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A B S T R A C T

The change in the deformation properties of epoxy polymers after the addition of silica nanoparticles has been
studied. It was shown that the addition of nanoparticles results in the polymer structural changes similar to the
plasticization effect (increased mobility of the polymer chain). Nature of the stress relaxation kinetics sig-
nificantly changed. In particular, for polymer with 1.6 wt% of nanoparticles, a complete recovery of the mi-
croindentation effect was observed (healing of indentation). The change in the activation energy of thermally
stimulated relaxation of frozen inelastic deformations in an epoxy polymer was determined. The volume of
atoms delocalization of the modified resin was estimated.

1. Introduction

Epoxy polymer materials are widely used in different manufacturing
sectors and engineering. Physical, mechanical, dielectric, and chemical
properties are successfully combined in them. Particularly, epoxies are
used in the form of composite materials with granular fillers, dyes, or
other agents to give the material certain specific properties. Epoxy
polymers have a cross-linked structure; having covalent bonds linking
the polymer chains together. Other types of molecular interactions such
as the hydrogen bond can influence the properties of the epoxy as well
[1].

Under mechanical stresses which exceed the yield pressure (plastic
yield), inelastic strain appears in silicate and other inorganic glass,
which can remain for a long time after the external pressure has been
removed. This “residual” deformation is usually called plastic de-
formation. However, when the material is heated about its glass-tran-
sition temperature (Tg), the given deformation relaxes (recovers) to its
original undeformed state. Therefore, it is not truly a plastic deforma-
tion but appears to be a “frozen” reversible viscoelastic strain [2–4].

Similar frozen strains can be found in many amorphous polymers.
After the pressure is removed at room temperature, the deformation
remains and is visually indistinguishable from residual plastic de-
formation. However, when heated about the Tg, the distorted polymer
returns to its undeformed state [5–7] in a similar manner to inorganic
glasses. Frozen viscoelastic strains and thermally-stimulated relaxations

have also been discovered in massive metallic glasses (amorphous
metal alloys), particularly in the glass Pb40Cu30Ni10P20. In fact, their
basic principles are the same as that of silicate glasses and amorphous
polymers [8]. Consequently, the effect of plasticity appears to be a
universal property of such glassy materials.

At present however, the nature of this phenomenon remain unclear
[2–11]. Earlier in polymer physics, it was thought to be related to the
flexible chain structure of polymeric macromolecules. It was assumed
that the large “residual” deformation of amorphous polymers in the
glassy state is fixed as thermal motion at room temperature is not suf-
ficient to reset the distorted chain macromolecules to their original
state. Only when heated, when the intensity of the thermal motion is
strong enough to impart sufficient mobility to the flexible macro-
molecules, can the strain be released. The term “forced elastic de-
formation” has been introduced, as the transition of chain macro-
molecules from one position to another becomes possible only when
there is sufficient external stress [9,10]. Since the given phenomenon
also appears in low-molecular weight inorganic and metallic glasses
where there are no chain macromolecules, the “polymeric” approach
towards the character of this deformation should be reconsidered.

Oleinik et al. [6] developed the idea that a new structure appears in
an area which was plastically deformed and subsequently relaxed
through thermal stimulation; a structure different from that of the in-
itial structure. Local micro displacements (shearing's) are the basic
carriers of these processes. They appear under the influence of external
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stresses and disappear with heating. According to Lukovkin et al. [5],
plastic deformation is associated with the consistent softening of
structural microdomains, characterized by different packing densities
and their own local softening temperatures Tg. Thus, the recovery of
deformations is a consequence of the original structural heterogeneity
present in amorphous systems. In the explanation given by Volynskii
and Bakheev [11], great importance was attached to the appearance of
an interface in the deformed structure and the “healing” of the inter-
phase boundaries during the thermally stimulated relaxation of the
deformation.

The “plasticity” of glass has been considered within the framework
of a two-state model for delocalized atoms [4]. An elementary act of
“plastic” deformation on the glass is reduced to the delocalization of the
active kinetic unit (i.e. the displacement of a unit from an equilibrium
position; related to the rearrangement of neighboring particles). The
term “delocalization of atoms” in an inorganic glass refers to the dis-
placement of the bridging oxygen atom in the SieOeSi bridging group.
This leads to local deformations in the network of the amorphous
strands. The process of atom delocalization in amorphous polymers
corresponds to the displacement of a small area of the main chain of the
macromolecule (the main group of atoms in a cross link) from its
equilibrium position and is associated with the local deformation of
intermolecular bindings [12]. Analysis of residual strain recovery
curves of glasses when heated gives useful information from both
purely scientific and practical standpoints.

The main role of the dispersed filler is to prevent the formation of
cracks due to a change in the direction of movement or contraction of
its edges [13]. It is also assumed that in the absence of chemical in-
teraction between the matrix and the filler, it affects the strength
characteristics through the formation of a new phase near the interface
between the solid particle and the polymer. There is no direct effect due
to redistribution of the load on the particles, since the physical bond
between the epoxy matrix and the filler is much weaker than the che-
mical bond between the molecules of cured resin, but the effect of the
new frontier phase on the properties of the composite cannot be denied.

Numerical calculations of the mechanical properties of polymeric
materials with spherical solid particles give an idea of the significance
of their effects. In particular, calculations were carried out to determine
the dependence of the Young's modulus of the composite on the radius
of the filler of spheres [14]. With the exclusion of the influence of the
surface layer (filler-matrix interaction), the Young's modulus does not
depend on the size of the filler particles while maintaining the same
volume concentration. When taking into account the surface layer, it
was found that reducing the size of the filler caused an increase in
Young's modulus. This behavior is probably associated with an increase
in the volume fraction of the surface phase if the size of the inclusion
decreases while maintaining its concentration.

In this work, the influences of added silica nanoparticles on the
deformation properties of epoxies were studied. Particularly, the ki-
netics of thermally-stimulated relaxations of frozen strains from micro
indentations in the glassy epoxy ED-20 with varying contents of silica
nanoparticles were studied. In addition to the influence of the nano-
particles, the nature of frozen inelastic strains in glassy systems is itself
of interest.

2. Experimental techniques

ED-20 industrial epoxy and the silica nanoparticles (T150) [15]
were used to study deformation kinetics. ED-20 is a commercial cross-
linked polymer in the glassy state at room temperature (Tg≈80°С).
Further properties of ED-20 are described in Ref. [1].

The samples of the resin were heated up to 50–60 °C in a water bath
for 20min. Then the hardener and the nanoparticles were added in
appropriate amounts and mixed by a Bandelin Sonopuls HD 3200 ul-
trasonicator for 15min.

Nanoparticles had specific surface value 150m2/g. Samples with

nanoparticle concentrations of 0 (control), 0.4, 1, 1.2, 1.4, 1.6, 1.8, 2.0,
and 5wt% were prepared. The mixtures were then poured into moulds
lightly greased with silicon grease. After 24 h of hardening, the samples
were removed and cut into 10х10х3 mm pieces. The samples were
further polished for microscopy analysis. They were prepared and
tested 12 samples for each concentration.

The uniform distribution of particles in the polymer was confirmed
by atomic force microscopy, where uniformly distributed anomalies of
the Young's modulus on the surface of the polymer caused by the doped
particles were clearly visible. Their geometrical dimensions coincided
to the nanoparticles size (20 nm), and the distance with a uniform
distribution at a concentration of 1 wt %.

The samples were microindented and imaged on an HVS-1000A
microhardness tester with a Vickers quadrilateral diamond pyramid
(apex angle of 136°). The samples were indented with a loading of 200 g
for 20 s. After indentation, the samples were placed on a hot plate
(indentation face in contact with the hot plate) at a set temperature for
a set time period then imaged again. The temperatures used were 20,
40, 60, 70, 75, and 80 °C. Above 80 °C, the samples began to degrade.

When a microindention was made on a sample at room temperature,
a square-like microindent with concave sides was formed (Fig. 1a and
d). Ordinary, when a microindent is formed for microhardness analysis
such as on metals, the microindent has planar sides (as the indenter
does). However, for the current samples, which possess some elasticity,
as the indenter was removed, some of the samples come back into the
space which was occupied by the indenter, resulting in a micro-
indentation with concave sides. However a full recovery was prevented
by the “plastic” deformation.

When the samples were heated, a closing up of the indentation was
observed as shown in Fig. 1a–c. The indentations deformed inwards
from the sides while the corners of the indentation did not deform.
Thus, to quantify the deformation, the width of the central point be-
tween two walls of the microindentation (L) was measured as shown in
Fig. 1d.

3. Results and discussion

Fig. 2 shows the deformation kinetics of ED-20 without additives
(control sample) at various temperatures. L0 is the initial width after
indentation and ΔL is the change in the width after heating. At room
temperature, no change in the microindentation was observed through
time. At 60 °C a small shrinkage is observed. When the temperature was
within 10 °C of the Tg, a stronger deformation of the microindentation
was observed. However, none of the temperatures caused a full re-
covery of the microindentation.

Fig. 1. Microindentation on ED-20 with 1.6 wt% T-150 SiO2 heated at 75 °C
after a) 0 s, b) 5 s, and c) 30 s. d) measured value L, the width of the indentation.
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When silica nanoparticles were added in the epoxy, the recovery
behavior was improved as shown in Fig. 3 for 75 °C. However, only the
1.6 wt% composite exhibited a complete recovery from the micro-
indentation at 75 °C (Fig. 1c). All other nanoparticle concentrations
while they increased the amount of recovery compared to the control,
the maximum recovery achieved was only about 30%. This indicates
that there is an optimal nanoparticle concentration which allows for full
recovery. At 80 °C, some samples the (1.2, 1.4, 1.8, 2.0 wt%) also ex-
hibited a full recovery. Thus the optimal concentration range should be
around 1.6 wt%.

The Fig. 4 additionally shows the special behavior of the permanent

deformation at 1.6 wt% of silica doped into ED-20. It clears the proxi-
mity of distance between nanoparticle at this concentration and dis-
tance of intermolecular forces in the resin.

Fig. 5 shows the recovery behavior of the 1.6 wt% sample at various
temperatures. Similar to the control sample, the maximum recovery
occurs within 10 °C of the Tg of the epoxy; although the amount of re-
covery is much greater. The higher temperatures only effect on the
speed of the recovery process. In the next sections, the temperature-
induced recoveries from microindentations are analyzed through the
model of delocalized atoms in amorphous solids.

For frozen inelastic deformations, the recovery rate, i, of the frozen
deformations has inverse exponential temperature dependence as given
by:

=i i U RTexp( / )0 (1)

where U is energy of activity of the fast stage (Fig. 5) of the plastic
deformation recovery process, i0 is the value of i at high temperatures
(T→∞), and R is the gas constant. The values of i at a given tempera-
ture were approximated by the ΔL/Δt (where in this case ΔL is a small
change in L). By finding the slope of a ln(i) vs 1/T dependence (Fig. 6),
the activation energy of the fast stage of the print's recovery (plastic
deformation) can be determined.

=U R i T(ln )/ (1/ ) (2)

Activation energy of the recovery process of the frozen strain of the
resin ED-20 without nanoparticles was U=136 kJ/mol, and for the
containing 1.6% of Т150it was U=59 kJ/mol.

In accordance with nomenclature of relaxation processes in amor-
phous polymers, is the process connected with segmental mobility
observed near the glass-transition; β is the relaxation process which
takes place below the glass-transition range and is determined by di-
pole-group transitions and the mobility of small-scale kinetic units
[1,16]. The activation energy of the dipole-group β transition of ED-20
epoxy filled with polyethylene powder is about 60 kJ/mol [1]. This is
similar to the 59 kJ/mol activation energy for the thermally induced
relaxation obtained for ED-20 with 1.6 wt% SiO2 nanoparticles; sug-
gesting it may also be a β transition.

Let us pay attention to the correlation between the dependences of
the activation energy of the deformation process and the micro-
indentation deformation itself on the concentration of nanoparticles.
Both values have a bright minimum at a concentration of 1.6% and a
much smaller effect of nanoparticles at other concentrations.
Apparently, at this concentration, a change in the structure of the
polymer occurs, possibly a mechanism of deformation, which requires
further detailed study.

At low concentrations, additional polymer-nanoparticles bonds are
few and the polymer is relatively easily deformed. With increasing
concentration, the number of strengthened bonds grows, reaching a
maximum at 1.6% wt. That is, the entered amount of nanoparticles can
use all the free bonds of the polymer, creating an additional structural
network. With a further increase in concentration, the forced bonds
between nanoparticles (agglomeration), which are much weaker, oc-
curs.

In discussing the influence of nanopowders on the structure and
properties of a glassy epoxy polymer, it is natural to involve the notion
of polymer plasticization, which is connected with introduction of low
molecular substances into the structure of these systems. It is known
that the plasticizing effect leads to the separation of polymer macro-
molecules and “shielding” of intermolecular interactions [1,15]. The
main purpose of plasticizing polymers is to increase the deformability
and molecular mobility and thus the plasticizer plays the role of a
“softener” of the polymer's structure.

As it was found that the addition of nanoparticles decreased the
activation energy of recovery processes, this strongly supports the
plasticizing effect of the doping. It is also important to note that the Tg
should decrease with the addition of nanoparticles [1] which would
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Fig. 2. Thermal deformation of a microindentation on pure ED-20 epoxy at
various temperatures.
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Fig. 3. Thermal permanent deformation of the microindentations on ED-20
epoxies with the silica nanoparticles at 75 °C.
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epoxies with the silica nanoparticles depending the concentration at 75 °C.
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also contribute to the plasticization effect. However, a significantly
lowered Tg would be expected to increase the temperature range over
which the highest amount of recovery occurred. This was not observed
as both the control and 1.6 wt% samples share the same 10 °C tem-
perature range over which their highest deformation occurs. If the Tg of
the 1.6 wt% sample were significantly lower than for that of the pure
epoxy, 60 °C should also lead to a (nearly) full recovery but it does not.

The rate of low-temperature (T < Tg) recovery for deformed glassy
polymers as a function of temperature and pressure obeys exponential
law [7]:

=
+

i i exp(
U p V

kT
),0

p p
(3)

where ΔUp and ΔUp are the activation energy and activation volume of
thermally-stimulated relaxation of “plastic” strain, respectively, and k is
Boltzmann's constant.

In the framework of the delocalized atoms model [12] relaxation of
plastic deformation when being heated (thermally-stimulated) is ex-
plained by the return of excited delocalized atoms to their basic un-
deformed state [4]. The rate of thermally-stimulated relaxation « i» in
equation (3) is determined by the rate of decreasing of delocalized
atoms in this process (dNe/dt). So, from the equation of the relative

number of delocalized atoms we get:

= +N
N

p V
kT

exp( )e e
(4)

In this case, the parameters of the equation (3) ΔUp and ΔVp get the
following interpretations:

= =U V V, ,p e p e (5)

where Δεe and ΔVe are the energy and volume of atom delocalization,
respectively. So, the localization is the main process for thermally-si-
mulated relaxation of viscous deformation.

Oleinik et al. [6] obtained an activation volume for epoxy of
ΔVp=55 ± 8 Å3. Using the data from Ref. [17] (Tg=358 K,
μ=0.33–0.37, E = (28–35)× 108 Pа, and fg=0.025), we estimated
delocalization volume of 60 ± 15Å3 by means of the formula

=
µ kT

f E
v

3(1 2 ) g

g
e

(6)

where μ is Poisson's constant, Е is the elasticity coefficient for uniaxial
strain, and fg is the portion of the fluctuation volume frozen at the Tg
[4,12]. This value is comparable to the value obtained by Oleinik et al.

The volume of atom delocalization for a glass was estimated using
the micro hardness (HV) and the glass transition temperature, measured
for samples

T
HV

v 3k( ),g
e (7)

The atom delocalization volumes for pure ED-20 and consisting
1.6 wt% of nanosilica (Tg= 428 K) were approximately 97 and 63 Å3,
respectively.

Based on the obtained atom delocalization values, it can be assumed
that the kinetic unit responsible for an elementary event of viscous
deformation of epoxy polymers (ED-20 included) is a group of atoms in
the coupling node of a system of covalent bonds. This conclusion was
made by comparing the epoxy glasses to silicate classes where the vo-
lume of atom's delocalization is ΔVe ≈ 10 Å3 and the molecular me-
chanism for their viscous deformation comes down to a local shifts
(delocalization) of the oxygen bridging atom in the bridging SieOeSi
group [3,4]. A smaller atomic delocalization volume means that there
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are a greater number of delocalization units in a given volume where
the glass has been deformed (i.e. the fluctuation volume is larger at any
given temperatures).

Thus, although the temperature range at which the maximum
amount of thermally-induced relaxation was observed did not change
significantly with nanoparticle concentration, the amount of relaxation
at a given temperature did. The reduction in the atomic dislocation
volume with the addition of nanoparticles likely resulted from the
disruption of intermolecular bonds between strands of the polymers.
Higher concentrations of nanoparticles disrupt more interactions and so
greater relaxations are observed with higher nanoparticle concentra-
tions. However, when the concentration is too high (the 5 wt% samples
in this study), the nanoparticles likely undergo some agglomeration and
so less intermolecular interactions end up being disrupted. Thus good
dispersion of the particles within a sample is also necessary to obtain
improved relaxation behaviors.

4. Conclusions

The kinetics of thermally-stimulated relaxation of frozen inelastic
deformations in a glassy epoxy polymer mixed with silica nanoparticles
by means of recovery of microindentations in the epoxy samples at
elevated temperatures was studied.

For all samples, the highest value of relaxation was observed at
70 °C; which is at 10 °C below the glass transition temperature. While
the pure epoxy samples obtained a maximal recovery of 20%, the
samples with 1.6 wt% nanoparticles could have 100% relaxations
(disappearance of the microindentation). At higher concentrations the
samples made a negative dynamics on the recovery.

These recoveries were considered in the context of the model of
delocalized atoms in amorphous solids. The increase in relaxability
with increased nanoparticle concentrations was found to be through
reductions in the atomic dislocation volume. The reduced dislocation
volume increased the number of kinetic units in a deformed area and so
increased the fluctuation volume upon heating. The nanoparticles are
able to decrease the dislocation volume by disrupting intermolecular
bonds with the polymer structure.

Table of ED-20 data.

Silica concentration.
wt%

0 0.4 1 1.2 1.4 1.6 1.8 2.0 5.0

U, kJ/mol 136.0 131.1 124.4 107.8 83.4 59.0 87.1 109.0 88.7
HV, MPa 152.0 166.0 190.0 202.0 220.0 237.0 223.0 207.0 160.0
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