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Abstract A

The main purpose of this study was to investigate the effects of different types and concentrations (0, 5, 10, and 15
phr) of benzyl alcohol (BA), dibutyl phthalate (DBP), and 1,4- Butanediol diglycidyl ether (BDDE) as diluents on different
properties of epoxy-based composites whose resin and hardener was RenLam LY 5138 and Aradur 5052; respectively. Some
parameters including change in viscosity, gel time, contact angle, cross-linking percentage, and water absorption were ac-
cordingly monitored during the use of the diluents in the formulation. The results revealed that the viscosity and contact
angle of the composites had sharply declined. However, viscosity had increased over time (about 85 min) for all three diluents
(although the change in viscosity for BDDE was lower). Utilizing BA had also led to a significant decrease in gel time (about
66%). Nevertheless, DBP and BDDE had finally improved this parameter. Moreover, adding to BA and DBP concentrations
had remarkably reduced cross-linking percentage (by 7%) while it had reached about 100% following the use of BDDE (10
phr). The lowest level of water absorption (at 30, 100) had further achieved once 15 phr of these three diluents had been em-
ployed.
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Introduction

The Vacuum Infusion Process (VIP) is known as a cost-
effective technique for producing large composite components
for wind turbine blades, pressurized vessels, boats, etc. Within
this process, one side of such objects is solid and the other side
is a flexible vacuum bag, which is used to close the mold, and
then resin is pushed into this mold by the force of the vacuum.
Therefore, the success of the VIP depends on the low viscosity
of the resin. This rheological behavior is needed to ensure com-
plete infusion and fiber wetting [1,2,3]. The viscosity of resins
is also commonly used in the VIP range between 500 and 1000
cps [4]. In the case of thermosetting resins, viscosity, hardening
temperature, time, pressure, mixing ratio, and curing agent are
mostly interdependent. For these resins, the performance of the
final product is not a function of any one of these factors but is
determined by the processing condition as a whole [5]. Thanks to
their good mechanical, thermal, and chemical properties, epoxy
resins can, therefore, have extensive uses in industry. One of the
most popular groups of such substances is diglycidyl ether of bi-
sphenol A (DGEBA)-based resins, with a viscosity of more than
10000 cps. Given the extensively high viscosity of such resins, it
is common to utilize reactive diluents to modify their viscosity
[6]. The desirable viscosity of the resin is thus considered as a
fundamental requirement for its practical use in the industry [7].
In this study, diluents of epoxy resins were used to obtain a suit-
able resin for the VIP. Curing of epoxy resins also involves the
conversion of liquid monomers into a three-dimensional (3D)
network structure, affecting viscosity and processability time [8].
Besides, gelation is an important phase in curing of epoxy resins,
referring to the state when the reaction has progressed enough
to form a flexible 3D network. In epoxy systems, gelation also
involves the release of heat and marks the end of the workability
of the resin [9].

In this respect, an analysis of cured specimens has
shown that adding up to 15% of diluents to the resin would
not significantly change glass transition temperature, but using
20-30% of them would reduce glass transition temperature by
19-37°C [10]. Moreover, a study of mechanical properties has
revealed that increased concentration of diluents does not have
much effect on elastic modulus, but decreases tensile strength
and augments percent elongation before fractures. These effects,
attributed to matrix softening, can get stronger as the concentra-
tion of diluents is augmented [9]. Because of the proximity of
epoxy groups to high-performance epoxy resins such as tetra-
glycidyl-4 and 4'-diaminodiphenylmethane, the etherification

reaction is more common in these resins. As a result of frequent

intermolecular etherification in these systems, their cross-link-
ing density and higher glass transition temperatures have also
grown. However, the level of etherification can be reduced using

a stoichiometric ratio (r) closer to 1 (r = 1) [11].

Moreover, the glass transition temperature of a ther-
moset is directly related to the final transformation, the strength
of chains, and the free volume trapped in a network. Therefore,
it is difficult to induce movements in part of a polymer chain
without expending very much energy for polymers with a high
cross-linking density, high chain strength, and low trapped free
volume [12-15].

Morteza Khalina, et al., investigated the influence of
aliphatic reactive diluents on the main properties of two multi-
functional and bifunctional epoxy resin. The results confirmed
that the addition of the diluents causes decreasing the modulus
and the ultimate strength of the resins. However, toughness and

strain at break improved significantly [16].

In addition, the effect of two reactive (PEG) and none
reactive (toluene) diluents on thermal and mechanical proper-
ties of DGEBA epoxy resin was studied via Amimesh Sinha and
coworkers [17]. In fact, by using about 10wt% of the diluents,
the thermal stability diminished remarkably. However, Mechani-
cal properties such as hardness, fracture toughness, and tensile
strength improved while 10wt% of PEG diluents were utilized.
The examinations in this study were performed on three diluents
i.e. BDDE, BA, and DBP. In the course of the study, the formula-
tions were also found to be ill-suited for different phases and the

VIP was eliminated until the final formulation was obtained.

Materials and Method

This study was performed using epoxy resin with a
hardener agent manufactured by Huntsman Co. (USA). Benzyl
alcohol (BA), dibutyl phthalate (DBP), and 1,4-butanediol digly-
cidyl ether (BDDE) were accordingly used as diluents. The main

characteristics of these ingredients are shown in Tables 1 and 2.

JScholar Publishers

] Mater sci Appl 2020 | Vol 4: 104



Table 1. Main properties of resin and hardener

Materials | Trade code Density(gr/cm3) | Viscosity(cP) EEW or AHEW
Resin RenLam 5138 | 1.14 1850 206.74
Hardener | Aradur 5052 | 0.94 50 108.45
Table 2. Main properties of diluents
Materials Purity (%) Molecular Melting point | Boiling point | Density
Mass(gr/mol) | (°C) (°C) (gr/cm3)
DBP 99 - -35 340 1.043
BA 99 108.14 -15 205 1.05
1,4BDDGE - 202 - - 1.1
Equipment Methods

A Brookfield viscometer model DV-III (Brookfield,
United States), an Olympus microscope model: BX51 (Japan), a
rotary vane vacuum pump (Poosh Co.: Iran), a Soxhlet extractor
(Goldis Co.: Iran), and a mechanical mixer (Vari-Lab) (Jencons

Co.: UK) were utilized as the main instruments in this study.

Characterization

Viscosity was measured using the Brookfield viscome-
ter DV-III with the spindle #62 and rotation frequency of 10-rpm
at constant temperature (25) based on ISO 165 [18]. Gel time was
then measured according to [19]. Cross-linking percentage and
levels of water absorption were correspondingly measured based
on [20] and [21] respectively. The contact angle of the compos-
ites was finally calculated using the Olympus microscope and the
AutoCAD Design 2013 software.

In this experiment, the special ratio of resin: hardener
(100:43) was mixed via a mechanical mixer. Besides, different
types and concentrations of the diluents were added to the mix-

ture.

Results and Discussion

Effect of Diluents on Viscosity of Epoxy-Based Compos-
ites

The effect of diluents on the viscosity of the epoxy-based
composites is depicted in Figure 1. The results confirmed that us-
ing BA had decreased viscosity in a linear manner. Increasing
BA content from 0 to 9 phr had sharply reduced viscosity of the

composites from 700 to 350 cP. Moreover, viscosity had not re-

markably changed while BA content had improved from 9 to 12
phr. Finally, adding 15 phr of the diluent had resulted in a decline

in viscosity to less than 200 cP.

Viscosity(cP)

0 3 6

9 12 15

Diluent content(phr)

Figure 1. Effect of types and concentrations of diluents on the viscosity of composites
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In this experiment, a change in viscosity of the prepared
composites was also monitored (Table 3) for a certain period (85
min.) at 25. Controlling change in viscosity of the blanket sam-
ple also showed that viscosity of the sample had significantly in-
creased from 720 to 1849 cP within 85 min. In addition, the re-
sults confirmed that increasing the content of the diluents from 5
to 15 phr had led to a decrease in viscosity. Moreover, changes in
the samples including BDDE in the formulation were the lowest.
This diluent had an epoxy-based structure as an active diluent.
As a result, the diluent could make a bond with other resins and

hardeners in the formulation.

Gel Time

Gel time or the total time needed for complete curing
of the epoxy resin is known as one of the most important param-
eters for each epoxy-based composite. Many different param-
eters may thus contribute to total gel time. As shown in Figure
2, the gel time of the blanket sample was about 370 min. Subse-
quently, gel time changed remarkably using different contents of
the diluents. In other words, gel time declined from 300 to un-
der 100 min as concentrations of BA increased from 5 to 15 phr.
However, adding DBP and BDDE led to a sharp rise in gel time.
Growing concentration of DBP resulted in improvements in gel
time and it reached the maximum level of 450 min (for 15 phr).
In addition, the same trend was achieved for BDDE. Changes
in BDDE content from 5 to 15 phr enhanced gel time approxi-
mately from 420 to 450 min.

Table 3. Viscosity of prepared composites versus time

Viscosity(cP)
BA(phr) DBP(phr) BDDGE(phr)
Time(min.) | 0 5 10 15 5 10 15 5 10 15
0 720 540 430 270 440 430 310 370 300 250
25 804 550 550 280 520 505 380 510 380 300
50 1200 855 1000 650 825 710 540 620 441 365
85 1849 1960 2100 1360 1320 1110 900 770 580 496
500
450 wSphr =10phr =15phr
400
~ 350
=
E 250
= 200
S 150
100
50
u —
Blanket

Diluents

Figure 2. Effect of diluents on gel time
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Contact Angle

The contact angle could directly influence adhesion and
wettability of the composites. As a result, changes in contact an-
gle might be one of the main parameters that must be taken into
consideration. The effect of different types and concentrations of
the diluents is illustrated in Table 4. It should be noted that dilu-
ents are usually used in order to decrease the viscosity of epoxy
resins. So, it seems that the utilization of diluents is very vital.
However, the results confirmed that the diluents had negative ef-

fects on the contact angle of the composites (Table 4 and Figure

3). Moreover, the results demonstrated that the contact angle of
the sample without any diluents (i.e. blanket) was about 53.45.
By adding 5 phr of BA, the contact angle had also significantly
decreased (from 53.45 to 48.2). Subsequently, DBP and BDDE
had led to a decline in contact angle up to 45.2 and 44.7; respec-
tively. Increasing the content of the diluents from 5 to 10 phr and
15 phr had additionally resulted in a descending trend in contact
angle. Finally, the minimum contact angle had been achieved
(about 36.87) once the 15 phr of BA had been utilized.

Table 4. Effect of different diluents on contact angle of composites

Contact angle
Diluent(phr) | Blanket BA DBP BDDGE
0 53.4483 - - -
5 - 48.2664 45.1966 44.7451
10 - 42.4083 40.7853 41.0020
15 - 36.8788 38.5840 37.6046

Figure 3. Effect of different diluents on contact angle of prepared composites A (without any diluents), B (DBP), C (BA), D (BDDE)

A
B
S phr 10 phr
5.
S phr 10 phr
D

15 phr

10 phr 15 phr
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Cross-Linking Percentage and Level of Water Absorp-
tion

When the hardener was added into the mixture of the
resin, cross-links were made. Most of the properties of the epoxy-
based composites also depended on the cross-linking percent-
age. Besides, this property of the mixture directly depended on
resin: hardener ratio and some other ingredients. Accordingly,
investigating the effect of the diluents on cross-linking percent-
age confirmed that (Figure 4) adding BA and DBP could have
negative impacts on cross-linking percentage of the composites.
Increasing BA and DBP contents from 5 to 15 phr could change
the cross-linking percentage from 96 to 90% and 95 to 91%; re-
spectively. However, the results established that BDDE had im-
proved cross-linking percentage. In other words, using 5 phr
of this diluent had resulted in an increase in cross-linking per-
centage from 98 (blanket sample) to 99%. Moreover, the highest
level of cross-linking (about 100%) was achieved when 10 phr of
BDDE was utilized.

Epoxy-based composites are usually applied in outdoor
environments. As a result, the resistance of such composites
against humidity, heat, and light can be the most important pa-
rameter. Resistance against humidity or water absorption is thus
a vital problem facing these composites. It can be more prob-
lematic when the composites used for a long time cause inflation
and finally degradation. Different parameters can also affect the
water absorption of epoxy resins. In this experiment, the effect of
diluents was studied at two different temperatures i.e. 30 and 100
(Figure 5 and Figure 6). The results also confirmed that increas-
ing BA concentration from 5 to 15 phr could result in a slight
decrease in levels of water absorption from 0.5 to 0.46% at 30
Furthermore, water absorption could be about 0.56% as 5 phr
of DBP was added. However, increasing the concentration of the
diluents to 10 phr had augmented levels of water absorption and
reached 0.6%. Improving DBP content from 10 to 15 phr, water
absorption had also sharply decreased and reached the lowest
level of 0.42 %. The same trend was additionally observed when
DBP was replaced with BDDE. The lowest level of water absorp-
tion was obtained (0.46%), while 15 phr of BDDE was employed.

100
0§
ESNS
ERT
£ o
[=11]

B

2 90
fgas
[

86
34_

m5phr m10plr =15phr

Diluents

Figure 4. Types and concentrations of diluents versus cross-linking percentage

Water absorption can be also directly correlated with
temperature. So, it is clear that increasing temperature from 30
to 100 can lead to a rising trend in levels of water absorption of
the epoxy-basedd composites. Water absorption was also equal
to 0.7% as 5 phr of BA was added. Subsequently, replacing BA
with DBP and BDDE could increase water absorption to 0.75%
and 0.77%; respectively. Adding to the concentration of the dilu-
ents from 5 to 10 phr had further resulted in a slight increase in
water absorption. The lowest and the highest levels of water ab-
sorption (at 10 phr concentration) belonged to BA (0.78%) and
BDDE (0.9%); respectively. However, utilizing 15 phr of the dilu-

ents could significantly decrease water absorption and the lower
peak of water absorption was achieved (about 0.6 %) when DBP

was used.
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Figure 5. Water absorption (at 30 °C) versus diluents

0.95

—a— 5 phr

0.9
0.85
0.8
0.75

0.7

Water Absorbance(%)

0.65

0.6

—a— 10 phr

15 phr 1

) 3
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Figure 6. Water absorption (at 100 °C) versus diluents

Conclusion

This study reflected on the effects of different types of
diluents on the main properties of epoxy-based composites with
ingredients including resin (RenLam LY 5138) and hardener
(Aradur 5052). In addition, three different diluents such as BA,
DBP, and BDDE in different concentrations (0, 5, 10, and 15 phr)
were used in the formulation. Accordingly, the results confirmed
that using different contents of diluents could have negative ef-
fects on the viscosity and contact angle of the prepared com-
posites. Moreover, time passing revealed that viscosity had not
remained stable. The viscosity increased over time for all the for-
mulations after about 85 min. In other words, change in viscosity
for the formulation including BA was more than that for DBP

and the minimum level belonged to BDDE samples. Measuring

the gel time of the prepared composites also made it clear that
increasing BA content from 5 to 15 phr had resulted in a decrease
in gel time from 300 to 100 min. However, the use of the two oth-
er diluents increased gel time compared with the blanket. Add-
ing to the concentration of BA and DBP remarkably decreased
the cross-linking percentage (about 7%) while it reached about
100% as BDDE (10 phr) was employed. Ultimately, the lowest
level of water absorption (at 30, 100) was achieved once 15 phr of

these three diluents were utilized.
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