at the various molar volumes of MEKP for multiple UPE and VE ma-
trices. We verified the final conversion of the molded samples by measuring the glass
transition (Tg) temperature and thermal stability via differential scanning calorimetry
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(DSC). Furthermore, we manually estimated the exothermic reactivity (gel to hardening)
as a function of temperature vs. time. DSC confirmed the UPE and VE specimen to under-
stand the molded results.

2. Experimental
2.1. Materials

The thermoset UPE and VE used in this study consisted of five parts of UPE and VE
and 0.1-0.5 parts of hardener (methyl ethyl ketone peroxides: MEKP). Siropol 8340 un-
saturated polyester resin (UPE), Hetron 922 Vinyl Ester Resin (VE) and MEKP were kindly
supplied by Saudi Industrial Resins Limited, Jeddah, Saudi Arabia. A carbon dioxide
(CO2) gas of purity 99.9% was used and provided by AHG-Abdullah Hashim Industrial
Gases & Equipment Co. Ltd., Jeddah, Saudi Arabia.

2.1.1. Preparation of Dumbbell-Shaped Mold for Reinforce Composite

In this study, MEKP/UPE and MEKP/VE were selected to fabricate reinforced neat
composite. Table 1 shows the different portions (vol./vol.) of MEKP used with a fixed
amount of UPE and VE. Prior to preparing the dumbbell-shaped reinforced samples
(ASTM D638-03), each thermoset (UPE and VE) resin was degassed for at least 30 min in
a vacuum oven at 1 bar vacuum pressure. Spring coil mechanical stirring was used to stir
the thermoset resins/MEKP mixture at about 500 rpm for at least 2 min or until MEKP
completely mixed. Later, the resins mixture was placed for about one minute in an ultra-
sonic bath to eliminate the trapped air in the mixture.

A dumbbell-shaped ABS mold was designed according to the ASTM D638-03, and
3D printers were used to tailor the dumbbell-shaped mold. Figure 1 shows the 3D printed
preform mold size. The bench-scale experimental setup for the air- and COz-cured resin
transfer molding system is shown schematically in Figure 2. The preform is set down with
a release agent to facilitate the easier removal of reinforced composite samples from the
mold later. The mold must be landed on the levelized support. Before spilling the epoxy
resins in the dumbbell-shaped mold, a vacuum pump was used to evacuate the air, and
then, the resin was infused into the mold. Generally, dealing with the molding process at
ambient conditions, a poor merger can lead to the creation of voids and dry spots, which
degrade the mechanical properties of the finished product. Thus, after infusing the resin
in the preform and resins matrix consolidation, the ambient pressure for the air and CO:
curing process must be maintained until the curing phase, solidification, and the dumb-
bell-shaped samples are ready to be de-molded in the finished sample.

Table 1. Different portions of MEKP used with a fixed amount of UPE and VE.

Composition A B ¢ D E
Proportion (vol %)
MEKP 0.1 0.2 0.3 0.4 0.5
UPE and VE 5 5 5 5 5
Air Ambient condition

CO2 99.99%
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Figure 1. 3D printed dumbbell-shaped preform mold.
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Figure 2. Schematic experimental setup of air- and CO:-cured for reinforced composites.

2.1.2. Characterization of UPE and VE Reinforced Matrix Cured under Air and CO:

The total shrinkage at ambient temperature (25 °C) of each cured molded dumbbell-
shaped sample was measured using a digital vernier caliper and evaluated using the fol-
lowing equation [33],

ninpng D _ nynpng s
Total Shrinkage (%) = =L=% nzzz.ns L2235 %x 100 (1)
r=25 Dm
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where n,;,n,,n; shows the width, length, and thickness of the mold and specimen, T is the
temperature (°C), Dw is the 3D dumbbell-shaped mold size before curing the reinforced
samples, and Ds is the cured dumbbell-shaped specimen.

2.1.3. DSC Evaluation

DSC studies were carried out following the method described elsewhere [31,32] us-
ing Netzsch DSC F3 Maia (Netzsch-Gerdtebau GmbH, Selb, Germany). Dry nitrogen gas
was purged into the DSC cell with a flow rate of 50. The sample mass was kept at about
10-21 mg in an aluminum hermetic pan. The resin samples were heated from 33 °C to 250
°C at a heating rate of 10 °C/min. After the assessment, the samples were cooled down to
room temperature at a similar rate of 10 °C/min. The thermograms were utilized to study
the peak max (°C/min), peak height (mW), and glass transition (Tg) temperature. The
phase transition peak area compared with the calorimetric constant determined for an
appropriate standard material allows the phase transition enthalpy to be obtained.

2.1.4. Tensile Strength

The mechanical properties of air-cured and COz-cured dumbbell-shaped molded re-
inforced composites were measured on an Instron 4411 Universal Tester (Norwood, MA,
USA) with a 100 N load cell. All assessments were examined at the ambient condition
using a crosshead speed of 50 mm min'. Each sample test was performed three times
according to BS EN ISO 527-2:1996.

2.1.5. Flexural Strength Test

To assess the different mechanical properties of the polymer matrix, the transverse
rupture strength, also called flexural tests, was also investigated. Typically, this test is
used to examine each sample’s stress, strain, and maximum external load. Each test was
performed five times according to ASTM D 790 standards. The specimens were tested on
an Instron 4411 Universal Tester at a strain rate of 0.10 mm/min and 20 mm/min speed.
The force accuracy is 0.5% of applied load and 0.001 mm/min speed resolution. All the
samples were performed at ambient conditions. Following are the dimensions of the sam-
ples,
total length — 100 mm
span length — 80 mm and 20 mm,
thickness — 5 mm.

Each sample was set aside for three-point bending tests, and the strength of each
polymer matrix was calculated using the following relation [34],

3NL
O =
T~ w2
where g shows the flexural strength in MPa, N is the maximum load, L is the length, w
is the width, and ¢ shows the thickness of the dumbbell-shaped article.

)

2.1.6. Flexural Modulus Assessment

The flexural modulus assessment of each dumbbell-shaped sample is as distinct as
the composite’s competence to deform. Technically, it is calculated from the stress and
displacement curve slope as described elsewhere [35]. It is also called a tangent modulus
and modulus of elasticity. The following trends are usually used to obtain the flexural
modulus [35].

. L3m
'~ 4we3

where Efshows the flexural modulus, and m is the slope of the stress-strain curve.

®)
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2.1.7. Contact Angle

To investigate the water absorption tendency of neat UPE and VE reinforced matrix
an Attension Theta tensiometer (Gothenburg, Sweden) (instrument was used. The Sessile
droplet technique was used to measure each reinforced sample’s contact angle, and each
test was performed three times. A fine capillary syringe of 4 uL of a de-ionized water
droplet was applied on the selected flat surface of the dumbbell-shaped matrix. Attension
image analysis software was used to determine the contact angle.

3. Results and Discussion
3.1. Molding and Cured Shrinkage Analysis

The dimensional precision of thermoset epoxy matrix or reinforced composites is a
significant issue during manufacturing of the components, particularly when tight for-
bearances are needed [7]. One of the primary consequences of thermoset resin, particu-
larly the types of early cycles curing resins, is that UPE and VE show dimensional varia-
tions in volumetric changes during the cure. Therefore, before producing the required ob-
ject, we comprehensively investigated the shrinkage characterizations of an air- and CO2-
cured UPE-8340 and VE-922 matrix. We showed that the set of 3D printed dumbbell-
shaped molds made using ABS plastic could be accurately modeled by considering total
shrinkage. Before introducing each epoxy mixture, the dumbbell shape ABS mold was
lubricated using Dow Corning high vacuum grease. We showed that the warpage of a
dumbbell-shaped specimen can be precisely replicated by considering total shrinkage
(cure shrinkage + thermal shrinkage). We examined the method of cure shrinkage to min-
imize it. A decrease in free volume is considered to correlate closely with cure shrinkage.
Figure 3 shows the lifted dumbbell-shaped specimen correlation between cure shrinkage
and free volume for various combinations of air-cured and CO: epoxy resins and harden-
ers. The free volume of the epoxy resin correlates with the cured shrinkage of the UPE and
VE matrix, and this result supports the above speculation. The overall cured epoxy matrix
corresponds to experiments conducted at 26 °C because this is the temperature at which
the curing process is reported in the section of curing shrinkage. After the completion of
the UPE and VE matrix, we did not observe any physical or chemical effect on the 3D ABS
mold (see Figure 3). It is probably because of a high-temperature silicon grease we applied
to the mold before pouring the epoxy mixture (epoxy and hardener). As the resin cures,
specifically, in a greased layered mold that constrains the environment within the spaces
of the dumbbell shape, residual stresses may occur within the resin. These stresses may
exceed the depth of both epoxy matrices, which have varying degrees of transformation.

UPE-8340 ' VE-922

Figure 3. The shrinkage differences (air) between the 3D printed ABS mold and epoxy specimen
using various parts of MEKP.

Moreover, the grease layer provides a stress-free ground for the epoxy resins during
the curing process.
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Usually, based on the degree of crosslinking, the volumetric percentage of cure
shrinkage of polyolefins resins is about 7-12% [36-38]. Thus, to achieve a low shrinkage
profile at ambient conditions, the UPE and VE matrix must select the best ratio of resins
and MEKP. We followed a parameter that correlates closely with the cure shrinkage of
both resins. We speculated that cure shrinkage reveals a close correlation with the reaction
rate of each epoxy group with MEKP because the inter-molecular distance is closely re-
lated to the ratio of the chemical reaction between the resins and hardener of each epoxy
set. In recent peer-reviewed articles, several researchers have used several predictive cure
kinetics approaches [27,33,34,39-46]. For example, Oota and Saka [33] developed a tech-
nique to evaluate cure shrinkage and verified that their result of being bent or twisted out
of shape is governed by total shrinkage = cure shrinkage + thermal shrinkage. Very re-
cently, Voto et al. [39], carrying out a cure kinetics approach, reported customizing rein-
forced compositions that focus on matrix constituent reactivity. Perhaps, in this study, we
have used a realistic strategy by using Equation (1) to determine the total shrinkage of
UPE-8340 and VE-922 at various ratios of MEKP. Thus, Figures 4 and 5 summarized the
total shrinkage of two epoxy matrices after curing. The shrinkage results show that in a
dumbbell-shaped mold, the upper surface of epoxy matrix cures earlier than that in the
overall spine, which agrees with the general experimental result. As shown in Figure 4,
with increasing MEKP concentration, the volumetric shrinkage follows a curious trend of
uncertainty shrinkage of air-cured and COz-cured UPE-8340 matrices. The lowest (0.1 vol
%) and highest (0.5 vol %) volume of MEKP showed a higher shrinkage rate in the UPE-
8340 matrix. However, the overall CO2-curing of the UPE-8340 matrix showed that the
shrinking behavior is minimal, ranging from 2.46 percent to 4.31 percent. Based on the
volumetric size of dumbbell-shaped cured samples of UPE, they show that a moderate
amount of 0.3 and 0.4 portions of MEKP in UPE-8340 provides low shrinkage in air- and
CO2-cured samples. Nevertheless, in ambient conditions without any external heating and
compaction source, probably, the molecular weight is significantly affecting the shrinkage
rate of UPE-8340, but this effect is not high; it is just somehow more than 4%.

However, as shown in Figure 5, a linear trend was observed after the curing in the
VE-922 matrix; the lower ratios (0.1 and 0.2) of MEKP in the VE-922 matrix show the low-
est shrinkage rate, which is about 1.56% to 3.27%. However, in both air- and CO:z-cured
specimens, the shrinkage rate increased once we increased the ratio of MEKP in VE-922.
Perhaps, the overall COz-cured shrinkage rate of the VE-922 matrix revealed low shrink-
age. Several peer-reviewed articles have reported that air-based gas scavengers greatly
influence the specimen’s epoxy matrix

5.0%

® Air Cured (UPE-8340) B CO2 Cured (UPE-8340)

Total Shrinkage (%)

0.1 0.2 0.3 0.4 0.5
Conc. of MEKP (Wt.%)

Figure 4. The shrinkage differences between air-cured and COz-cured UPE with various portions of
MEKP.
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4.0%
W Air Cured (VE-922 B CO2 Cured (VE-922

3.5% 1

Total Shrinkage (%)

0.1 0.2 0.3 0.4 0.5
Conc. of MEKP (Wt.%)

Figure 5. The shrinkage differences between air-cured and CO:-cured VE with various portions of
MEKP.

Moreover, the absence of humidity is also a factor in somehow lesser shrinkage with
various portions of MEKP. Thus, the lower shrinkage rate is in good agreement with the
CO»-cured sample. Compared to VE-922, the shrinkage rate of UPE-8340 shows a higher
shrinkage rate, probably due to the molecular weight of UPE-8340, which is higher than
VE-822. It is revealed that the exothermic reaction temperature greatly influences the
shrinkage of UPE-8340 and VE-922. Many researchers have reported that the higher pro-
portion of hardeners in resins facilitates a significantly higher exothermic reaction and a
rapid exothermic reaction leads to a higher curing temperature, usually more than 130 °C
[47-50]. Perhaps high cure temperatures can adversely affect the thermosetting matrix as
a result of the high residual stresses and reductions of the percentage of volumetric shrink-
age.

Nevertheless, during the experiments we observed that the mismatch in thermal ex-
pansion coefficients of each epoxy matrix and the high temperature greased ABS mold
contributed to residual stress development. The effects of the chemical reaction of shrink-
age development can be seen during the air- and COz-cured period. During the experi-
ments, we found that a higher ratio of MEKP in UPE-8340 and VE-922 created cracking in
the specimen. Moreover, the higher proportion of MEKP in each resin faces early curing
(about 20 min to 30 min) and higher temperature during an exothermic reaction. Thus,
this could also contribute to higher shrinkage in the specimens. Therefore, to overcome
the problem of shrinkage in the UPE and VE resins matrix, the third or fourth component
says additives are necessary to control the dimensional quality of the epoxy matrix in the
mold [37,38].

3.1.1. Effect of Air and CO: Curing on Resin Gel Time and Exotherm

Figure 6 exhibits the transformation of temperature with time throughout the time of
curing resin matrix at different MEKP (hardener) portions. These time-temperature curves
reveal the nature of transformation in temperature and the least possible time required
for the resin cure with a limited amount of MEKP. As shown in Figure 6, the measured
exotherm data show that the use of upper portions (0.5%) of initiator reduced the cure
progression time in both the UPE and VE matrix. Similar exotherm graphs were also ob-
served in COz-cured samples for MEKP proportions varying from 0.1 to 0.5 (mL)/5 mL of
each resin. In addition, Figure 6 reveals the gel transformation time and additional curing
phases such as exotherm peak, peak exotherm time, rate of rising in temperature during
curing reaction, and level of cooling of air- and CO2-cured specimens. The same figure
clearly shows that, for a certain initiator portion, the higher the MEKP part, the lesser the
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gel time. This fact is principally ascribed to the escalation in the disintegration of perox-
ides and the creation of highly reactive free radicals that react with monomers to produce
crosslinks. Likewise, the gel time variation appears to be fairly low with high levels of
MEKP in both thermoset matrices. However, the gel time in the VE matrices is higher than
the UPE matrix, and the difference is probably that the molecular chain is longer in vinyl
ester resin, which helps the impact of residual stress during the curing process [43]. More-
over, because of the longer chain, the VE resin’s curing temperature is lower than the
UPE’s, which could help vinyl ester shrink less during the curing process [43]. Generally,
the UPE and VE crosslinking reaction is exothermic. The exothermic reaction temperature
can reach about 171-193 °C [44] for a very thick sample. However, such high temperatures
were not observed (see Figure 6), which could induce a thermal gradient between the re-
inforced matrix surface and core [44]. During our experimental studies, we tried the
higher amount of MEKP with polymer resins (1:3 vol% to 1:2 vol %) and experienced a
swift curing reaction with a higher exothermic temperature of ~160-170 °C, which almost
melted our ABS mold. It is probably due to a higher rate of crosslinking in the dumbbell
shape sample.

Air-Cured (UPE) 95 CO2-Cured (UPE)

Temperature (°C)
(=)
h

Temperature (°C)
L
wn

35 35
25 25 T T T T T T T T T T T T T T T T T T T T T T T
5 25 45 65 85 5 25 45 65 85
Curing Time (minutes) Curing Time (minutes)
g 85 i CO2-Cured (VE)
€ 1 0
) ] > ]
= 3 5 65 4
E B 55 4
E 40 3 B 45 3
F ——01 —-e—02 —e03
35
04 -e—03
20 +—r—r—r+r—+—"r—r—"—r—rr—r——r s YT
5 25 45 65 85 105 5 25 45 65 85 105
Curing Time (minutes) Curing Time (minutes)

Figure 6. Rate of temperature increments during exotherm reaction as a function of various precur-
sor proportions in UPE and VE matrix system.

Middle of the dumbbell shape samples; it can be assumed that distribution of some
functional groups among resins and MEKP could occur, leading to the establishment of a
concentration gradient in the matrix [44-47]. Nevertheless, in our future work, we will
perform a more precise analysis of the effect of thermal force during polymerization with
and without additives in the resins matrix

Comparing air curing and CO: curing in Figure 6, it can be noticed that, even at
greater initiator levels, the gel time and the time to exothermic peak of COz curing demon-
strate more significant gel timing and exothermic reaction rate. During the air curing, the
UPE and VE matrices experience distinct reactions behavior reliant on their molecular
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structure and morphology, such as chain networking, chain branching, and monomers
crosslinking. Perhaps, during air curing, due to the scavengers, particularly Oz and liquid
droplets into the air, the monomers crosslink under excess stress and experience degrada-
tion or scissoring. Moreover, the air curing of UPE and VE also shows lower gel timing
and a higher exothermic reaction rate at various proportions of MEKP probably due to
the interaction of free radicals with atmospheric oxygen dissolved in the monomers. Thus,
the excessive exotherm peak shows that the oxygen diffusion rate controls more oxidative
reactions through the polymer crosslinking.

The CO: curing technique showed the UPE and VE matrix structures, which enhance
oxygen diffusion in the monomers and result in more uniform oxidation inside the poly-
mer crosslinking than air curing. In the absence of air, oxygen diffusion is slowed with a
lower MEKP ratio (0.1-0.3 vol.%). Nevertheless, under the CO: curing process, we can
interpret that the epoxy matrix primarily faces a carbonization process, which probably
undergoes oxidative decomposition of the initiator in the first case. In the second case, the
reactions generally occur throughout the CO2 atmosphere and form a more uniform pol-
ymer matrix with minor shrinkage issues. Similar observations were also reported by Rose
et al. [48]. Yet, during the curing process, particularly air curing, we observed that in the
upper surface of the specimen matrix, the oxygen saturation encourages oxidative degra-
dation. At the same time, the polymer crosslinking occurs in bulk, as shown by the shrink-
age of alkyd group concentration, which is associated with the increase of gel portion re-
gardless of various ratios of MEKP.

3.1.2. Differential Scanning Calorimetry (DSC) Analysis

The air- and COz-cured matrix of the studied UPE and VE epoxy was investigated
via DSC. Figures 7 and 8 show a typical illustration of the DSC thermograms recorded for
air- and CO:z-cured UPE and VE reinforced matrix at different temperature/min heating
rates, in the temperature range ~27-250 °C. The Tg was measured during the heating and
cooling steps.

=——0.1 MEKP —0.3 MEKP 0.5 MEKP =—0.1 MEKP -—0.3 MEKP 0.5 MEKP
Tg=136 °C C Tg=140°C

Heat flow (m/W)

Air-Cured UPE CO2-Cured UPE

0 50 100 150 200 250 0 40 80 120 160 200 240
Temperature (°C) Temperature (°C)

Figure 7. DSC curves of the air- and COz-cured UPE reinforced matrix with various concentrations
of MEKP.

—0.1 MEKP —0.3 MEKP 0.5 MEKP —0.1 MEKP —0.3 MEKP 0.5 MEKP

. | BEEORE |Ta= 114%c | T s Te- 111

Heal flow (mW)

Air Cure VE CO, Cure VE

0 50 100 150 200 250 0 40 80 120 160 200 240
Temperature (°C) Temperature (°C)

Figure 8. DSC curves of the air- and COz-scured VE reinforced matrix with various concentration of
MEKP.
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In Figure 7, it can be seen that the UPE containing the lowest and moderate amount
of MEKP (0.1 and 0.3 vol.%) shows higher Tg. Perhaps, UPE containing higher contents of
MEKP shows less elevated heat flow peaks, and it has been noticed that as the heating
rate rises, the thermal stress become more vigilant on reinforced matrix, and the peak
height is also shifted to a higher value. Similar results were also observed in both air- and
COe-cured VE matrix resins. Besides that, the effect of 0.1 vol.% of MEKP on both matrix
resins is shown in DSC curve not being altered to higher or lower temperatures compared
to the higher contents of MEKP in the reinforced matrix [46].

Nevertheless, the results illustrate that UPE and VE reinforced matrices are relatively
stable in both curing techniques due to the melting behavior because of variable crystal
sizes in the various MEKP systems. The glass transition temperature for both air-cured
UPE and CO:-cured UPE utilizing lower to greater amounts of MEKP is 136 °C-143 °C for
air-cured UPE and 140 °C-146 °C for COz-cured UPE. Figure 7 demonstrates that CO»-
cured UPE has a greater Tg than air-cured UPE, which is owing to the absence of scaven-
gers and likely indicates a substantial mass balance of the oxidation reaction with mono-
mers. Moreover, the UPE containing a moderate amount of 0.3 vol% of MEKP shows the
highest Tg increment among both curing techniques, which is reveals a very stable cross-
linking polymeric network.

3.1.3. Thermal Stability

DSC data revealed the thermal stability of the air- and COz-cured UPE and VE rein-
forced matrices with various concentrations of MEKP, which are summarized in Table 2.
The visual image of the UPE reinforced matrix shows a stable thermal polymer compared
to the VE matrix; perhaps, the matrix that contains a higher portion of MEKP reveals a
less durable polymer under the thermal conditions. It can probably be interpreted that
there is a higher oxygen content present in both matrixes. Thus, this study shows that the
higher portion of MEPK in UPE and VE leads the polymer to a higher volume shrinkage
rate and is more degradable under the thermal environment. Thus, in order to prevent
UPE and VE instability under high thermal circumstances, it will be essential that the pol-
ymer matrix must have an antioxidant component before the curing process. Even though
various concentration differences of MEKP used for a reinforced matrix are more, trans-
formation curves derived from the DSC results have already been illustrated in Figures 7
and 8. As the rate of heat increases during the DSC analysis, all of the distinctive temper-
atures of the curing reaction shift to higher values.

Table 2. Thermal stability of air and COz reinforced thermoset polymer with various concentra-
tions of MEKP.

Air Cured UPE CO: Cured UPE
MEKP (Conc.)
0.3 0.5 0.1 0.3 0.5
Heat (J/g) 2 0.893 1.932 24 1.126 2.334
T (°C) 57.4-103 49.2-75.5 30-68 57-84 40-80 33-69.7
Time (min) 9.3-184 7.6-12.9 44-11.4 9.1-16.5 6.8-14.2 5.7-11.6
Peak Max (°C/min) 69/11.6 60.8/9.9 38/5.4 68.3/12 56.4/10.2 37/6.1
Peak Hight (mW) -0.122 -0.103 -0.232 -0.113 -0.45 -0.195
Heat (J/g) Air Cured VE CO: Cured VE
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1.705 0.92 1.806 1.851 0.98 1.87
T (°C) 62-101 28-66 46.4-72.2 65-110 29-73 51-80
Time (min) 10.3-18 3.7-10.9 7-12.2 10.9-19.5 4-13.1 8.1-14.7
Peak Max (°C/min) 80.1/13.8 33.4/4.6 60/9.7 80/15.8 36/5.7 60/13.8
Peak Height (mW) -0.101 -0.068 -0.52 -0.105 -0.108 -0.104

Nevertheless, in Table 2, we have observed no significant difference between the two
curing techniques concerning the T (°C), the temperature of the peak maximum (°C/min)
in the heat flow curves. In contrast, the reaction between MEKP and epoxy during the
curing process begins at shallow temperatures, even below 0 °C. However, in DSC analy-
sis at a lower heating rate of 33-37 °C-min the thermal stress on the reinforced matrix
seems to be relatively slow at the beginning but accelerates considerably towards the end
(high temperatures). As described above, during the curing process, the crosslinking of
monomers and initiator involves several different oxidation degradation reactions due to
the molar volume of the initiator; thus, probably, the rates of these reactions will vary with
temperature in different ways. Thus, a change in the heating rate may favor one reaction
over another and change the structure of the crosslinked molecular network. This would
explain the decrease in the ultimate Tg observed for both systems on increasing the heat-
ing rate (Table 1). It can also be seen in Table 1 that the air-cured UPE and VE decrease
the final Tq. This may be explained either by the scavengers present in the air reducing
the crosslink density or by cramming of the reversible inclusion, whose alkyl/aryl chain
structure may escalate the crosslinked network’s mobility and influence the curing mech-
anism as well.

3.1.4. Contact Angle and Water Absorption Comparison of Air- and CO»-Cured Speci-
mens

Understanding the wetting behavior with the exact ratio of MEKP concern is ex-
tremely important, as is studying the chemical surface of UPE and VE reinforced matrices.
The wettability can also describe the progress of the absorption between the reinforced
polymer matrix and applied liquid. The reinforced polymeric components have to depend
on the interaction with a specific application, particularly in seawater desalination. Fig-
ures 9 and 10 summarize the comparison of deionized water contact angles with their
standard deviation values measured for two different cured UPE and VE reinforced ma-
trices. As can be seen, the addition of various concentrations of MEKP into the UPE resins
leads to distinct hydrophobic/hydrophilic properties of the obtained specimen. The 0 val-
ues of the air- and COz-cured UPE matrix showed that the reinforced polymer containing
the lowest amount (0.1% and 0.2%) of MEKP represented more hydrophobic behavior,
which means there is a lower drag reduction property in water flow application.

However, in air curing techniques, the lowest content of MEKP in UPE matrix
showed contact angles greater than 95, representing an excellent water repellent and
hence hindrance properties. The higher contact angle in both reinforced polymeric matri-
ces cured techniques probably revealed lower oxidative degradation due to the lower per-
oxide content interaction with the monomers. Dirand al el. [44] also reported that during
the curing process it is most likely that oxygen is responsible for the creation of such an
interfacial hydrophobic smooth layer.

Perhaps, the higher MEKP in the UPE reinforced matrix showed moderate hydro-
phobicity. Nevertheless, from Figure 9, it is observed that the affinity of the water droplet
to the reinforced matrix surface was proportional to the proportion of MEKP in the resin,
and the std deviation values show a good agreement of the polymer matrix stability. By
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adding a higher amount of initiator into the polymer matrix, the contact angle was de-
creased. At 0.3 wt.%—0.5% MEKP loading, the O values were decreased by 1.21-1.26-fold,
respectively, compared to the 0.1% MEKP-based reinforced composite. At 0.4 vol.%
MEKEP loading, the contact angle values were decreased sharply by up to 1.26%. Never-
theless, compared to the CO: technique, the air-cured method showed more significant
improvement in the contact angles of UPE and VE reinforced matrix, as shown in Figures
9 and 10. It was found in the literature that the contact angle measurement can also pro-
vide a level of intercalation between the initiator and the polymer [44-47]. The water drop-
let contact angle of VE-922 (see Figure 8) had a lower surface O than UPE and showed a
partial hydrophobic tendency. However, both air and CO: cured.
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Figure 9. Contact angle and their standard deviations of air- and COz-cured UPE matrix with vari-
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Figure 10. Contact angle and their standard deviations of air- and COz-cured VE matrix with various
amounts of MEKP.

UPE and VE matrices containing higher amounts of MEKP showed insignificant con-
tact angles lower than 80°. This may be due to the presence of oxygen in double bonds
and OH group attachment in aliphatic chains. In addition, probably this could show the
imprecise nature of the interfacial interactions of O and OH (typically present in MEKP)
which could be inherent in the chemical bonding with polyolefin chain [48]. Moreover,
the lower contact angle of the VE matrix in both curing techniques also revealed acid or
base formation due to the interactions of the higher molar volume of MEKP. Similar in-
terpretations were also reported by Diran et al. and Abral et al. [44,47].
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4. Mechanical Properties
Tensile Strength of UPE and VE

Figure 11 shows the effect of MEKP concentration on the cured samples’ tensile
strength. It is observed that a higher proportion up to 0.3 vol.% of MEKP in the reinforced
matrix leads to a significant tensile strength in both cured techniques (air and CO2). How-
ever, the UPE-8340 matrix (cured under air and CO2) shows more inconsistent behavior
than VE-922; its shows insignificant tensile strength at a higher concentration of MEKP.
At a high molar volume ratio of MEKP, the tensile strength of the UPE matrix decreased,
probably due to a rapid crosslinking reaction during the curing process and the difficulty
of the molecule to be aligned uniformly. It may be due to a higher exothermic reaction
temperature during the curing time, which affects the matrix’s tensile strength, or the im-
balanced vapor pressure difference between UPE and MEKP; therefore, it has acted
(MEKP) as a stress concentrator, which reduces the tensile strength. Safarabadi and
Shokrieh [49] and Shokrieh and Ghanei [50] also revealed similar interpretations.

Moreover, the higher molar ratio of MEKP in the UPE matrix probably decreased the
polymer chain adjustability resulting from the reduced polymer chain crosslinking in the
thermoset structure. On the other hand, the air- and COz-cured VE matrix shows signifi-
cant behavior and revealed a linear tensile strength curve corresponding to its maximum
load due to a higher amount of MEKP. Furthermore, the increased tensile strength of VE
in both curing techniques correlates to a crosslinked chemical structure network in con-
trast to the higher MEKP ratio. Furthermore, the improvement in tensile strength is prob-
ably due to an oxidation reaction with the polyolefin structure of vinyl ester. As compared
to the air-cured UPE and VE matrix the COz-cured matrix shows significant improvement
in the tensile strength and a better load bearing tendency. Nevertheless, the moderate ra-
tio of MEKP in both matrices enhanced the load holding capability, which means 0.3 vol.%
of MEKP was a good reinforcing composite for both neat resins.
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Figure 11. The effect of MEKP concentration (%V/V) on cured samples’ tensile strength.

Flexural Properties

To evaluate the bending resistance of air- and COz-cured UPE and VE reinforced ma-
trix composites, each specimen’s flexural strength and modulus were calculated using
Equations (2) and (3). Figure 12A,B summarized the flexural strength (A) and flexural
modulus (B) properties of each UPE and VE sample. As shown in Figure 12A,B, the flex-
ural strength and flexural modulus of the UPE matrix shows that the sample with 0.3
vol.% of MEKP revealed the highest flexural properties, i.e., 5023.145 MPa (air-cured) and
5127.696 MPa (CO: cured), and the modulus is about 1385.376 MPa (air-cured) and
1489.926 MPa (CO: cured). Figure 12A,B show that increasing the volume percent of
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Flexural Strength (Mpa)

MEKEP in UPE lowered the flexural properties. The UPE samples cured under CO:2 re-
vealed better flexural properties than the air-cured UPE sample. The lower flexural prop-
erties at higher contents of MEKP is due to a faster curing reaction, which probably caused
the rapid crosslinking chain network during the polycondensation polymerization pro-
cess. On the other side, the VE matrix shows (see Figure 12A,B) a different pattern, i.e., at
lower contents of MEKP in the VE matrix, which demonstrates greater flexural strength
but a lower flexural modulus. As compared to the UPE matrix, the flexural modulus of
air- and CO»-cured VE matrix revealed better properties at a lower initiator content. How-
ever, unlike the UPE matrix, the 0.3 vol.% content of MEKP in VE corresponded to the
lowest flexural properties.

Nevertheless, the flexural strength and flexural modulus of UPE reinforced matrix
composites were raised in both curing procedures in the current study at the lowest MEKP
concentration in the matrix, although the VE matrix displayed greater flexural strength
but lower flexural modulus at lower MEKP contents. The lower contents of MEKP in both
resins might form a balanced crosslinking network with monomers, but it also led an ex-
tended curing process in both techniques. The extended curing process might be facili-
tated to reduce the chemical and physical stress during the polymeric chain structure, and
the shrinking results are in excellent agreement to validate delaying the curing approach
at the presence of molar volume balance between the hardener and resins. Moreover, the
hardener and resins’ balance molar volume ratios involve a smooth, free radical chain-
growth reaction [8]. Yang and Lee [27] and Merle et al. [8] also reported that at the begin-
ning of the hardener/resins process, the polymerization is initiated once the hardener is
mixed with thermoset resins. Principally, the hardener decomposed in the matrix and es-
tablished the free radicals in the system. At the early stage of polymerization, the free-
radicals convert the monomers into gel and simultaneously, for a time, grow and grow as
a form of long-chain crosslinking in the styrene monomers system. As the reaction con-
tinues, more and more particles are formed until they become crosslinked.
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Figure 12. The effect of MEKP concentration (%V/V) on cured samples’ flexural strength (A) and
flexural modulus (B).

5. Conclusions

This work has developed deficient shrinkage curing techniques for UPE and VE re-
inforced matrix without any accelerator, co-polymer, or additives. The air and CO2 closed
chamber curing approach has revealed thick interphase in UPE and VE resin cured in
contact with a 3D printed ABS dumbbell-shaped mold. In addition, the warpage of a
dumbbell-shaped specimen under a closed chamber could be systematically reproduced
under an ASTM D638-03 standard, which has revealed deliberating total shrinkage (cure
shrinkage + thermal shrinkage).

This interfacial layer decreases from the variation of the relative molar volume of
MEKP in VE and UPE resins from the interface to the bulk after curing. The air and CO:
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curing on resin gel time and exotherm results established that the lower volume of initia-
tor (MEKP) has less impact on chemical and physical stress on the polymer matrix during
the curing process.

The results revealed that, for a specific initiator portion, the higher the MEKP part,
the lesser the gel time and higher the volume shrinkage. This fact has typically been at-
tributed to the upsurge in the crumble of peroxides and the creation of highly reactive free
radicals that react with monomers to produce cross links.

The CO: curing methods have found a better approach for developing low shrinkage
specimens with improved tensile and flexural strength than air curing. It is also shown
that the flexural modulus of the resin increases from the interface to a depth. Such a phe-
nomenon could play an essential role in the magnitude of the mechanical stress perfor-
mance of UPE and VE matrices at a lower volume ratio of the initiator.

Nevertheless, only the contact results showed a partial hydrophobic reinforced ma-
trix; this may be due to the attachment of the OH functional group during polymerization.
The DSC results revealed that the Tg of the CO2-cured UPE and VE matrix increased, and
the thermal stability results are in good agreement with the CO»-cured matrix, respec-
tively. The flexural strength also showed improved results compared to air-cured matrix
specimens.
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