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Objectives. This study focused on the quantification of the surface tension and the static
and dynamic contact angles of epoxy oligomers, active diluents, and their mixtures of various
compositions at different temperatures. The active diluents were aliphatic compounds based on
glycidyl ethers, namely laproxides and a laprolate of different structure, functionality, molecular
weight, and viscosity. Moreover, the preparation of effective polymer binders (matrices) for
composites was explored.

Methods. In this study, the epoxy oligomers ED-20 and DER-330, laproxides 201B, DEG-1, E-181,
and 703, laprolate 301, and their mixtures in various compositions were investigated. Their
surface tension and the static and dynamic contact angles were determined by the Wilhelmy
plate and ring methods on a semiautomatic tensiometer at different temperatures (20-60°C). The
static contact angle was measured on a thin aluminum borosilicate glass plate, and the dynamic
contact angles were determined using an installation for measuring surface tension developed
by NPO Stekloplastik.

Results. The surface tension and static and dynamic contact angles were obtained for all epoxy
oligomers and active diluents, as well as for their mixtures at 20-60°C. For binders based on
systems of epoxy oligomers and active diluents, the impregnation rate of fiber reinforcement was
also calculated. The introduction of laproxides or laprolates into the epoxy oligomers led to a
decrease in surface tension and contact angles, while the increase in temperature increased the
impregnation rate by 10-20 times.

Conclusions. The temperature increase from 20 to 60°C resulted in a decrease in the surface
tension of mixed systems of epoxy oligomers and active diluents by almost two times. In addition,
the contact angles changed by only 4°-7°, while the impregnation was significantly improved
and the corresponding rate increased by 10-20 times.
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ITenu. OnpedeneHue noO8epxXHOCMHO20 HAMSIKeHUS,, CMAMUUeckozo U OUHAMUUECKO020 Y2/108 CMA-
UUBAHUSL NPU PASHBIX memnepamypax 0k INOKCUOHbLX onuzomepos mapoxk 3/1-20 u DER-330;
015 aKmueHblx paszbasumenell — anugamuueckux coeOuHeHUl Ha 0CHO8e 2UUUOUNO8bLX IPU-
poe — Aanpokcudog u Aanpoaama pasHoili cmpykmypsl, PYHKUUOHANLHOCMU, MONEKYASIPHOU
Maccol, 853KOCMU; a MakK>Ke 0l CUCMmeMm, COCMOSULUX U3 INOKCUOHBLX 01U2OMEPO8 U aKmue-
Hblx pasbasumenell pasHozo cocmasa. Tarrke yenvto 1857106 co30arue 3¢pPexmueHblx NoaU-
MEPHBLX CBSI3YoUUX (Mampuy) 015l KOMNO3UMOS.

Memoobst. B kauecmee 06beKkmoe Ucciedo8aHusl UCNOIb308ANAU SNOKCUOHbBLE OJU20MEPbL M-
pox B/1-20 u DER-330; axmusHble pazbasumenu — Aanpokcuost (2015, I2I-1, 5-181, 703) u
Aanponam 301; a marxike cucmemol 3NOKCUOHBLU oniuzomep + Aanporcuod (Aanponam) pasHelx
cocmasgos. IlogepxHocmHoe HamsKeHue, cmamuueckull U OUHAMUUECKUT Ya/ibl CMAUUBAHUSL
onpedensniu memooom Bunveenomu u memooom ompsleéad KOAbUA HA NOAYABMOMAMUUECKOM
men3uomempe npu pasHelx memnepamypax (20-60 °C). Cmamuueckuil yaos cmauu8aHust us-
Mepsiiu HA MOHKOU NiacmuHe U3 antomobopocunuUKaAmHO20 cmekaia. 3HaueHus OUHAMUUECKO-
20 Yena CMAUUBAHUSL ONpedessiii Ha YCmaHoeKe 0Nl UBMepeHUsl NOBEPXHOCMHO20 HAMSIKe-
Hus, paspabomarHoli AO «HITO Cmekaonaiacmuic.

Pesynemamet. OnpedesnieHbl 3HAUEHUSL NOBEPXHOCMHO20 HAMSKEHUS,, Y2108 Cmamuueckozo
U OUHAMUUECKO20 CMAUUBAHUSL 011 INOKCUOHBLX onuzomepos 3/1-20 u DER-330, Aanpokcudos
2015, [Ior-1, 5-181, 703 u Aanponama 301, a makiKe Ol CMEULAHHbLX cuCmem npu mem-
nepamypax om 20 0o 60 °C. PaccuumaHsbl CKOpOoCmMU NPONUMKU APMUPYIOULUX 80JIOKHUCTIBLX
HanonHumenell 3pPeKmusHbIMU CEA3YULUMU HA OCHO8e cMeuaHHblx cucmem. IlokasaHo,
umo npu 88e0eHUU 8 INOKCUOHbBLE onuzomepsbl Aanpokcudos (Aanposrama), no8epxHOCMHOe Ha-
msioKeHUe CHUXKAemcest, Yasibl CMAUUBAHUSL YMEHBULAOMCSL, MeMnepamypa nosblulaemcsi, 8 pe-
3ysibmame uezo0 ckopocms nponumxku gospacmaem 8 10-20 pas.

Bwbteoout. I[Tosviuerue memnepamypst om 20 0o 60 °C npugodum K CHUIKEHUI NO8EePXHOCIHO-
20 HAMSIKEHUSL CUCMEM, COCMOSULUX U3 FNOKCUOHBLX O/IU2OMEPO8 U aKmueHblx pazbasumeneti,
npakmuuecku 8 2 pasa. Yasibl cCMAUUBAHUS USMEHSIOMCsL 8ce2o Ha 4°-7°, cyuiecmeeHHo Yyayu-
waemesi Kauecmaeo nponumru, cKkopocms nponumku ygeauuusaemest ¢ 10-20 pas.

Knroueevle cnoea: snoKcuoHble 0/U20MePbL, aKmugHvle pazbasumenu, arugamuuecKue
coeOUHeHUsT Ha OCHOB8Ee 2/ULUOUN08bLX 3pupos, Aanpokcudel, Aanponam, nogepxHocmHoe
HamsikeHue, cmamuueckuli U OUHAMUUECKUT Yaabl CMAUUBAHUSL, NPONUMKA APMUPYIOULUX
80JI0KHUCMbLX HanoaHumeneu.

Jna yumupoeanusn: bpecckas A.Jl., Tpopumor JI.A., Cumonos-Emenssanos N.J1., lanrynos C.U., Cokonos B.U.
HccnenoBanre MOBEPXHOCTHOTO HATSKCHHS U YIVIOB CMAaYyUBaHUA U1 co37aHusl 9(Q(PEKTUBHBIX TOJUMEPHBIX CBA3YHOIIMX
Ha OCHOBE DTOKCHJHBIX OJIMTOMEPOB C aKTUBHBIMHU pazOaButensmMu. Toukue xumuueckue mexnonozuu. 2020;15(3):47-57.
https://doi.org/10.32362/2410-6593-2020-15-3-47-57
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INTRODUCTION

During the production of fiberglass for several
purposes, various modifiers are introduced to regulate
the physical, chemical, technological, and operational
characteristics of epoxy binders [1, 2]. The use of
glycidyl ester-based aliphatic compounds that contain
epoxy groups as modifiers of epoxy oligomers (EO)
is of particular interest. These compounds are also
known as laproxides and laprolates' and can be
efficiently combined with EO [3, 4]. More specifically,
laproxides and laprolates act as active diluents (AD)
and are embedded in the three-dimensional structure
of the epoxy polymer during curing [5, 6], thus
eliminating the solvent removal (drying) stage in the
fiberglass manufacturing. Their effect on the kinetics
of bulk shrinkage and stress during curing, as well as
on the physical properties, deformation behavior, and
molecular structure of epoxy matrices has already
been investigated [7-10].

Although it is known that determining the
composition of epoxy binders and the impregnation
rate of reinforcing fiber fillers requires additional
data on the contact angles and surface tension
[11], there are no relevant literature reports on the
surface tension and static contact angle of various
AD surfaces and systems that are based on an epoxy

oligomer and an AD (EO-AD). Moreover, data on the
dynamic contact angle of polymer epoxy binders, EO,
AD and EO-AD systems are also not available in the
literature.

Therefore, the aim of this work is to study the
surface tension (o) and the static (6 ) and dynamic
(Gdyn) contact angles of laproxides, laprolates,
and EO-AD systems of different compositions at
temperatures 20—60°C for the preparation of effective
polymer binders based on the EO ED-20 and DER-330 and
various AD with high impregnation rate of reinforcing
fiberglass systems.

MATERIALS AND METHODS

For this study, EO ED-20 (Ya.M. Sverdlov
plant, Russia) and DER-330 (DOW Chemicals, CAS
Number 25036-25-3/1330-20-7 (100-41-4), USA),
laproxides 201B (L-201B), DEG-1 (L-DEG-1),
E-181 (L-E-181), and 703 (L-703) with different
structures, functionalities, molecular weights, and
viscosities, and laprolate 301 (LT-301) (V.S. Lebedev
NPP Makromer, Russia) were used. Their main
characteristics are provided in Table 1. Moreover,
a series of EO-laproxide (or laprolate) systems of
different compositions were used.

Table 1. Characteristics of EO and AD

Brand of EO or AD? M, g/mol | p, glem’ Fu;lvc,tlil(:;:lslity Epoxv)‘fltc((’)/‘l)ltent, ViscociltnyP;; :t 25°C,
Epoxy oligomer DER-330 340 1.16 2 23.2-24.4 5-7*
Fé’g’éy{’llég;g;‘_%zgn'zo 410 117 2 20.0-22.5 2025
(LTatIJ)rzozxzigfoégT113488057-2007) 130 1.01 1 >25.0 <25
(L;Sgogggfoggﬁjssosno10) 218 1.02 2 >24.0 <70
(LTatIJ)rzozlegeO?SI 10483057201 0) 2225 1.25 2 25.0-30.0 <80
?’l?llj)rzozxzigfozg?l0488057-98) 434 1.09 3 13.6-16.5 90-160
(LTatIJ)rzozl;:;&l-10488057-94) 230 1.04 3 2.5 <30

* viscosity in Pa-s.

! Catalogue of products. NPP Makromer. Available from: http://www.macromer.ru/product/him/komponenty-dlya-lakokrasochnoj-
promyshlennosti/aktivnye-razbaviteli-marki-laproksid/ (Accessed May 26, 2019) (in Russ.).

2 Catalogue of products. NPP Makromer. Available from: http://www.macromer.ru/product/him/komponenty-dlya-lakokrasochnoj-
promyshlennosti/aktivnye-razbaviteli-marki-laproksid/ (Accessed May 26, 2019) (in Russ.).

3GOST 10587-84. Uncured epoxy resins. Specifications (amended). Moscow: Standard Publishing, 1989 (in Russ.).
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The surface tension (o) of the EO, laproxides,
laprolate, and EO—AD systems was determined by
the Wilhelmy and ring separation methods using a
semiautomatic tensiometer at different temperatures
according to GOST R 50003-92 (ISO 304-85)*. The
static contact angle (6 ) was measured according
to GOST 7934.2-74°. A thin plate of aluminum
borosilicate glass was used as contact surface, which
fully corresponded to the composition of glass fibers
used in the production of fiberglass. Furthermore, the
dynamic contact angles (den) for the EO, AD, and
EO-AD systems were calculated from the surface
tension measurement data that were obtained using
an installation developed by NPO Stekloplastik [12].

RESULTS AND DISCUSSION

The main aim of this study was to determine the
surface tension (o) and the static (6, ) and dynamic
(Gdyn) contact angles for the indicated EO and
AD (Table 2) and their mixed systems. It is worth
noting that the 6, values of the analyzed substances
were identified for the first time and allowed the
calculation of the impregnation rate of fibrous fillers,
packages, and frames during a dynamic movement of
the polymer binder, e.g., by infusion.

It is clear from Table 2 that the physical and
chemical characteristics (o, 6, and Gdyn) of the
indicated laproxides with various structures, LT-301,
and the EO ED-20 and DER-330 were significantly
different. Thus, these distinct variations were
exploited to prepare a series of EO-AD systems
with different compositions and characteristics and
optimize the impregnation process of fibrous fillers
within a wide range.

According to the o values obtained after combining
different EO—AD systems (Table 3), an increase in the
content of AD to 40 vol % led to a significant decrease

in the surface tension value of DER-330 and ED-20 by
1.5—4 times, i.e., from 37.2 and 43.0 mN/m, respectively,
to a range of 11.6-25.6 mN/m depending on the
AD brand. The greatest reduction was achieved for
the DER-330-L-201B and ED-20-L-201B systems
when 40 vol % L-201B was added, mainly due to
the low surface tension of L-201B. However, the
introduction of 40 vol % L-DEG-1 in each EO led to
a less significant decrease in surface tension, while
L-181 and L-703 led to a reduction in the surface
tension of ED-20 and DER-330 by about 1.5 times.
Instead, the introduction of LT-301 (40 vol %) in the EO was
more effective, as the o value of the corresponding
ED-20-AD and DER-330—-AD systems was reduced
to 14.5 and 13.1 mN/m, respectively.

It should also be noted that reducing the surface
tension can improve the impregnation of fiber fillers
with an EO—AD-based polymer binder. Thus, the
dependence of the surface tension on the AD content
for the ED-20—AD systems and a semilogarithmic
version of this dependence were plotted as depicted
in Fig. 1. Based on Fig. 1a, the most effective reduction
in the EO ¢ value was achieved when 2540 vol %
AD was added. However, it is known that the
introduction of more than 20 vol % of a laproxide
or a laprolate in EO is impractical, since there is a
sharp decrease in the glass transition temperature of
cured epoxy systems [8].

Furthermore, the linear dependence of Inc on
the AD content (Fig. 1b) allowed the application of
the semilogarithmic additivity rule:

Inoc=¢,,Inc, +o,,Inoc,,, (1)

where ¢, and ¢, are the volume fractions of the
EO and AD contents, respectively, in the EO-AD
system. Thus, the compositions of the EO-AD

Table 2. Surface tension and contact angles for the EO and AD at 20°C

Epoxy oligomers Laproxides Laprolate
Parameters
DER-330 ED-20 L-201B L-DEG-1 L-181 L-703 LT-301
o, mN/m 37.2 43.0 9.4 18.7 14.5 13.8 10.0
0,° 37.0 38.0 7.0 21.0 20.0 18.0 11.0
O © 57.8 58.7 27.0 39.8 36.5 33.0 314

4 GOST P 50003-92 (ISO 304-85). Surface active agents. Determination of surface tension by drawing up liquid films. Moscow:

Standard Publishing; 1992 (in Russ.).

5 GOST 7934.2-74 Watch oils. Method for the determination of regional wetting angle (amended). Collection of Standards. Moscow:

Standartinform; 2006 (in Russ.).
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Table 3. Surface tension of the studied EO—AD systems at 20°C*

Surface tension (¢), mN/m
AD content,
vol %
L-201B L-DEG-1 L-181 L-703 LT-301
10 24.0/16.0 34.7/24.8 31.3/29.1 28.3/22.4 26.4/19.5
20 16.0/13.3 29.8/21.9 26.0/27.6 21.2/18.2 19.5/14.5
30 13.1/12.8 26.0/21.0 22.5/26.8 18.0/15.9 16.3/13.7
40 11.6/12.0 23.4/20.7 20.0/25.6 16.0/13.8 14.5/13.1

*The numerator in the ¢ values indicates the ¢ value obtained for the ED-20—AD systems, and the denominator indicates the
o value obtained for the DER-330—-AD systems.

Ine

/)

h b W B —

0 20 40 60 80 100 0 20 40 60 80 100
Active diluent content, vol % Active diluent content, vol %

a b

Fig. 1. Dependence of the (a) o and (b) Ino parameters of the ED-20—AD systems on the content
of 1) L-E-181, 2) L-DEG-1, 3) LT-301, 4) L-703, and 5) L-201B at 20°C.

systems could be calculated based on Eq. (1) with a AD content for ED-20—AD systems. In particular,

given value of surface tension. based on Fig. 2a, the introduction of different AD
In addition to the reduction of the ¢ value, the contents in ED-20 reduced the static contact angle by
decrease in 6 could also improve the impregnation a range of 7°-21°, while the most effective decrease

of fiber fillers with an EO—AD-based polymer binder. (by 3.5 times) was achieved for the ED-20-L-201B
According to the data obtained for the EO-20-AD and system, when 40 vol % L-201B was used.

DER-330-AD systems with different AD contents Moreover, the linear dependence of Inf_ on the
(Table 4), the initial 6 values (Table 2) of EO-20 AD content (Fig. 2b) allowed the application of the
and DER-330 were significantly reduced. semilogarithmic additivity rule, which could be also

The results of Table 4 were further confirmed used to calculate the composition of the EO-AD

by exploring the dependence of 6 and Inf_ on the systems with a given 0st value, as with Eq. (1):
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In ‘9st =0ro In 01?0 +@Pup In G:D > (2)

where ¢, and ¢, are the volume fractions of the
EO and AD contents, respectively, in the EO-AD
system.

Another important parameter for the investigated
substances is the dynamic contact angle (0, ),
which can significantly affect their impregnation in
reinforcing systems. The 6, values obtained for the
EO-AD systems with dlfferent AD contents (Table 5)

indicated that the introduction of various AD in the
EO can decrease the 6, value.

These results were further confirmed by the
investigation of the dependence of 6, and Inf, on
the AD content of the ED-20-AD systems (F1g 3).
However, the introduction of the laproxides and
laprolate in EO reduced the 6 - value only by 15°-20°
(Fig. 3a).

As for the other factors, the linear dependence
of 1n6?dyn on the AD content (Fig. 3b) allowed the
application of the semilogarithmic additivity rule:

Table 4. Static contact angle (6 ) of the studied EO-AD systems at 20°C*

Static contact angle 0, °
AD content,
vol %

L-201B L-DEG-1 L-181 L-703 LT-301
10 27/27 32/32 32/31 31/31 30/30
20 20/20 28/28 27/27 26/26 24/24
30 14/14 25/25 24/24 23/23 20/18
40 11/11 23/23 22/22 21/21 15/17

*The numerator in the 6 values indicates the 6 value obtained for the ED-20-AD systems, and the denominator indicates the 0,

value obtained for the DER-330-AD systems.

—
L]
R

0 50 100
Active diluent content, vol %

a

4
< 1
T; E’ 2
\ 3
\\ 4
2 \ 5
0 20 40 60 80 100

Active diluent content, vol %o

b

Fig. 2. Dependence of the (a) 6 and (b) Inf  parameters of the ED-20-AD systems on the content
of 1) L-DEG-1, 2) L-E-181; 3) L-703, 4) LT-301, and 5) L-201B at 20°C.
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Ino,

yn

= 0o In egén + @ In e,gltl)n (3)

In summary, based on the obtained results, the
effectiveness of the studied AD substances on the o,
0., and 0, values of the EO-AD systems increased
in the order L-DEG-1 — L-E-181 — L-703 — LT-
301 — L-201B.

Furthermore, the molecular mobility of EO
and AD increased with increasing temperature,
leading to changes in the physical and chemical

characteristics (o, 6, and Qdyn) of EO, laproxides,
laprolate, and EO—AD systems. Thus, these values
were measured for the ED-20—AD system at 20 and
60°C with 20 vol % AD content (Table 6). These
temperatures were selected taking into account the
technological impregnation modes of fibrous fillers
with epoxy binders [11].

An increase in temperature from 20 to 60°C led
to a decrease in the surface tension of the studied
EO-AD systems by 4-14 mN/m. However, the 6
and 0dyn parameters were not significantly affected
by the temperature increase, as they were reduced
by only 2°-7°.

Table 5. Dynamic contact angle (6 dyn) of the studied EO—AD systems at 20°C*

Dynamic contact angle 0, ,
AD content, i
vol %
L-201B L-DEG-1 L-181 L-703 LT-301
10 51.1/50.0 55.7/55.0 54.0/54.0 53.2/53.0 52.0/52.0
20 43.5/43.0 52.2/51.5 50.0/49.9 48.9/48.6 47.0/46.6
30 39.0/38.0 48.7/48.0 46.8/46.0 44.7/44.2 42.0/41.3
40 36.0/35.0 46.3/45.4 44.0/43.1 41.0/40.4 39.0/38.0

*The numerator in the 6, values indicates the 0, value obtained for the ED-20-AD systems, and the denominator indicates the

0,,, value obtained for the DER 330—-AD systems.

60

[¥%)
h
R

h

0 20 40 60 80 100
Active diluent content, vol %

a
Fig. 3. Dependence of (a) 0,

|
NG

0 20 40 60 80 100
Active diluent content, vol %

b

Land (b) Ing, for the ED-20-AD systems on the content

of 1) L-DEG-1, 2) L-E-181, 3) L-703, 4) LT-301, and 5) L-201B at 20°C.
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Table 6. Surface tension and contact angles of the ED-20—AD systems at 20 and 60°C*

ED-20-AD
Parameters
L-201B L-DEG-1 L-181 L-703 LT-301
o, mN/m 16.0/12.3 29.8/16.0 26.0/15.0 21.2/13.8 19.5/11.8
6?5[, °© 20/18 28/24 27/24 26/23 24/21
Qdyn, °© 43.5/39.7 52.2/47.5 50.0/46.6 48.9/42.7 47.0/40.0

*The numerators and denominators indicate the obtained values at 20 and 60°C, respectively.

To evaluate the effectiveness of AD in the
preparation of new epoxy binders using EO—AD systems
for the impregnation of reinforcing fillers used in the
production of fiberglass, the optimal impregnation
rate was calculated using the prediction method for
the impregnation rate of frame fillers with epoxy
binders during injection molding. The calculation
formula [Eq. (4)] of the optimal impregnation rate
(W,,, in m/s) involved the Deryagin criterion (De),
which establishes a relationship between W  and
the parameters of the polymer binder, i.e., o, 7, 0_,
and 0, . Therefore, the optimal impregnation rate of
a glass fiber filler with an EO—AD-based polymer
binder could be calculated using the formula:

W > MI/min
—

. —l
0 ———=
12 13 14 15 16
o, mN/m
a

2
6. — 1-6, /180
De=W, xn/c=0.045x| —2—* =
’ 1806,
C))

2
_0.045%| 806}
120

The 0, parameter was assumed to be 60°, as
it should not exceed this value when impregnating
the fibrous filler [11]. Moreover, from the graphs
in Figs. 4 and 5, it is clear that the impregnation
rate of the ED-20-L-201B and ED-20-L-DEG-1
systems was highly dependent on surface tension

1
E
g
2
K&G

0 E——

16 20 24 28
o, mN/m

b

Fig. 4. Dependence of Wopt on surface tension for the (a) ED-20-L-201B and (b) ED-20-L-DEG-1
systems with an AD content of 20 vol % and known # and 6 values.
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Fig. 5. Dependence of W, on the temperature for the (a) ED-20-L-201B and (b) ED-20-L-DEG-1
with an AD content of 20 vol % and 7 values of 0.03—0.9 and 0.9-2.4, respectively.

and temperature. In particular, the impregnation rate
was significantly reduced as o increased, whereas
the temperature increase from 20 to 60°C increased
the optimal W, by 10-20 times for optimal binder
compositions. Moreover, according to the data of Table
6 and Fig. 5, it was revealed that the surface tension
decreased at a higher temperature, which in turn led to
an increase in the optimal impregnation rate.

Thus, it was concluded that increasing the
temperature of optimal binder compositions based
on EO-AD systems using active diluents of different
nature, functionality, and molecular weight, allows
the regulation of the technological characteristics
of polymer binders, i.e., the surface tension, while
increasing the impregnation rate of reinforcing
systems by 10-20 times.
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