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Abstract
The doctoral thesis generalizes results of complex research of mechanical and

thermophysical properties of epoxy-based nanocomposites and is presented as a set of scientific
papers.

Polymers and composites are usually exposed to influence of external factors (temperature,
humidity, mechanical loading, etc.) which cause a time-dependent change of their structure and
properties due to physical and chemical transformations. Thus, predicting mechanical and
thermophysical properties of composite materials, it is necessary to consider results of research
about structure and properties time-dependent variability of polymer resins under the influence
of external factors.

The aim of the work is to establish features of moisture absorption and to estimate
influence of the absorbed moisture on mechanical and thermophysical properties of epoxy-based
nanocomposites.

For this purpose at first the kinetics of moisture absorption of epoxy matrix and composites
on their basis is experimentally investigated in a wide interval of humidity. For the description of
moisture absorption kinetics the comparative analysis of known sorption models is denoted and
features of their application are analyzed. The model considering influence of an interphase is
offered based on the results obtained for equilibrium moisture content for the nanocomposite.
The density of this layer is assumed to be lower than for polymer resin owing to distinction of
cross-linking. It is shown that the increase of filler content and consistently interphase leads to
greater moisture absorption of composite materials.

Relatively high moisture absorption of epoxy resins causes changes in their structure and
properties in time and there is subsequent deterioration of elastic properties of composites.
Elastic characteristics of composite materials are investigated experimentally and described by
means of micromechanical models. It is shown that elastic modulus of polymer resin in a
composite material depends on filler content and decreases with the increase of moisture content.
The consideration of morphological features of filler particles (presence of layered structures and
formation of an interphase) in a composite material and their influence on elastic characteristics
of composite in whole is presented.

Viscoelastic behavior of epoxy resin and epoxy-nanoclay composite is analyzed after long-
term influence of moisture. Application of thermomechanical analysis allows establishing the
basic regularities for glass transition temperature for nanocomposite with different filler and
moisture contents. The experimentally obtained sets of creep and creep recovery curves for
nanocomposite with different filler and moisture contents are approximated by means of the
linear integral equation of Boltzmann-Volterra, considering a principle of moisture-time analogy.
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It is shown that function of a moisture-time reduction correlates with change of a yield stress and
volumetric change of nanocomposite samples during moistening that indicates viscoelastic
character of deformation of nanocomposites and is confirmed by results of dilatometry.

Main results of doctoral thesis are published in 6 scientific articles [P] and 3 conference
proceedings [C], and also discussed in 12 conferences reports.

The investigations were carried out at the Institute of Polymer Mechanics, University
of Latvia, in 2003 — 2010.
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1. Introduction, aim, and tasks of the work

It’s well recognized that all history of mankind development is connected with the
invention of some kind of composite materials (CM) which have become a push to technics and
civilization development. The very first bricks and the pottery which have appeared app. 5000
years BC contained the crushed stones or reinforcing straw. Ancient potters regulated even
porosity of the products. In the beginning of the first millennium Romans have invented the
concrete which to high extent influenced building and civilization development.

The present time is remarkable for high rates of scientific and technical progress. The rapid
development of modern technics demands more and more new materials having advanced
properties. Materials having high durability, hardness, heat and corrosion resistance etc. and a
joint combination of these properties are required. The main advantages of polymer composites
over traditional kinds of materials (metals, ceramics, wood etc.) is a unique combination of
properties (strength, deformation, impact, elastic, rheological, adhesive, electric, frictional,
thermophysical etc.) and also a possibility to control material properties changing composition
and conditions of manufacture.

Moisture absorption of epoxy resins leads to their time-dependent change in their structure
and subsequent deterioration of properties. In order to minimize this negative effect of moisture
on functional, structural, and mechanical properties of polymer composites the scientific and
industrial interest is devoted to polymer/layered silicate nanocomposites (NC). Polymer NC
include different types of matrix (thermoplastic, thermosets, or elastomers) filled with small
quantity (less than 6% by weight) of nanosized (less than 100 nm at least in one dimension)
particles. The excellent barrier capability with significantly reduced permeability of moisture and
gases is one of the most attractive and useful properties that have not been fully explored in the
past. The key to such performance rests in the ability to exfoliate and disperse individual, high
aspect ratio silicate platelets within the polymer matrix [1]. The complete dispersion of clay
nanolayers in a polymer optimizes the number of available reinforcing elements for carrying an
applied load and deflecting cracks. The coupling between the tremendous specific surface area of
clay (S =~ 800 m%g) and a polymer matrix facilitates stress transfer to the reinforcement phase,
allowing for such tensile and toughening improvements [2].

One of the most prominent silicate nanofillers is montmorillonite (MMT). It belongs to
phyllosilicate group of minerals that typically form in microscopic crystals. MMT, a member of
the smectite family, is a 2:1 clay, meaning that it has 2 tetrahedral sheets sandwiching a central
octahedral sheet. The particles are plate-shaped with an average thickness of one nanometer and

diameter of approximately one micrometer. Due to dispersion of MMT nanoparticles with high
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length to thickness ratio in polymer matrix, the obtained system can effectively operate as
composite with anisotropic properties that is particularly useful for different applications. The
attractive characteristics suggest a variety of industrial applications for NC: automotive (gas
tanks, bumpers, interior and exterior panels), constructions (building sections and structural
panels), aerospace (flame retardant panels and high performance components), electrical
applications and electronics (electrical components and printed circuit boards), food packaging
(containers and wrapping films) [3, 4]. The production and investigation of polymers composites
belongs to material science area that is one of priority areas in Latvia (,,Innovation materials and
technologies (nano-structured multifunctional materials and nanotechnologies)”) and worldwide.

Epoxy resins widely used as composite matrix are very attractive due to their high strength
and stiffness, high temperature resistance, low volatility, creep and shrinkage, good adhesion to
metal and ceramic substrates. Nevertheless epoxy resins have a major drawback of moisture
absorption, which in turn degrades the functional, structural and mechanical properties of the
composites [5, 6].

It is essential to investigate mechanical, thermal and barrier properties of NC and to
estimate their steadiness to environmental effects. The improved stability of polymer NC could
broaden their application in techniques and construction.

Change of structure and properties of polymers in time due to physical and chemical
transformations under the influence of external factors (temperature, humidity, loading, etc.)
leads to change of structure and properties of composite materials. The forecast of such changes
is necessary to formulate basing on investigation results of time-dependent variability of
structure and properties of polymers.

Usually polymer resins in a composite material are non-uniform, forming an interphase
with more or less expressed border near the filler particles. The density of interphase could be
above or below density of polymer resin owing to distinction of cross-linking and porosity
degree. Thus morphological features of filler particles (layered structure and presence of
interphase near the border of particles) could influence properties of a composite: elasticity
characteristics, durability, and kinetics of moisture absorption, swelling and fracture character.

Therefore the aim of the work is to establish features of moisture absorption and to
estimate influence of the absorbed moisture on mechanical and thermophysical properties of
epoxy resins and epoxy-clay NC.

For this purpose the following objectives have been set:

1. To ascertain experimental regularities and to model the kinetics of moisture

absorption of investigated epoxy resins and epoxy-clay NC in a wide range of humidity;



2. To establish effect of moisture on deformability of epoxy-clay NC and its
components, to describe mechanical properties of NC by means of analytical models
taking into account filler morphological peculiarities and to verify effect of moisture on
deformability of NC incorporating silicate nanoparticles;

3. To forecast long-term creep of investigated materials using method of moisture-
time analogy and to estimate change of retardation time spectrum and reduction function of
polymer resin by addition of silicate nanoparticles;

4. To establish the interrelation of thermophysical and mechanical characteristics of
epoxy-clay NC, having absorbed moisture, with the structural changes accompanying

deformation at various schemes of loading and temperatures.



2. Overview of current scientific verities for investigation of mechanical
and thermophysical properties of epoxy resins and epoxy-based nanoclay
composites

Composite materials based on polymers are frequently exposed to a humid environment.
Water molecules, as well as low-molecular substances, are able to move in a polymer resin and
change its physical properties. The key parameters determining the mechanism of moisture
sorption are the chemical composition and microstructure of the polymer.

The moisture sorption in epoxy resins and composites based on them is investigated rather
well. Different models have been suggested for describing the water sorption kinetics [7-9]. It is
usually assumed that the moisture sorption in epoxy resins proceeds by diffusion according to
Fick’s (Adolf Eugen Fick) law [7, 10]. Such a model, which suits well the initial stage of
moisture sorption, is often inadequate for describing the moisture sorption process as a whole.
The moisture sorption can activate different processes in a material, which, in turn, affect the
water sorption Kinetics (chemical reactions, leaching of low-molecular components, etc.).
Therefore, for each investigated material it is necessary to estimate the applicability of different
moisture transport models to describing experimental data on water sorption in epoxy binders
and to determine the most adequate ones.

In order to minimize the negative effect of moisture on functional, structural, and
mechanical properties of polymer composites the scientific and industrial interest devoted to
polymer/layered silicate nanocomposites due to their outstanding properties and possible novel
applications have resulted in numerous studies [11-13].

Owing to high shape-anisotropy and surface of the exfoliated silicate layers they act as
efficient barriers against moisture transport through the material and cause an increase in the
path length for molecules diffusing through the polymer. Since absorption of water reduces the
elastic characteristics of hydrophilic polymers, the addition of nanoparticles to minimize the
negative effects of water uptake is particularly useful [5, 14]. The reduction of moisture
absorption in turn can suppress the internal damage and progress to improved long-term
performance of the NC.

Although there have been numerous material syntheses, tests and characterizations of
layered silicate-filled NC in the literature, the fundamental mechanisms are not fully clear and
are rarely discussed [15]. Therefore a better understanding and prediction ability is significant in
accelerating development and application of NC.

It should be emphasized that effective properties of two-phase composites have been
extensively studied and various micromechanical models have been developed [16-24]. The
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basis of these micromechanics models is elastic solution of an infinite matrix containing one
inclusion. Nevertheless many authors proposed that apart from two base phases there is an
interphase between particle and matrix and its properties should be taken into account [18-20].

In the structural hierarchy of polymer-clay NC at least two states can be assigned: 1) state
of total exfoliation of clay platelets with characteristic parameters as thickness and dimensions in
the plane of platelets; and 2) state of incomplete exfoliation of clay platelets and characteristic
parameters as thickness and dimensions in the plane of intercalated layered stacks [24]. The
aspect ratio and orientation of anisometric particles determine their reinforcement degree.
Nevertheless, it is difficult to control the orientation of plane particles during processing of
composite and the real distribution of their orientation could be rather complex, the
determination of the effective elastic constants of transversely isotropic layers of NC with
coplanar orientation of such particles is of great importance. The data obtained in this case could
serve as initial for a further analysis of the elastic properties of a composite with disoriented
nanoparticles taking into account their orientational distribution in the material [24].

Another point is that anisotropy of the layered silicate should be considered. A single layer
of montmorillonite clay is a monoclinic crystal composed of two silica tetrahedral sheets and a
central octahedral sheet [21]. Taking into account the hexagonal configuration of the
tetrahedrons in the two tetrahedral sheets and layered structure of montmorillonite clay it could
be assumed that a stack of the silicate layers is a transversely isotropic medium. For the case of
intercalated silicate in composite, the layered structure remains while the galleries between
layers are filled with polymer. This case also could be represented as transversally isotropic
medium from an overall point of view.

Halpin-Tsai equations [24, 25] obtained for isotropic polymer matrix filled with coplanar
transversally isotropic cylindrical particles of arbitrary aspect ratio could be used for the case of
exfoliated NC. The elastic solution was obtained for the composite consisted of a single fiber
encased in a cylinder of matrix, both embedded in an unbounded homogeneous medium, which
is macroscopically indistinguishable from the composite. The relations between the stress and
strain components have to be averaged throughout the composite. The obtained formulas are
curve fitted to exact elasticity solutions and confirmed by experimental measurements in order to
get the solution for composite filled with particles of arbitrary aspect ratio.

The mechanical phenomena taking place in the process of sorption and swelling in
polymer composite materials, while being of certain theoretical and practical interest, have been
studied slightly, especially for nanocomposite that are of interest in developing high-efficiency
materials. For example, for clay-containing NC exhibiting improved mechanical, thermal, and
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barrier properties compared to unfilled polymers, the majority of papers [2, 5, 13] presented
results without conclusions about the processes proceeding in them.

Therefore it is significant to establish the relation between the thermophysical and
mechanical characteristics of the clay-containing NC that has absorbed moisture and the
structural changes attending the deformation process under different kinds of load and at
different temperatures.

Finally the use of modern materials — nanocomposites on the basis of a polymer resin in
different areas of techniques, constructions, and also in electronics demands the estimation of
long-term deformability and durability in the conditions of influence of different environmental
factors (loading, raised and/or variable temperature and/or humidity). For the forecasting of
long-term deformability and durability of conventional composite materials: polymers filled with
microparticles of minerals, and also reinforced with carbon and glass fibers, the method of
stress-time, temperature-time and moisture-time analogies is applied [37, 27]. This method is
based on reduction of time by means of acceleration of relaxation processes at increase in level
of loading, temperatures, and relative moisture content inside the material, characterized by
reduction function. The function of temperature-time reduction which characterizes change of
creep rate at change of temperature, for NC is higher in comparison with polymer resin.

Thus the complex research of mechanical and thermophysical properties of various epoxy
resins and epoxy-nanoclay composite is necessary in order to determine the steadiness of modern
composite materials to different environmental factors (temperature, humidity, loading, etc.) that

will allow estimating possible applications of nanoclay composite materials.
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3. Overview of materials and methods used within the work

The following thermosetting polymers are investigated in the work: 1) epoxy resin ED-22,
hardened by polyethylene polyamine and filled with disperse crystal filler LiF (filler content
0.05, 0.11, 0.23, 0.28, 0.33, 0.38, and 0.46% by weight); 2) epoxy resin Reapox 520; and 3)
bisphenol A epoxy resin, hardened by polypropylene oxide filled with particles of
montmorillonite clay (filler content 2, 4 and 6% by weight).

Kinetics of moisture sorption is experimentally investigated using sorption method in
atmospheres with relative humidity ¢ = 24, 34, 53, 77, 84 and 98% using desiccators with silica
gel and saturated solution of salts MgCl,, Mg(NOs),, NaCl, KCI, and K;SO4 respectively.
Specimens in the form of thin plates are used in order to measure the percentage of weight
change due to moisture absorption as a one-dimensional diffusion mode. The specimens are
placed then into the humid atmospheres at room temperature and periodically weighed with
accuracy 0.00005 g using Mettler Toledo XS 205DU. The mass increment m(t)-mq is used to find
the moisture content during sorption
m(t) - m,

w(t) =

The investigations are performed by various mechanical methods: 1) quasistatic tension
tests according to LVS EN ISO 527 standard by the use of Zwick 2.5 testing machine with a
crosshead rate of 5 mm/min at room temperature; and 2) creep in uniaxial tension according to
ASTM D2990 standard by the use of creep-test bench at stress level equal to half of tensile
strength for 7 h and recovery tests for 17 h for the specimens at room temperature.

The changes of structure and properties of investigated materials are studied by means of
1) differential scanning calorimetric analysis using Mettler DSC 30 for temperature range from
-50 to 150 °C at heating rate 10 °C/min; 2) thermogravimetry using Mettler TA 3000 device for
temperature range 20-280 °C at heating rate 10 °C/min; 3) differential thermal analysis using
UIP-70M device with specimens heated to 150 °C at heating rate 2 °C/min with subsequent
cooling; and 4) X-ray diffraction analysis using DRON - 3M device with photography in
transmitted light on CuK, radiation. Scanning of angular intervals was carried out with a 0.01 °
step and with a pulse collection time in each step of 90 sec.

The homogeneity of the filler particles’ dispersion in polymer resin is approved by the
transparency of all NC specimens. Additional microscopy methods such as scanning electron
(SEM) and transmission electron microscopy (TEM) are applied for the micro structural

analysis.
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4. Modeling of moisture sorption of composite materials

4.1. Application of sorption models to kinetics of moisture sorption of epoxy
resins
[P2]

As it was mentioned before moisture absorption of epoxy resins leads to the time-
dependent change in the structure and subsequent deterioration of properties. Absorbed moisture
can activate different processes in a material, which, in turn, affect the water sorption kinetics
(chemical reactions, leaching of low-molecular components, etc.). Therefore, for each
investigated material it is necessary to estimate the applicability of different moisture transport
models to describing experimental data on water sorption in epoxy binders and to determine the
most adequate ones.

Moisture sorption by epoxies is usually [8, 10] described by Fick’s model. In this model
[7], it is assumed that moisture sorption occurs only by diffusion, and, according to the first
Fick’s law, the diffusate flow density j is directly proportional to the gradient of its concentration
C

j=-Dgrad C, (4.2)
where D is the diffusivity describing the rate of moisture sorption, which is independent of
moisture concentration. For a non-stationary state, with account of the mass conservation law,
the second Fick’s equation is valid. For the case of one-dimensional diffusion along the x axis,
when the specimen thickness is smaller than its length and width, it has the form

oC o°C

o Do

where C =C(x,t) is the moisture concentration in the specimen which depends on the position x

(4.2)

and time t.
The solution to Eq. (4.1) for a plane-parallel plate of thickness h, with initial
C (0 <x<h,t=0)=Cpand boundary C (x =0, x = h, t > 0) = C., conditions, is the series [7]
_ - (1-(-1 2
C(x,t)=C, . CO)Z( c )sm(z]kxjexp[ [%kj Dt], (4.3)

T = k

where Cy is the initial uniform concentration of moisture and C., is a constant concentration of
moisture at the surfaces of a plane-parallel sheet. Integrating Eq. (4.3) across the plate thickness,

the expression for determining the moisture content in the specimen is obtained:
1-(-1
w -, -2{% W)z( . " [ (’L“J Dt] (@.4)
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Here, w,, is the equilibrium moisture content in the specimen. The model considered
contains two material characteristics as parameters: the diffusivity D and the equilibrium
moisture content w.,. In numerous studies [e.g., 7], it is shown that, if the sorption curve is drawn
on a diagram whose abscissa axis is ﬁ the initial section of this diagram will be a straight line
passing through the origin of coordinates. Then, using experimental data, the diffusivity can be

determined from its inclination:

zh? ,
ESOLNTY 45
16t (45)
wi(t) —w, . . . . . .
where L =—"——is the change in the moisture content w(t)-wg in the specimen by the instant
W, — W,

of time t, normalized to its maximum value.

The second parameter of the model — the equilibrium moisture content — as a rule, is found
experimentally as the maximum achieved moisture content in the specimen. It should be noted
here that, according to Eq. (4.4), this maximum is achieved only asymptotically at t — oo, which
in practice leads to an error in determining w... The relation between the diffusivity found by Eq.
(4.5) and ¢ of the environment is shown in Figure 4.1 for Reapox 520 epoxy resin specimens

stored in atmospheres with relative humidity ¢ = 33, 53, 75, 84 and 97%.

sF 010% mm7n
Ji T
* *
| T
*
4k
*
A
o %
£} | 1 ] I 1
20 40 60 80 100

Figure 4.1. Diffusivity in relation to the relative humidity of environment.

The results from calculating the moisture content for Reapox 520 epoxy resin by Eq. (4.4)
and experimental data for atmospheres of various humilities are shown in Figure 4.2. It is clear
that the Fick’s model describes well the process of moisture sorption in a low-humidity
atmosphere, but when the relative humidity exceeds 75%, the moisture sorption process slows

down in the middle part of sorption curve.
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Figure 4.2. Changes in specimen mass with time at different values of ¢ (numbers next to the

curves): experimental data (dots) and calculations by Fick’s model (4.4) (curves).

In other words, the value of moisture sorption rate used in calculating the moisture content
is overestimated, since the model disregards the processes of interaction between the moisture
and polymer, swelling, etc., which accompany the process of moisture sorption. It is seen that the
adequacy of Fick’s model declines with increasing relative humidity of environment, since the
diffusion mechanism becomes less dominating, and other mechanisms, such as the interaction
between the polymer and the diffusate and/or relaxation processes, start to affect the moisture
transport in the polymer [28]. The alternative models of moisture sorption which should be used
to explain the deviation of moisture transport in polymers from the classical diffusion
mechanism with the diffusivity independent of moisture concentration, take into account
different subtle differences in the moisture sorption process in each particular case.

In the model known as Jacob's—Jones model [8], it is assumed that the material consists of
two phases of different density and, accordingly, different sorption properties. It is taken that the
moisture sorption process in both the phases proceeds simultaneously and obeys Fick’s law. The
possibility of formation of chemical bonds between water and polymer molecules is neglected.

Accordingly, the moisture content in each phase of the material is expressed by the formulas

v oW mw) S-S (kY
w,(t)=w,, -2 - > % exp[ [hj Dlt]

which contain four unknown parameters, namely the equilibrium moisture content and
diffusivity of each of the phases. As a result, the total moisture content in the specimen is
w(t) = w (1) +w, (t) (4.6)
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Am Am
where w, (t) = —2, w,(t) =—2
m

; Amg, Am, are the mass increments of the phases.
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Figure 4.3. Changes in the mass of specimens with time at different values of ¢ (numbers next to the

curves): experimental data (dots) and calculations by Eq. (4.6) (curves).
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Figure 4.4. Sorption isotherms (a) and diffusivity (b) of the phases D, (©) and D, (e) in relation to .

The calculation by Eq. (4.6), presented in Figure 4.3, agrees with experimental data rather
well for all the atmospheres considered, which means that the epoxy resin is two-phase. It is
known that epoxy resins contain both areas with a sufficiently perfect and dense spatial network
and poorly cross-linked regions, which can be regarded as a two-phase structure of the material.
This model does not take into account possible changes in the material microstructure during the
sorption process, which can be expressed in a worse description of sorption curves with
increasing relative humidity of environment, as seen from Figure 4.3. Nevertheless, it can be
used for an objective estimation of sorption characteristics of materials with a nonuniform
structure.

As seen from Figure 4.4 sorption isotherms of two phases are almost equal. In turn, it
follows from Figure 4.4 that, the diffusivity in the different phases differs several times.

Probably, this reflects the real material structure with areas of relatively small and high
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permeabilities. The account of two-phase nature of the system allows improving the description
of the sorption curve.

The last sorption model presented in the thesis is a model with a time-dependent diffusivity
[9]. According to this model, owing to the physical processes going on in the material (primarily,
the plasticization and associate changes in the relaxation character, as well as aging, aftercure,
etc.), the diffusivity decreases with time in proportion to its current value:

i
e D).

The solution of this equation is D = D,e . This model contains three parameters — the
diffusivity at the initial instant of time Do, the equilibrium moisture content w,, and the
coefficient y describing the rate of change in diffusivity.

To reduce the diffusion equation to Eq. (4.2) with a constant diffusivity D, the principle of

modified time is used, by analogy with the change in D under a nonstationary temperature [29]:

t ot
dt=e ridt, te= [ 7dt = e’ @7
0 4
Then, the diffusion equation takes the form
oC
T D,-AC. (4.8)

Using the earlier-found solution (4.4) to Eq. (4.2) and replacing t with t*, according to Eq.
(4.7), the solution to Eq. (4.8) for the one-dimensional case has the form

W=W

o

(4.9)

2 (Woc 7W0) N (1_ (_1)k)2 -AF
- ,e k y
7l kz;‘ k?

D . . . - .
where F =—"[1—exp(-y-t)], 4, ~ 7K Eis the Fourier criterion, y = L, and 7 is the
7 a

characteristic time of relaxation. A description of the sorption curve by Eq. (4.9) is shown in
Figure 4.5.
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Figure 4.5. Approximation of experimental sorption data according to the model with a time-variable

diffusivity for different ¢ (numbers next to the curves).
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Figure 4.6. Diffusivity D as a function of time t and the relative humidity ¢ of environment.

The diffusivity D as a function of time and the relative humidity of environment is shown
in Figure 4.6. It is seen that, at great times, the diffusivity tends to an infinitesimal value, which
describes the saturated state of the system. During moisture sorption (for about 450 h) at
¢ =98%, Dy = 3.61-10° cm%h, and y = 0.002, the diffusivity decreased 4-6 times. In general,
due to the presence of three parameters, the model is relatively flexible and can describe the
sorption curves rather well (Figure 4.5).

Thus the most suitable for describing the sorption kinetics are found to be the model taking
into account the two-phase nature of materials and the model with a variable diffusivity. These
models give results agreeing rather well with experimental data and in addition contain a
relatively small number of parameters, which make them more acceptable in practical

applications.
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4.2. Moisture sorption by epoxy-based nanocomposite
[P3], [C1]

Properties of multi-component composite materials, as a rule, depend on composition and
conditions of their manufacture in a very complicated manner. Therefore for successful
forecasting of composite materials’ properties it is necessary to investigate properties of each
material component separately having equally manufactured material samples.

A series of moisture content measurements of the specimens was executed at different time
intervals. The experimental values of moisture content for NC with filler mass content ¢ = 0%
are plotted in Figure 4.7 versus the square root of time. Each of these data points corresponds to

the mean value with mean deviation of 4 specimens.
4rw %

0¥
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Figure 4.7. The percentage of experimental weight gain (dots) in relation to square root of time in hours
for NC with ¢ = 0% in atmospheres with ¢ (numbers on the curves) and evaluation by Fick’s model (solid
lines).

From Figure 4.7 it is obvious that sorption process could be described by Fick’s model
with good agreement for all contents of MMT and in all atmospheres. It should be mentioned
that the diffusion coefficients of NC obtained by Eq. (4.5) are independent on relative humidity
of atmosphere (see Figure 4.8). The scattering within the atmosphere of equal humidity doesn’t
exceed 10% of average value. It was experimentally confirmed that sorption process in NC
passes much more slowly than in pure epoxy resin (as shown in Figure 4.8), for the highest filler
content diffusivity reduces about half of diffusivity as for neat epoxy resin. As it was mentioned
above this phenomenon takes place owing to the extremely high aspect ratio of silicate platelets,
which increased the tortuosity of the water molecules’ path of while moisture diffuses into the
NC. According to the tortuous path model and since the moisture permeability is a function of
volume fraction and aspect ratio of the platelets the exfoliated NC is more preferred to
conventional or intercalated composites in terms of the barrier characteristics [6].
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Figure 4.8. Diffusion coefficient of NC evaluated by Eq. (4.5) in relation to filler weight content.
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Figure 4.9. Equilibrium moisture content in relation to filler weight fraction in atmosphere with 98% RH

(dots - approximation of experimental data, line - evaluation by Eq. (4.10)).

The equilibrium moisture content of NC w° involves the equilibrium moisture content of
the NC components: of polymer resin w® and of filler w', accordingly:

whe =w® . (1-c)+w' -c. (4.10)

The use of mass was chosen as a reference in the rule of mixture instead of volume since
all the NC specimens revealed swelling of about 3% by volume at the end of the saturation. It is
considered that hydrophilic epoxy resin has the main contribution to the moisture uptake and
equilibrium moisture content of the filler w! is close to zero since naturally hydrophilic MMT
clay has been organically treated.

The increase of equilibrium moisture content with the increase of MMT weight content in
NC (shown in Figure 4.9) could be caused by growth of interphase mass content. The estimation
of interphase moisture sorption characteristics is created using modified rule of mixture for
equilibrium moisture content

whe =w®.(1-c-b)+w -b, (4.11)

o
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where w. is equilibrium moisture contents of interphase, b is interphase content by mass. Such

addition of interphase around the filler particles allows preventing the deviation of evaluation by

Eqg. (4.10) from results of approximation using experimental data. Nevertheless Eq. (4.11)
contains 2 unknown parameters ( W, and b), that can’t be determined independently. That’s

why the proper analysis is based on the attributing capacity of moisture absorption of the

interphase to the deviation between evaluation by Eq. (4.10) and experimental results.
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Figure 4.10. Deviation between experimental data of equilibrium moisture content of NC and estimation
of it by mixture rule (4.10) for atmosphere with ¢ =77 (4) and 98 (¢) % RH.

Moreover it should be expected that for atmosphere with higher relative humidity (higher
content of absorbed moisture) the difference between the amount of absorbed moisture content
measured by experiments and predicted by Eq. (4.10) should increase. This observation is further
supported by experiments as shown in Figure 4.10. The higher content of filler leads to greater
moisture absorption and greater deviation from estimation by mixture rule without consideration
of sorption characteristics of interphase. The general idea is that this deviation that represents
moisture content in interphase is linear proportional on filler content (as shown in Figure 4.10). It
means that coefficients of proportionality correspond to sorption capacity of interphase in NC
per 1% of filler.
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2 e
1 0.03
0 0

2(; 40 60 80 100
Figure 4.11. Schematic representation of equilibrium moisture content distribution within composite
system of one particle (a) and sorption isotherm of epoxy resin and interphase in NC per 1% of clay by
weight (b).
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At equilibrium the relationship between moisture content in material and equilibrium
relative humidity of surrounding atmosphere can be displayed by sorption isotherm. It is
estimated that the total moisture content is distributed homogeneously by the section of the NC
specimens and according to sorption isotherm for the moisture concentration in NC. For each
humidity value, a sorption isotherm indicates the corresponding moisture content at a given,
constant temperature. Because of the complexity of sorption processes in composite materials,
the isotherms traditionally deviate from Henry’s (William Henry) law, exhibit nonlinear behavior
and should be measured experimentally.

The sorption isotherm of interphase in NC per 1% of clay could be estimated from Figure
4.11. As it was mentioned before the content of interphase in NC couldn’t be predicted
independently from Eq. (4.11). Nevertheless it’s possible to estimate the effect of the interphase
on sorption properties of NC in whole. These results could be used for further analysis of the
moisture effect on mechanical and thermal properties of NC. Respectively moisture content
which exists both in matrix and in interphase of NC could be predicted instead of Eq. (4.10) for
given composite system

whe =w®.(1-c)+w -c, (4.12)

where both w® andw’ are determined from Figure 4.11, which represents the sorption
isotherm of epoxy resin and interphase. This sorption isotherm and formula (4.12) allow
approximate estimation of additional moisture content of NC in atmosphere of any relative
humidity and any filler content.

Hence it is shown that sorption process could be described by Fick’s model with good
agreement for all contents of clay and all atmospheres. Based on the results obtained by relating
moisture on properties of NC it could be concluded that the addition of impenetrable clay
nanoparticles is useful for the reduction of negative effect of moisture on properties of NC
allowing the application of modified epoxy resin in environments with higher-operating relative
humidity. The effect of absorbed moisture on mechanical and thermophysical properties of

epoxy-clay NC is thoroughly discussed in the following chapters.
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5. Mechanical characterization of epoxy-based composite materials

5.1. Strength and elastic properties

[P1]. [P4], [P6], [C1]

The mechanical behavior of neat epoxy resin and epoxy resin filled with microparticles
(LiF crystals) and nanoparticles (MMT) was studied in quasistatic tensile tests for the revealing
of filler and absorbed moisture influence on tensile elastic modulus and strength of composite
materials. For instance Figure 5.1 shows stress-strain curves of epoxy resin and NC with filler
content ¢ = 6% specimens being preliminary sustained to an equilibrium condition in
atmospheres with humidity 24, 77 and 98%. Stress-strain curves of the other NC (with filler
contents 2 and 4%) look similarly to curves presented in Figure 5.1 having strongly pronounced

limit of forced elasticity.
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Figure 5.1. Typical stress-strain curves at a fixed rate of deformation (5 mm/min) for neat epoxy resin

(dotted line) and NC with ¢ = 6% (solid line) and different ¢ (numbers on the curves).

As it is clear from Figure 5.2 filling of epoxy resin with MMT nanoparticles leaded to
increase in elastic modulus of dry material approximately by 30% and to reduction of upper yield
stress and yield strain app. by 1/3. The increase of moisture content both in epoxy resin and in
NC resulted in reduction of elastic modulus and yield stress; while yield strain has almost the
same value. Dry (sustained in atmosphere with ¢ = 24%) specimens failed in more brittle manner
than moistened ones (sustained in atmosphere with ¢ = 98%). Durability of the former
specimens twice exceeded durability of the latter. Intermediate values of durability are obtained

for NC specimens sustained in atmosphere with ¢ = 77%.
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Figure 5.2. Elastic modulus (a) and yield stress (b) of NC in relation to the filler mass content for

different ¢ (numbers on the curves).

Consequently due to absorbed moisture both pure resin and NC with ¢ = 6% show almost
same degradation as for elastic modulus by 1 GPa and for tensile strength by 25 MPa,
respectively. It should be noted that though the values themselves of elastic modulus and
strength are improved with respect to filler content, the positive effect as moisture content
increases (in atmosphere from 24% RH till 98% RH) was not established.

12 E GPa
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1 1 1 1 1

0 10 20 30 40 50
Figure 5.3. Experimental elastic moduli E of the CM in the initial (o) and moisture saturated (A) states

and after a moistening-drying cycle (e) in relation to the filler volume content ¢.

Figure 5.3 demonstrates moisture effect on experimentally obtained elastic modulus of
epoxy resin filled with different content of LiF crystals. As follows from the data in the figure an
increase in the elastic modulus with increasing ¢ is observed for the CM in the conditionally
initial state at ¢ < 0.33, in the saturated state at all the values of ¢ considered, and after a
moistening-drying cycle at ¢ < 0.38. Thus it is assumed that the structure and properties of
polymer resin changes upon filling. This could be explained by the presence of interphase having
properties different from the properties of the polymer resin in the bulk. That’s why upon

modeling of elastic properties of CM it is important to take into account morphological
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properties of filler particles in the conditionally initial state and then to estimate effect of
absorbed moisture on structure and properties of CM having different filler content.

5.2. Modeling of elastic properties considering layered structure of MMT clay

[P4]

The behavior and properties of NC are dependent not only on properties of its structural
components, but also on the material microstructure: the dispersion and orientation of filler
particles, and the interactions between filler particles and polymer matrix [30].

Nevertheless one of the main parameters that affect the behavior of the nano-system is the
effectiveness of dispersion of filler particles within the polymer matrix [31].

One way to check the morphological peculiarities of clay nanoparticles in a solvent, before
incorporating them to a matrix, is to observe their dispersion by TEM. A typical image of

acetone suspension of clay nanoparticles is shown in Figure 5.4a.

black (a); SEM micrograph of fracture surface of NC with ¢ = 2% (b).

It is obvious from Figure 5.4a that the observed aggregate should be a stack of clay platelets
having layered structure and high aspect (diameter to thickness) ratio (50). The aspect ratio of
the platelet stack as observed from Figure 5.4a is about 7.

Moreover the platelet shape of the filler particles could be confirmed by SEM micrograph
(Figure 5.4b) of fracture surface of NC specimen with ¢ = 2%. It could be seen that the
transversal dimension of the filler aggregates is much smaller than longitudinal ones.

Efforts are being made to relate effective tensile elastic modulus of moistened NC with
properties of its structural components. It should be emphasized that taking into account
complicated structure of real composite material, only evaluative results could be obtained
theoretically [16].
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Halpin-Tsai equations [24, 25] obtained for isotropic polymer matrix filled with coplanar
transversally isotropic cylindrical particles of arbitrary aspect ratio (5.1) are used for the case of
exfoliated NC. The elastic solution was obtained for the composite consisted of a single fiber
encased in a cylinder of matrix, both embedded in an unbounded homogeneous medium which is
macroscopically indistinguishable from the composite. The relations between the stress and
strain components were averaged throughout the composite. The obtained formulas were curve
fitted to exact elasticity solutions and confirmed by experimental measurements in order to get

the solution for composite filled with particles of arbitrary aspect ratio.

h
1 |
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Figure 5.5. Schematic representation of cylindrical filler particles embedded in polymer matrix.

For a completely exfoliated system Halpin-Tsai equations for elastic moduli of NC take form:

1=Em1+2m¢, (5.1)

1_771¢

142A
E, - —g 2AMS (5.2)

1_772¢
where
R, -1 Epn R, -1 E;,
= RR=—,n,=—2%2 "R, = .
TR 2 TE, TR 428, 2 E,

In the equations (5.1)-(5.2) E;, E,, E; are elastic moduli of given composite, E, is elastic

modulus of matrix and Eg, Er, — elastic modulus of filler for axes’ directions shown in Figure

5.5; A is the aspect ratio of platelet (A » 1 since it equals to the diameter divided by thickness

for cylindrical platelets); ¢ is the volume fraction of filler particles and is determined by formula
c 1

p=— .
P [c+(1—c)]
pf pm

where c is filler weight content, ps and py, are filler and matrix density, accordingly.

If the exfoliation is incomplete the composite system is considered to consist of matrix and
pseudo particles (stacks of individual platelets) [21]. Figure 5.6 shows scheme of filler particles

26



that are forming a stack (a pseudo particle). N is the number of platelets per stack, L — length
(width), t — thickness of the platelet, s — inter-platelet spacing.
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Figure 5.6. Representation of pseudoparticle (platelet stack).

For the case of incomplete exfoliation Halpin-Tsai equations are modified and get form:

E =g, 207 53)
1_771 ¢
1+2A. 'n,'¢"
E2=E3=Emf7.’72.¢' (5.4)
1-n,'¢
where
poRo Ew o RO o Ey

“RW2 T E, PTR42AC T E

m

Here A¢ is the aspect ratio of platelet stack, ¢’ is the volume fraction of platelet stacks, R’ is the
ratio of platelet stack elastic modulus to elastic modulus of the matrix. Elastic moduli of platelet
stack in different axes’ directions could be calculated using direct and reverse rules of mixture

and

e _EV+EY,
p2 V

ps
’

where V, is volume of platelets, Vi, is volume of inter-platelet spacing, Vps is volume of platelet
stacks. Using simple geometrical assumptions (each platelet stack consists of N platelets of
thickness t, length L and located at inter-platelet spacing s) the formulas for elastic moduli of
platelet stack take form
_EE,(Nt+(N-1)s)
" OE Nt+E, (N -1)s
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and

CENt+E (N-1)s
P2 Nt+(N-1)s

Accordingly following formulas for aspect ratio of platelet stack A¢’, volume fraction of
platelet stacks ¢ and ratio of platelet stack elastic modulus to elastic modulus of the matrix E;’

were obtained for model parameters [21]:

A,'=—1

el

1+[17ij5 (17%5
R_R Nt o R U Nt
o 1)s ° 1)s 1)s
1+R|1-— |- 1+11-—|— 1+|1-— |-
Nt Nt Nt

Using known values of elastic modulus of matrix in atmospheres with different relative

humidity it is possible to determine elastic moduli of NC by equations (5.3) and (5.4). The elastic
moduli of montmorillonite clay platelets are ranging from 40 GPa [32] (in transverse direction of
platelet) to 180 GPa [24, 33] (in longitudinal direction of platelet) based on the literature values
for layered-structure clay minerals, an empirical modulus-density relation for alumina, silica and
their compounds and values obtained by simulation for the product of elastic modulus and
thickness of the platelets. In the current study elastic moduli of filler are assumed to be Es; = 55
GPa, Ef, = Er3 = 180 GPa, aspect ratio of filler platelet As= 50, number of platelets per stack N is
changed from 1 to 6, s/t = 1.
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Figure 5.7. Elastic modulus of NC versus filler volume content. Evaluation by (5.1) (solid line) and (5.3)
(dashed line) for different number of elementary layers N (numbers on the curves) in a platelet stack.

Dots — experimental data for ¢ = 24% RH.

Comparing results of evaluation by Eq. (5.1) with experimental data of quasistatic tensile
tests of specimens conditioned in dry atmosphere (¢ = 24% RH) provided in Figure 5.7 it is
obvious that evaluation results for elastic modulus of NC with exfoliated filler particles are
higher than experimental ones. Increasing the number of platelets per stack gives the opportunity
to get better agreement between them. Although it’s rather arguably since it is assumed in the
model that filler particles obey coplanar orientation in polymer matrix. On the other hand
evaluation by Eq. (5.4) (low bound) is much lower than experimental results even for the case of
exfoliated platelets. It means that real orientation distribution of clay platelets is somewhere in
between these limits and could be rather complicated.

Nevertheless using obtained results (the same parameters N, t, s) for moistened NC it is
possible to estimate structural changes of the polymer resin due to moisture absorption.

The resulting evaluation of elastic modulus of moistened NC by Eq. (5.3) shows the
deviation from results obtained experimentally (see Figure 5.8). As it can be seen taking into
account platelet stack layered structure (increasing the number of platelets in stack till 6)
improves the congruence of results with experimental data. Apparently it could be described by
the change of elastic properties of the platelet stacks. It should be emphasized that while elastic
modulus of impermeable clay platelets is not dependent on moisture content, the matrix phase
that is located in the inter-platelet spacing absorbs moisture. Therefore the elastic properties of
the platelet stacks are dependent on absorbed moisture content and cause more significant

decrease of moistened NC elastic modulus as presented in Figure 5.8.
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Figure 5.8. Elastic modulus of epoxy resin and NC with ¢ = 6% in relation to the absorbed moisture

content. Experimental data (NC with ¢ = 6% (m), epoxy resin (o)), evaluation by (5.3) for NC
withc=6% and N =1 (e) and N = 6(0).

The change of elastic modulus under effect of moisture e. g. NC with ¢ = 6% proves that
moisture which exists in the inter-platelet spacing significantly influences the elastic modulus.
Logically enough, the higher content of filler leads to higher content of inter-platelet spacing and
as a result to greater moisture absorption and greater change of NC properties that are sensitive

to moisture.
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Figure 5.9. Elastic modulus of epoxy resin (m) and normalized to 1% wt. of filler deviation of NC elastic
modulus (0) in relation to the relative humidity of the atmosphere.

The isotherm shown in Figure 5.9 concludes the proposed analysis of moisture and filler
effect on deformability of epoxy/MMT NC taking into account filler morphological peculiarities.
Using this figure it’s possible to estimate NC elastic modulus of any filler content in atmosphere
with any relative humidity. It is obvious that due to moisture absorption NC elastic modulus is
substantially decreased. Since the value of elastic modulus of epoxy resin is improved with
respect to filler content in spite of no positive effect for the decrease of elastic modulus of NC

due to moisture absorption (in atmosphere from 24 till 98% RH) epoxy resin modified by
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impenetrable stiff MMT clay nanoparticles could be applied in environments with higher-
operating relative humidity.

5.3. Modeling of elastic properties considering formation of interphase

[C2]

As pointed out before the silicate platelets could be dispersed in the polymer in three ways:
in aggregates, as in intercalated layered NC and in exfoliated platelets. In the current work only
the last case is considered due to primary emphasis on the interphase problem. The exfoliated
platelets are represented as transversally isotropic spheroids with high aspect ratio that is equal to
app. 50.

Since special attention is given to the evaluation of interphase problem and efficiency of
adhesion in NC appropriate formulas for the elastic properties of NC filled with randomly
oriented transversally isotropic oblate spheroids are applied. For the small filler volume fractions
Norris (Andrew Norris) approximate expressions [17] for bulk and shear moduli of composite
material reinforced with isotropic oblate spheroids with high aspect ratio can be written as

-1
17 34 +11—v2] 55)

K= K1+£~¢-
9 Af 8 /’1'(1_"1) Hy 1+V2

1 -1
pepelg[Lrsav 11w) 2 (1x ey 1) oo
15\ A8 v) mltv,) 5 (A4 -(1v) 4

where ¢ is filler volume fraction, A is aspect ratio of filler, K, zzand v are the bulk, shear moduli

and Poisson ratio of composite, respectively. Indices 1 and 2 represent matrix and filler
properties. The aspect ratio y is defined as filler particle’s diameter related to its thickness and is
for the case of NC filled with MMT platelets much higher than 1.

In the numerical calculations, the bulk and shear moduli of the matrix and filler are chosen
in such way that they reflect the typical properties of epoxy resin and montmorillonite silicate,
respectively. Therefore, the Young’s modulus and Poisson’s ratio of the matrix are considered to
be E; = 3.45 GPa and v1 = 0.35. The elastic modulus is also experimentally determined value.
Unfortunately there is lack of the complete elastic constants of montmorillonite silicate. As it
was mentioned above in the literature it is usually assumed that elastic modulus in the
longitudinal direction is ranging from 140 GPa [20] to 180 GPa [14, 24, 33]. In this work it is
assumed that E; = 180 GPa and v, = 0.2. The aspect ratio is chosen to be about 50.

Then the calculated values of formulas (5.5) and (5.6) are used to evaluate the elastic
modulus by the equation
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(6.7)

The interphase was introduced as a region with gradient of properties nearby the interface
of matrix and filler particles. At nanolevel the elastic properties of one single particle containing
interphase were considered. The effect of adhesion efficiency was taken into account in the
region of the interphase. Previously it was shown that existence of interphase results in increase
of equilibrium moisture content during sorption experiments and as a result a significant
decrease of elastic moduli was observed. Since the analytical evaluation for both elastic and
sorption properties was higher than that for experimental results it was concluded that interphase
has elastic properties lower than the matrix and this conclusion will be used in current work.

The expression of the bulk modulus for the system of filler particle-interphase-matrix is
assumed to follow the formula

K, if 0<SXx<R;

2

K(x.k,R,)=|K, .[1— (KZK‘ Ky) vexp[_(:._;f )D if R, <x<R(k,R,) (5.8)

K, otherwise

where x is the coordinate in one-dimensional approach, k is the efficiency of adhesion, Ry is the
thickness of the filler particle. The adhesion efficiency is varying from 0 to 1 and expresses the
strength of interaction between filler and matrix. The thickness of interphase R; is denoted as the
distance from filler particle to the matrix material with the deviation from matrix properties
8 =0.1% and is evaluated by formula
R (k,R;)=R,; —R; -k-In[(S&j.
(Ky—Ky)

The similar formulas could be written for the shear modulus.

Figure 5.10 shows the change of bulk modulus within the system of filler-interphase-
matrix material. Four different filler contents corresponding to experimental ones are used in the
analysis. It is evident from the figure that increasing filler radius the thickness of the interphase

increases. This leads to decrease of effective bulk modulus for the system in whole.
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Figure 5.10. Bulk modulus of the 3-phase system for different filler contents Ry = 1, 2 and 3% (numbers

on the curves) and constant line — neat resin, k = 0.3.

Moreover the adhesion efficiency strongly influences the thickness of the interphase and in
this way lowers the value of the elastic moduli with the increase of R;. The dependence of
interphase thickness on the filler thickness and adhesion efficiency is shown in Figure 5.11. It is
clearly seen that with the increase of filler content or thickness of filler particle the thickness of

interphase increases reaching maximal value for the highest adhesion efficiency k = 1.
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Figure 5.11. Thickness of the interphase vs. thickness of filler particle for different values of adhesion

efficiency.

Then the derived variations of moduli were averaged for system of filler particle-interphase

in order to get quasi-particle with constant properties using formulas

R;(k,R¢)
K(k,R,)=——- j K (x,k,R,)dx, (5.9)
max 0
R;(k,Ry)
F(R) == [ w0k, R )dx. (5.10)
'max 0
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These elastic characteristics are used to evaluate the elastic modulus of NC taking into
account degree of adhesion and presence of quasi-particles with averaged properties. The elastic
modulus is determined by well known relation between elastic characteristics
9: K(k, Rf)'ﬁ(kr Rf)
3-K(k,R,)+ (K, R,)

E(k,R,)= (5.11)

The final result for the elastic modulus of the composite is showed in Figure 5.12. As it
was mentioned before the elastic moduli in the interphase were assumed to be lower than that of
the matrix. As seen from the figure adhesion efficiency greatly influences elastic properties of
the composite and lowers the effective elastic modulus. It is interesting to notice that with the
increase of adhesion efficiency the thickness of the interphase increases and so the content of the
quasi-filler particles grows as well. Nevertheless the averaging by the diameter of the particle

gives results which are monotonically growing functions in dependence of filler content.
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Figure 5.12. Effective elastic modulus in relation to the filler volume content (dots — experimental data,
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dotted line - evaluation by Eq. (5.7), solid lines — evaluation by Eq. (5.11)).

The expressions for the bulk and shear moduli of the composite were presented using
expressions of Norris for randomly oriented platelets which are suitable for low filler contents.
First the properties of quasi-particle were estimated at nanolevel considering efficiency of
adhesion at different filler contents. It should be noted that the stiffness of filler particles in the
direction of major axis is the dominating parameter in these calculations. Since the literature data
for the elastic constants of montmorillonite is incomplete it could be concluded that these values
could be varied in order to get better agreement with the experimental data.

According to the results obtained in the work the theoretical prediction using expressions
of Norris describes the results of quasistatic tensile test quite well. Nevertheless the results of
this prediction are higher which can be described by the lack of precise values of parameters like
elastic constants and aspect ratio of montmorillonite clay. The possibility to describe this
deviation is to introduce interphase. It is clear that taking into account adhesion efficiency and
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high surface of filler particles quite high content of quasi-particles is obtained in the case of NC.
That’s why the thickness of the interphase and adhesion efficiency can greatly influence the
mechanical behavior of the NC and should be considered. This analysis at nano- and microlevels
provides possibility to estimate the effect of filler and interphase properties and content on
effective elastic properties of NC in whole. However polymers are not elastic solids and they
behave as viscoelastic materials and therefore viscoelastic properties of NC have to be

investigated as described in the following chapter.
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6. Viscoelastic properties of epoxy-based nanocomposite

[P6], [C3]

For different kinds of application of NC on the basis of a polymer resin the estimation of
long-term deformability and durability in the conditions of influence of different environmental
factors (loading, raised and/or variable temperature and/or humidity) is of particular importance
[34, 35]. Addition of moisture impenetrable MMT platelets should affect overall viscoelastic
properties of NC and result in decrease in NC compliance during moisture absorption process.
The viscoelastic behavior of moisture saturated NC specimens with different filler content is an
objective of the study and is analyzed in this chapter.

To describe the family of creep and creep recovery curves of NC with different filler
content at various values of moisture content w, and basing on Boltzmann (Ludwig Boltzmann)
superposition principle, the linear integral equation [36, 37] for linear viscoelastic material that is

represented with an array of Kelvin (also called Voigt) models is used
o) 1°
t)=—=+—=| K(t—s)o(s)ds 6.1
o)="2 E!( )o(s) (6.2)

with the creep kernel as a sum of exponents:

e

b= (6.2)

n
i-1 T

K(t) =

where 7, and by, i = 1, ..., n, form the spectrum of retardation times. According to the principle of
moisture-time analogy [38],

t=t'a,, (6.3)
where a, (w) is the function of moisture-time reduction, describing variations in the spectrum of

retardation times with changes in the relative moisture content in the material.

If the stress varies according to the law

o(t)=o,H () -o,H(t-1,), 6.4)
where t = 0 and tp are the instants of loading and unloading, respectively, and H(t) is the
Heaviside function, the compliance |(t) = ? has the following expression

0
for the creep at t<to,
|(t):i+izn:b (19‘:”], (6.5)
E ES

for the creep recovery at t>to,
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The function of moisture-time reduction was chosen in the form
Ina, = oW+ a,w* (6.7)
Such functions were used earlier for epoxy binders and composites based on them [39].

The results of short-term (7.5 h) creep of dry (nonmoistened) materials show that creep
compliance curves for NC with filler content ¢ = 0 and 4% almost coincide (except for
instantaneous compliance |, =1/ E ) (Figure 6.1a). That is the filler effect appears in relation of
instantaneous compliance to filler content. Moistening of investigated material leads to

remarkable increment in creep compliance (Figure 6.1a). Obviously this is caused by case that

material is close to viscoelastic state.
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Figure 6.1. Compliance curves of the NC with the filler content ¢ = 0 (¢) and 4 (0)% for ¢ = 24 (1), 77 (2)
and 98% (3) in creep (a) and creep recovery (b).

The creep recovery experiments revealed that after 17 h of observation the creep recovery
strain still continues to decrease with time (Figure 6.1b). In other words, there is a reason to
believe that the creep deformations are reversible. To verify this assumption, it is necessary that
the model parameters determined from the results of creep tests can be applied to the case of
creep recovery or vice versa. The spectra of retardation times z, bj, i = 1,..., n (6.2) and the
function of moisture-time reduction (6.7) of the NC with different filler content can be found
from the results of creep recovery tests. For each value of c, the family of compliance curves in
creep recovery corresponding to different levels of moisture content w is approximated by Eq.
(6.6) with account of Eq. (6.7). The approximation is performed using the SIMPLEX algorithm
in FORTRAN. The objective function was specified as the root-mean-square deviation of the
calculation from experiment. The initial values of retardation times are chosen at uniform steps
in the logarithmic scale, i.e., 1, 10, 100, etc.; the number of exponential functions in creep kernel

(6.2) was n = 7. During minimization of the objective function, the summands whose pre-
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exponential multiplier was of the order of magnitude 10 and smaller are rejected, and only four
exponents remained in Eq. (6.2).
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Figure 6.2. Experimental compliances in creep recovery (a) and creep (b) of the NC with ¢ = 4%

atw =0 (m), 2.04 (e), and 3.52% (A), their approximations by Eq. (6.6) with account of Eq. (6.7) (a),
and calculations by Eqg. (6.5) with account of Eq. (6.7) (b).

As an example, Figure 6.2a presents the approximated compliance curves in creep
recovery for the NC with a filler content of 4%. The verification of applicability of the model
used shows a satisfactory description of creep experiments (Figure 6.2b). The spectra of
retardation times and the function of moisture-time reduction of NC with different filler content
obtained from the approximation are given in Figure 6.3 and Figure 6.4, respectively. The
spectra of retardation times for the NC with ¢ = 2 and 4% (Figure 6.3) practically do not differ
from the spectrum for the binder in a block: they have a common amplitude envelope. However,
at ¢ = 6%, these spectra differ: the retardation times increase, but the intensity slightly decreases.
As a result, the spectrum envelope is more flat than that for the binder in a block and the NC
at ¢ < 6%.
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Figure 6.3. Spectra of retardation times of the NC at ¢ = 0 (0), 2 (), 4 (A), and 6% (o).

The functions of moisture-time reduction of the NC with different filler content (Figure
6.4) are nonlinear, and their graphs are concave lines describing the growing influence of the
absorbed moisture as its content in the material increases. A comparison of the functions of
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moisture-time reduction of the NC at different values of ¢ shows that the addition of a small
amount of filler (c = 2%) weakens the influence of moisture on the viscoelastic properties of the
binder in the CM. Probably, this is caused by the interaction of filler particles with binder
macromolecules with the formation of physical bonds. It is also possible that some part of the
absorbed moisture occurs in the interfacial layer. With increasing degree of filling, the influence
of moisture on the viscoelastic properties of the binder in the CM grows, and at ¢ = 6% it
becomes equal to that of the binder in a block. The filler particles loosen the binder structure in
the NC, and the rate of relaxation processes in the region of great times decreases.
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Figure 6.4. Functions of moisture-time reduction of the NC at ¢ = 0 (0), 2 (1), 4 (A), and 6% (o) obtained
by approximating the families of creep recovery curves of the material with different moisture content by
using Egs. (6.6) and (6.7).

The influence of the equilibrium moisture content in the NC on its viscoelastic properties is
expressed as a changing limit of forced elasticity in quasi-static tests (see Figure 5.2b). Yield
stress characterizes the transition of a polymer from glass to rubbery state, which has a relaxation
nature.

For its description the equation of Alexandrov-Lazurkin can be applied [40]

S exp(AuRi;w), (6.8)

where 7 is relaxation time, which characterizes the rate of molecular rearrangements; to — period
of atomic oscillations and is equal to ~10" s; AU - activation energy of molecular
rearrangements, i.e. the difference between active and initial state of molecules; y - constant; o -
yield stress; R — gas constant; and T — temperature.

Thus, yield stress is dependent on characteristic relaxation time

o=t Ry T 69)
Y 7 T
The change of moisture content in the polymer results in the change of relaxation times in

accordance with moisture-time analogy
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In‘i=—Ina,. (6.10)

0i
Thus a correlation between the yield stress and time-moisture shift factor can be estimated.
Such a correlation does exist: for NC with different filler content, the variation in the limit of
forced elasticity is directly proportional to the value of the function of moisture-time reduction
(Figure 6.5). This correlation can serve as a basis for an alternative determination of the function
of moisture-time reduction, namely by using the results of quasi-static tests in the mode of

constant strain rate.
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Figure 6.5. Correlation between the function of moisture-time reduction (6.7) and changes in the limit of
forced elasticity in quasi-static tests for the NC at c =0 (¢), 2 (m), 4 (A), and 6% (e).

There is another way for determining the reduction function - according to the volumetric
strain [39]. Assuming the binder in a block to be isotropic, the volumetric swelling strain

AV . . . .
—— =3¢, can be calculated and using the relation between the reduction function and the

0
change in volume [41]

1 AV 1
Ina, =———-——, (6.11)
fo Vo, 1AV
fO VO

the function of moisture-time reduction is derived (Figure 6.4), which coincides with that
determined from creep experiments with f, = 0.062.
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Figure 6.6. Function of moisture-time reduction of the epoxy binder: dots - calculation by Eq. (6.11) with
the use of relation between the swelling strain and the relative moisture content; the line - approximation
of the family of creep recovery curves given in Figure 6.4.

Thus, based on the principle of moisture-time analogy the function of moisture-time
reduction of epoxy resin is derived which correlates with varying volume of specimens upon
moistening that allows estimating the function by the results of swelling. In turn the revealed
correlation function of moisture-time reduction with the change of limit of forced elasticity
indicates viscoelastic character of deformation of NC specimens at different moisture content.

Viscoelastic properties of polymer based composites are fully connected to environmental
conditions (temperature, moisture) since with the increase of temperature the frequency of
molecular rearrangements increases but delay time decreases. Thus NC specimens having
absorbed moisture behave differently due to distinction in glass transition temperature. The
features of thermophysical characteristics and their interrelation with structural changes of

epoxy-based NC under moistening are explicitly discussed in the next chapter.
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7. Thermophysical characteristics and structural changes under moistening
of epoxy-based nanocomposites

[P5], [C3]

The features of the phase and relaxation transitions in heating the NC specimens have been
studied by the method of thermomechanical analysis (TMA) in the absence of external load. The
typical TMA curves of the NC specimens held in an atmosphere with a relative humidity of 24
and 98% until they reached the equilibrium state are presented in Figure 7.1. The general rule for
all NC maodifications, including those held in an atmosphere with a humidity of 77%, is the
presence on the thermal expansion curves of a narrow (5-10°C) temperature range of a sharp
change in the character of deformability when in the course of heating the expansion at T; is
replaced by a shrinkage, and then at T, a new growth of deformation begins just as quickly. Such
dependences are characteristic of amorphized polymers in which, after passing through glass
transition temperature T, crystallization occurs very quickly to cause hardening of the material.
Then, also spontaneously, melting of the crystallites formed in them begins, which just causes a
rise on the TMA curve.
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Figure 7.1. TMA curves of NC specimens with ¢ = 4%, ¢ = 24% (a) and 98% (b) (number of heating—
cooling cycle (1, 2)).

The fact that the process of shrinkage of the binder in the NC is caused by crystallization is
confirmed by experiments with multiple heating of specimens to 70°C and their cooling to 20°C.
Figure 7.2 gives the thermomechanical curves for three heating-cooling cycles and shows that
the crystallization process was accompanied each time by shrinkage and the melting process —
by spontaneous extension. Consequently, in the 20-70°C temperature range the restructuring
process in the binder appears to be reversible; crystallization begins at T; = 41-45°C, and
melting at T, = 46-50°C.
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Figure 7.2. TMA curves of the binder at ¢ = 24% (number of heating—cooling cycle (1, 2, 3)).

X-ray structural analysis also confirms that upon preliminary annealing of specimens
at 80 °C and subsequent drying in a medium of humidity 24% in the binder the crystalline phase
is preserved (Figure 7.3, diffractogram 1). The introduction into the NC composition of MMT
nanoparticles (diffractogram 2) leads to a change in the parameters of the crystalline reflex of the
binder, for example, an increase in the interplanar spacing d and, accordingly, a change in the
internal stress in the NC.
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Figure 7.3. Diffractograms of NC specimens with ¢ = 0% (1) and 6% (2).

It was somewhat difficult to determine T4 from the TMA curves since the attaining by it of
the glass transition temperature served as a prerequisite to the binder crystallization in the NC. It
was assumed that both processes (devitrification and onset of crystallization) proceeded
practically simultaneously. Therefore, the deformation maximum temperature T; on the TMA
curves (Figure 7.1) is assumed to correspond to the crystallization temperature, and the Ty value
was assumed to be slightly different from it. Thus application of thermomechanical analysis to
NC with different filler content under moisture effect has shown the following (Figure 7.4): glass
transition temperature of NC decreases from 45 to 35 °C with the increase of moisture content in
NC; the change of glass transition temperature of NC in relation to filler content is insignificant

(lies within scattering of experimental data) within atmosphere of equal humidity.
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Figure 7.4. Glass transition temperature as a function of the atmospheric humidity for NC at ¢ = 0 (¢),
2(0),4(A), and 6% (m).

The weak strengthening effect of filler probably is associated with low cross-linking
density of polymer’s macromolecules located around filler particles and also with possible
agglomeration of filler particles [13]. In turn reduction of glass transition temperature of epoxy
resin and NC with the increase of moisture content (Figure 7.4) indicates that absorbed moisture
softens the materials, i.e. facilitates reduction of intensity interaction between polymer
macromolecules and mobility increment of the segments which results in acceleration of
relaxation processes. Glass transition temperature of epoxy resin and NC is shifted to
temperature region which is only 10-20 °C above room temperature, i.e. temperature during
mechanical tests. Therefore loading can lead to transition of epoxy resin to viscoelasticity region
which is characterized by large deformations. At least considered epoxy resin with the raised

moisture content belongs to transition region from glassy to viscoelastic state.
0

Amim,%
Figure 7.5. Mass loss curves of NC specimens at ¢ = 98% with c =0 (¢), 2 (m), 4 (A), and 6% (e).

From the mass loss curves of the thermogravimetric analysis (Figure 7.5) it is seen that in
the 80-170°C temperature range the mass loss process is the fastest, which agrees with the
decrease in the thermal expansion coefficient. The maximum mass loss is observed in specimens

held in an atmosphere with humidity of 98%. For instance, at clay content of 6% the NC mass
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loss at 150 °C is 1.5%, and in the binder it is 2% under the same conditions; however, no strict
dependence on the degree of filling is observed. A further increase in the temperature leads to a
decrease in the mass loss rate. Proceeding from the practically linear interrelation between the
moisture content and the mass loss (Figure 7.6), it may be stated that upon heating the NC up to

280 °C the moisture desorption process prevails.
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Figure 7.6. Moisture content of NC specimens with c =0 (¢), 2 (m), 4 (A), and 6% (e) in relation to the
mass loss in heating.

In order to establish the relationship between the thermal characteristics and the structural
changes attending the NC deformation process TMA analysis has been applied to epoxy-based
NC specimens after quasistatic (Figure 5.1) and creep tension experiments (Figure 6.1). For
these purpose moist specimens from atmosphere with ¢ = 98% RH were pre-deformed in the air
in the regime of quasi-static tension with & = const and creep with ¢ = const until the whole of
the working part material went into the "neck." Then the specimens were cut along and across
the direction of stretching. From the analysis of the TMA curves (Figure 7.7a) it is seen that the
thermal expansion of the NC specimens cut in mutually perpendicular directions differs
markedly and there are anisotropic changes in the thermomechanical characteristic. Analogous
laws have also been obtained for specimens upon creep tests. For heated NC specimens cut along
the stretching direction, in both quasi-static tension and creep experiments, their clear similarity
to the TMA curves is observed (Figure 7.7b). For instance, in the glass transition temperature
range their linear sizes sharply decrease. However, specimens oriented in the creep regime
(curve 2) shrink to a greater extent and the process proceeds in a narrower temperature range
than for specimens oriented under quasi-static tension (curve 1). Next, when temperatures of
37 °C (under creep) and 64 °C (under quasi-static tension) are attained, the process of their

spontaneous stretching begins as sharply as shrinkage.
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Figure 7.7. TMA curves of NC specimens cut across (1) and along (2) the stretching directions under
quasi-static tension (a) and specimens cut along the stretching direction under quasi-static tension (1)
and creep (2) (b).

From a comparison with the TMA curves of unloaded NC specimens (Figure 7.1b), it is
seen that crystallization of oriented specimens begins at lower temperatures, and the shrinkage
value (assumed to be proportional to the degree of crystallinity) is much larger than that for
loaded specimens. This is explained by the fact that at orientation a considerable ordering of the
NC structure occurs, which is a kind of a crystalline "blank," and therefore its transition to the
crystalline structure is considerably facilitated. As a consequence of the crystallization of fibrillar
aggregates the NC specimens do not completely regain their sizes either. At the same time, the
TMA curves of the specimens cut across the orientation, as the results of quasi-static tension and
creep experiments show, practically coincide in terms of the character of the change in the
deformability and in its value. The TMA curves of the second heating cycle of specimens reflect,
as for unloaded specimens, only one transition connected with the NC devitrification.

The data of X-ray structural analysis correlate well with the assumptions about structural
changes in the NC at its deformations to high values. Figure 7.8 presents meridian and equatorial
diffraction patterns of NC specimens pre-stretched to failure. It is seen that in the region of small
angles on the equatorial diffraction pattern a peak caused by the crystalline phases is present,
while it is absent from the meridian diffraction pattern. This effect can be explained by the fact
that at large stretches the material acquires an almost completely fibrillated oriented structure,
which leads to the disappearance of interfaces characteristic of microcrack walls. Apparently,
joining of microcrack walls occurs and, therefore, no diffuse scattering is observed on the

diffraction pattern meridian.
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Figure 7.8. Diffraction patterns of a tension pre-deformed NC specimen with ¢ = 6% cut from the "neck"
region: meridian (1); equator (2).

Thus, from the above data it follows that the specific features of the thermomechanical
behavior of the non-equilibrium structure of the NC upon stretching is largely determined by the
quantity of the initial binder, which has gone to the oriented state, from which fibrillar
aggregates of microcracks have been constructed. Changes take place in the region of Ty and,
consequently, they have a supermolecular character. In heating, the fibrils acquire a greater
mobility, and the coagulation process proceeds. This leads to a disorientation of fibrils with
respect to one another and a decrease in the interface area, which shows up macroscopically as
shrinkage of the NC.

This chapter concludes the description of complex investigation of mechanical and
thermophysical properties of epoxy-based NC filled with nanoparticles of MMT platelets under
effect of moisture. The interrelation of thermophysical and mechanical behavior with the
structural changes accompanying deformation of epoxy-based NC specimens having absorbed
moisture is established in the thesis at various schemes of loading and temperatures. The main
conclusions and results, as well as practical importance and scientific novelty of the complex

investigation are discussed and analyzed in the next chapter of the thesis.
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8. General conclusions, practical importance, and scientific novelty
of the work

The results of complex investigation on sorption, mechanical and thermophysical
properties of various epoxy resins and epoxy-clay nanocomposite are summarized as follows:
1. Sorption process of investigated epoxy-nanoclay composite is described by Fick’s model
with good agreement for filler content 0-6% wt. and atmospheres 24, 77, and 98%RH. It is
experimentally confirmed that sorption process in NC passes more slowly than in pure epoxy
resin, and for the composite with highest filler content diffusivity reduces about half of
diffusivity as for epoxy resin. The clay nanoparticles act as efficient barriers against moisture
transport. The increase in equilibrium moisture content observed with the increase of clay weight
content in NC is explained by growth of interphase content. The specific sorption capacity of
interphase in NC per 1% of filler is determined and the sorption isotherm of interphase is
derived.
2. Substantial effect of moisture on mechanical properties was shown. Absorbed moisture
essentially plasticizes the composite changing its fracture character. Tensile strength of
moistened composite decreases twice. Elastic modulus both of moistened pure epoxy resin and
NC is reduced approximately 1/3 in comparison to initial state.

2.1. In order to estimate effect of filler morphological peculiarities on elastic properties of NC
Halpin-Tsai equations are modified for the case of layered silicate platelets and applied to
estimate effective elastic modulus of NC conditioned in atmospheres of different relative
humidity. The equation parameters obtained for specimens conditioned in dry atmosphere
are used for moistened NC and provided opportunity to estimate structural changes of the
polymer resin because of moisture absorption.

2.2. In order to estimate effect of interphase on elastic properties of NC the expressions for
the bulk and shear moduli of epoxy-clay NC are derived by modification of Norris
expressions for randomly oriented platelets. The properties of quasi-particle are estimated
at nanolevel considering efficiency of adhesion at different filler contents. Epoxy resin is
further filled with these quasi-particles and micro-model was applied to quantify elastic
properties of epoxy-clay NC. This analysis at nano- and microlevels provides possibility to
estimate the effect of filler and interphase properties and content on effective properties of
NC in whole.

3. Viscoelastic properties of epoxy resin and NC in relation to absorbed moisture content
are described on the basis of the principle of moisture-time analogy.
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3.1. The spectrum of delay times for NC with filler content 6% differs from a spectrum of
delay times for epoxy resin: delay times increases, the intensity decreases slightly. Value
of moisture-time reduction function for NC with filler content 2% is smaller in comparison
with epoxy resin. The further increase in filler content leads to increase in parameters of
reduction function.

3.2. It is established that moisture-time reduction function correlates with change of upper
yield point of NC that indicated viscoelastic character of NC specimens’ deformation
having different moisture content.

3.3. Presence of correlation between moisture-time reduction function and volume change of
epoxy resin upon moistening allows its estimating based on the data on swelling.

4. Moisture sorption causes plasticization of NC and leads to decrease of glass transition
temperature by 10 °C. The deformation mechanism of NC changes significantly under affect of
moisture. Large plastic deformations and formation of transition regions to orientated state
("necking") reveals during tension of moistened specimens of NC. Thermal expansion of the NC
specimens cut in mutually perpendicular directions after tensile quasistatic and creep tests differs
markedly and there are anisotropic changes in the thermomechanical characteristic. The data of
X-ray structural analysis correlates well with the assumptions about structural changes in the NC
at its deformations to high values.

5. Incorporation of impenetrable clay nanoparticles with high mechanical characteristics
doesn’t reduce the negative effect of absorbed moisture on mechanical properties of NC. But
since the value of elastic modulus of epoxy resin is improved with respect to filler content up to
20% epoxy resin modified by impenetrable stiff montmorillonite clay nanoparticles can be
applied in environments with higher-operating relative humidity.

The practical importance of the complex investigation of sorption, mechanical and
thermophysical properties of various epoxy resins and composites on their basis rests in the
obtained results of steadiness to different environmental factors (temperature, humidity, loading,
etc.) determination for novel composite materials. These results will allow estimating possible
applications of nanoclay composite materials under influence of environment factors (moisture,
temperature, constant and time-varying loading) that will facilitate expanding a scope of polymer
composite materials in civil engineering and technological sectors. Since the use of composites
in different spheres of life becomes inevitable due to loss of nonrenewable natural resources the
efficiency and safety of composites’ applications should be guaranteed by correct research of

operational properties under the influence of different factors.
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Following theses having scientific novelty are defended within the work:
1. The account of heterogeneity and formation of the interphase is significant upon
modeling of moisture absorption and determination of sorption characteristics of epoxy-clay NC;
2. Modification of Halpin-Tsai equations for isotropic polymer matrix filled with coplanar
transversally isotropic cylindrical particles of arbitrary aspect ratio and Norris equations for
polymers filler with randomly oriented platelets for the bulk and shear moduli allows
determination of effective elastic moduli of epoxy-clay NC taking into account filler
morphological peculiarities (layered structure of filler particles and formation of inhomogeneous
interphase);
3. The correlation between moisture-time reduction function with the change of upper yield
point and volume change of NC specimens upon moistening is established which indicates
viscoelastic character of NC specimens’ deformation having different moisture content and
allows its estimating based on the data on swelling;
4. Anisotropic changes in the thermomechanical characteristic of the NC in mutually
perpendicular directions after tensile quasistatic and creep tests are revealed. These results
correlate well with data of X-ray structural analysis.

Main results of doctoral thesis are published in 6 scientific articles [P] and 3 conference
proceedings [C], and also discussed in 12 conference reports (the conference theses are not

included in the thesis).
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