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Abstract—The viscoelastic properties of epoxy polymers modified with hexagonal boron nitride are studied
in this work. The calculated elastic modulus is compared with its experimental value. It was found that boron
nitride does not significantly influence the glass transition temperature of epoxy polymers.
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Epoxy resins are often used in domestic industry as
the basis for composite materials, including dis-
persed—filled ones [1, 2]. The physical and mechani-
cal properties of such materials (for example, an elastic
modulus) are mainly defined by a filler and depend
slightly on characteristics of a binder. On the other
hand, the thermophysical properties (for example,
glass transition temperature) are determined by those
of a polymer matrix [3].

One of the promising fillers to create dispersed—
filled composites is boron nitride, which can increase
the adhesive strength of epoxy polymers by two to
three times [4] and increase the thermal conductivity
of adhesive epoxy resin joints [5]. In addition, boron
nitride can also act as a modifier for tribological pur-
poses, which will significantly expand the use of epoxy
polymers in mechanical engineering [6, 7].

When epoxy resins are modified and filled, it is
important to maintain the glass transition temperature
at high level; this is not always possible when dispersed
additives are used. It was shown that the incorporation
of boron nitride allows one to maintain the thermo-
physical properties of epoxy polymers together with an
improvement in physical and mechanical characteris-
tics [8].

The aim of this work is to develop epoxy polymers
filled with boron nitride.

ED-20 epoxy diane oligomer (GOST (State Stan-
dard) 10587—84) was used in this work, and 4,4'-
diaminodiphenylsulfone (DADPS, TU 6-14-17-95)
(30 pts wt of DADPS per 100 pts wt of ED-20) was
used as a hardener. Hexagonal boron nitride (BN, TU
2112-003-49534204—2002) introduced into the epoxy
resin in amounts of 20, 40, and 60 pts wt was used as a
modifier for the epoxy resin. BN and hardener were
mixed with epoxy oligomer on an overhead mixer to
provide the uniform distribution of the components.
Curing was performed in a heating oven at 180°C for 8 h.
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The viscoelastic properties of the polymers were
studied according to GOST (State Standard) 56753—
2015 and a three-point loading scheme on a
NETZSCH DMA Gabo Eplexor device with a heating

rate of 2°C min~! and a frequency of 1 Hz.

A relationship between storage modulus G’ and the
temperature was established during the dynamic
mechanical analysis (DMA) process (Fig. 1). The
storage modulus, which in its physical sense is an elas-
tic modulus, increases approximately by two to four
times with an increase in an amount of boron nitride
from 20 to 60 wt pts in the epoxy polymer, which is due
to the high elastic modulus of boron nitride, which is
34 GPa (Young’s modulus). The shear modulus, how-
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Fig. 1. Relationship between elastic modulus (G') and tem-
perature of epoxy polymers: (/) ED-20 + DADPS,
(2) ED-20 + BN (20 wt pts) + DADPS, (3) ED-20 + BN
(40 wt pts) + DADPS, and (4) ED-20 + BN (60 wt pts) +
DADPS.
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Fig. 2. Relationship between high-elasticity modulus (G') and
temperature of epoxyamine binders: (/) ED-20 + DADPS,
(2) ED-20 + BN (20 wt pts) + DADPS, (3) ED-20 + BN
(40 wt pts) + DADPS, and (4) ED-20 + BN (60 wt pts) +
DADPS.

ever, was detected during DMA in this work, and it is
necessary to recalculate the modulus for BN through
its Poisson’s ratio (0.21) according to Eq. (1):

G =E/201+ ), (D)
where G is shear modulus (in GPa), E£'is Young’s mod-
ulus (in GPa), and [ is Poisson’s ratio. Then, the shear
modulus for boron nitride appears to be 14 GPa.

It is possible to calculate the theoretical modulus of
elasticity of a composite material according to Voigt
(2) and Royce (3) if the densities of boron nitride
(2.1 gecm™3) and ED-20 + DADPS (1.2 g cm™3) deter-
mined by hydrostatic weighing are known (Table 1).

1/6*=1/G;/¢; +1/G, /9y, (3)
where G* is the modulus of a composite material
(in GPa), G, the modulus of a filler (in GPa), @, the
volume fraction of a filler, G,, the modulus of a matrix
(in GPa), and ¢,, the volume fraction of the matrix [9].

The data indicate that the elastic modulus of the
composite material consisting of ED-20 and boron
nitride, calculated according to Voigt, coincides satis-
factorily with the experimental elastic modulus at tem-
peratures from 70 to 155°C (Fig. 1). This temperature
range can be considered as the most probable during
operation with such composite materials.

Table 1. Calculations of elastic modulus
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Fig. 3. Relationship between mechanical loss tangent
(tand) and temperature of epoxyamine binders:
(1) ED-20 + DADPS, (2) ED-20 + BN (20 wt pts) +
DADPS, (3) ED-20 + BN (40 wt pts) + DADPS, and
(4) ED-20 + BN (60 wt pts) + DADPS.

It is known that the modulus, being higher than the
glass transition temperature, is the high-elasticity

modulus (G..), which is related to the cross-linking
parameters by relationship (4). This indicates that, the
higher the high-elasticity modulus, the higher the
degree of curing in the thermoset.

G'= RT/M,, 4

where G., is the high-elasticity modulus (MPa), p is
the density (g cm™3), R the universal gas constant
(J K= mol™'), Tis the temperature (K), and M, is the
molecular weight of a chain section between the cross
links of the epoxy resin (g mol™!).

Figure 2 shows a relationship between the modulus
of high elasticity of composite materials and the tem-
perature. The high-elasticity modulus also increases
by approximately 50—100 MPa after the introduction
of 40—60 wt pts of BN into ED-20. This observation,
however, is not due to the cross-link density. This is
seen, first of all, from the slight change in the glass
transition temperature of epoxy polymers modified
with BN, because an increase in the glass transition
temperature would be expected with a significant
increase in degree of curing. Second, boron nitride is
a refractory material (its melting point is about
3000°C), so that it does not undergo any phase or

Sample Calculated Voigt modulus, GPa Calculated Royce module, GPa
ED-20 + BN (20 wt pts) + DADPS 1.84 0.86
ED-20 + BN (40 wt pts) + DADPS 2.72 0.93
ED-20 + BN (60 wt pts) + DADPS 3.60 1.00
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Table 2. Glass transition temperature of epoxy polymers
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According to the mechanical

stic modulus, °C
s, loss tangent, °C

Sample According to the ela
ED-20 + DADPS 170
ED-20 + BN (20 wt pts) + DADPS 165
ED-20 + BN (40 wt pts) + DADPS 168
ED-20 + BN (60 wt pts) + DADPS 166

194
195
194
189

relaxation transitions in the temperature range studied
by DMA (20—235°C). As a result, an increase in mod-
ulus higher than the glass transition temperature
during the introduction of boron nitride can also be
explained by the interaction between the filler and the
epoxy polymer.

When dynamic mechanical analysis was per-
formed, a relationship between the mechanical loss
tangent (tan &) and temperature was also established
(Fig. 3, Table 2). The temperature at which the transi-
tion from the glassy to highly elastic state is completed
was found from the maximum mechanical loss tan-
gent, and the average glass transition temperature was
determined from the elastic modulus.

Table 2 indicates that boron nitride slightly
decreases the glass transition temperature of the epoxy
polymer. This is probably due to the fact that the intro-
duction of a dispersed modifier, on the one hand,
leads apparently to the formation of a hard interphase
layer at the polymer—filler interface, while, on the
other hand, a decrease in mobility of the system prob-
ably leads to its undercuring, so that the glass transi-
tion temperature in the filled system does not increase.
This is also clear from the high tand maximum value,
which characterizes the mobility of the system in a
highly elastic state.

CONCLUSIONS

It was found that the introduction of hexagonal
boron nitride in an amount of 60 wt pts into the epoxy
matrix allows one to increase the elastic modulus of
the filled system up to 4000 MPa. The Voigt equation
makes it possible to calculate the elastic modulus of a
mixture of ED-20 and boron nitride, comparable with
experimental data. It was shown that the glass transi-
tion temperature of epoxy polymer decreases by 2—
5°C in the filled systems compared to unfilled ones.
The resulting modified epoxy systems can be used in
tribotechnical compositions that operate under high
temperatures and loads.
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