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ABSTRACT: Gradient materials developed on the basis of
poorly compatible epoxy oligomers are proposed. The influ-
ence of the composition and curing conditions on the strat-
ification of the compounds was studied. The distribution of
the components of the curing systems was determined by
Fourier transform infrared and elemental analysis. The mi-

crohardness and glass-transition temperature varied across
the section as a function of the component content and
curing temperature. © 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 102: 96–103, 2006
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INTRODUCTION

Polymer systems with spatial changes in properties,
so-called gradient materials, have attracted increasing
interest in recent years.1 The property gradient in such
materials is caused by the variation of the chemical
composition, whereas the spatial extension of the gra-
dient may differ.2 Because of their unique nature,
these materials are widely applied as implants in bio-
medicine and as protective shock-proof coatings and
isolation materials in engineering. Optical materials
with a gradient refractive index (i.e., GRIN materials)
attract special interest.3–5 Such objects are applied in
optoelectronics and fiber optics as light-focusing ele-
ments, fibers,6–8 and sensors.9

The investigation of the properties of gradient ma-
terials is complex because these systems cannot be
completely characterized by known constants of ma-
terials. In this connection, special models for the char-
acterization of the behavior of gradient materials have
been developed.10,11 The majority of the information
on gradient materials concerns their mechanical and
thermal properties,12–14 including the distribution of
the elasticity modulus and the factor of thermal ex-
pansion.15,16 In general, the gradient materials possess
enhanced properties in comparison with homopoly-
mers.17

The different ways of producing materials with
gradients of structure and properties have been the
subject of a number of works.18 Ultrathin gradient
polymeric films with a thickness about 1.5 nm were
obtained by grafting.19 Gradient copolymers may be
produced also by ionic and radical polymeriza-
tion.20

The methods of obtaining gradient materials based
on interpenetrating polymer networks are well
known.21–23 Gradient interpenetrating polymer net-
works are a special class of polymer blends consisting
of two independent networks, of which at least one
has been synthesized and/or crosslinked in the pres-
ence of the other. Such systems contain a spatial vari-
ation or gradient in the concentration of the compo-
nents across the thickness. Another potential method
of obtaining gradient materials is the diffusion of a
monomer into an incompletely crosslinked polymeric
matrix with subsequent polymerization.24–26

In this study, a method of manufacturing gradient
polymeric materials from blends of a poorly com-
patible aromatic epoxy resin and glycidyl esters of
phosphorus acid (GEPAs) is suggested. It has been
previously shown that GEPAs are potential agents
for development binders for composite materials,27

optical materials,28 polymeric materials with low
flammability,29 and metal-containing epoxy poly-
mers.30 During the study, it was found that the
limited compatibility of blends of GEPAs with an
aromatic epoxy oligomer allowed the prediction of
the creation of gradient materials on their basis. The
spontaneous stratification of components due to the
difference in the densities of phases is the driving
force of the gradient of structure in such systems.
The degree of stratification depends also on the
percentage, viscosity, interfacial tension of blends,31
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and other factors that can be regulated to produce
materials with necessary properties.

EXPERIMENTAL

Materials

The aromatic epoxy resin ED-20 (73% diglycidyl ether
of bisphenol A monomer; Ufa Chemical Factory, Rus-
sia) and triglycidyl phosphate

(TGP; synthesized and purified according to ref. 32)
were used as the epoxy compounds. Some of their
characteristics are presented in Table I. 4,4�-Diamino
diphenylmethane (DDM) with a density value of 1.15
g/cm3 was used as the curing agent.

Study of the compounds

The compatibility of ED-20 with TGP was evaluated
microinterferometrically with an MI-2 device (LOMO,
St. Petersburg, Russia). The phase diagram was con-
structed on the basis of obtained data.

For the quantitative description of the systems char-
acterized by a absence of preliminary data on the
range of particle sizes and their composition, the tur-
bidity method was applicable.33 Therefore, the size
and size distribution of emulsion particles in the ED-
20/TGP system were evaluated from the turbidity
spectra.

The viscosity of the epoxy oligomer mixture was
measured with a Hoeppler viscosimeter KF3.2 (Rheo-
test, Germany).

Synthesis

Compositions of ultimate incompatibility containing
30, 35, or 40 mass % TGP were chosen for producing
the gradient materials. To obtain emulsions, the com-
ponents were mixed with an amalgamator (Semico,
Novosibirsk, Russia) operating at a speed of 200–500

min�1. The time of mixing was 5–20 min. Films with a
thickness up to 100 �m were prepared via pouring on
a polytetrafluoroethylene surface. Samples with a
thickness of 10 mm were prepared by the filling of
block forms.

Characterization

Attenuated total reflection/Fourier transform infrared
(ATR–FTIR) spectroscopy was used to characterize the
stratification of the components. The IR spectra of the
upper and lower surfaces were recorded with a Bruker
IFS-66 V/S Fourier transform spectrometer (Ettlingen,
Germany) with a KRS-5 prism. The depth of penetra-
tion was 2 � 0.5 mcm.

The quantitative distribution of TGP across the
thickness was determined by elemental analysis. For
this purpose, samples 10 mm thick were prepared.
Cuts in the material of 1-mm thickness from the sur-
face were made with a microtome. Then, in each cut,
the content of phosphorus was determined, and the
recalculation of the concentration of TGP was carried
out.

The thermomechanical curves were registered by
the penetration on a section of the sample along a
gradient of the concentration, and this permitted the
determination of the glass-transition temperature (Tg)
distribution. The curves were obtained with a 120
grad/h speed of heating at a static loading of 9.8 N.
The diameter of the penetrant cross section was 2 mm.
The change in the microhardness across the thickness
of the material was determined with a PMT-3 instru-
ment (LOMO, St. Petersburg, Russia) with the size of
a diamond needle imprint.

RESULTS AND DISCUSSION

Study of the compounds

The compatibility of the components plays a great role
in producing polymers with spontaneous stratifica-

Figure 1 Phase diagram of the ED-20/TGP system (T
� temperature, C � TGP concentration).

TABLE I
Characteristics of the Epoxy Compounds

Epoxy
compound

Epoxy
number (%)

Molecular
weight

Density
(g/cm3)

ED-20 21 410 1.1660
TGP 48 266 1.3673
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tion. In this work, the compatibility of the epoxy com-
pounds was studied with the microinterferometric
method. The phase diagram of the ED-20/TGP system
at 20°C is shown on Figure 1. The full compatibility of
the components could be observed at TGP concentra-
tions below 8 mass % and over 64 mass %. The com-
ponents showed incompatibility in the middle range
of concentrations, with a solubility upper critical tem-
perature of 120°C.

According to the results of a light-dispersion study,
in the incompatibility range, all the compounds
formed fairly stable emulsions with particle sizes of

Figure 2 Attenuated total reflection IR spectra of (a) the upper surface and (b) the lower surface of the ED-20/TGP system
(TGP concentration � 30 mass %, A � normalized absorption).

TABLE II
Properties of the Blends of the Epoxy Compounds

TGP (mass %)
Particle

size (nm) Gel time (min)a

Size of zones
(mm)

h1 h2 h3

30 125 � 25 100 5 3,1 1,9
35 151 � 29 80 3 5 2
40 127 � 23 60 1,5 4,5 4

a Tc � 20°C.
h1, h2, h3 are the heights of areas formed across the section

of a sample as a result of stratification.
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100–180 nm. Low interfacial tension is known to be a
condition for emulsion formation from two poorly
limited liquids. In this case, the emulsification of one
component in another was possible because of the
action of mechanical forces during mixing. Such an
emulsion is a steady system, and for its existence, any
emulsificator is required.

At the first moment, the mixture presented the
emulsion of one phase with a lower density in another
phase with a higher density. The continuous phase
was TGP saturated with ED-20 because the viscosity
of the ED-20/TGP mixture with an epoxy phosphate
concentration greater than 10 mass % was close to the
viscosity of a solution of TGP saturated with ED-20.

Eventually, the floating-up of emulsion particles be-
gan because of the difference in the phase densities. As
the density of the phase of ED-20 saturated with TGP
was less, stratification occurred as a result of the float-
ing of the particles of the aromatic epoxy oligomer.
The rate of floating-up of the emulsion particles with
radius r can be described by the Stokes approximation:

6�r�(t)
dy
dt �

4�

3 r3g(�1 � �2), (t) � �0 exp(t / �g)

(1)

where �1 and �2 are the densities of heavy and light
phases, g is the acceleration of free fall, y(t) is the

Figure 3 Attenuated total reflection IR spectra of the ED-20/TGP system with (à) 8 and (b) 64 mass % TGP (A � normalized
absorption).
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coordinate of the center of an emerging particle, �(t) is
the factor of the dynamic viscosity of the denser phase,
and �g is the gel time of the system.

On the basis of calculations with the aforemen-
tioned equation, we found that three areas were
formed across the section of a sample during stratifi-
cation. The top layer became saturated with particles
of the emulsion of TGP in ED-20. These particles were
the largest, so over time they coalesced and formed
their own phase. Thus, the top layer represented a
homogeneous solution of TGP in ED-20. The bottom
layer was impoverished of emulsion particles because
they floated up and represented a homogeneous solu-
tion of ED-20 in TGP. The medium layer represented
an emulsion of particles whose average size in due
course decreased because of the floating-up of larger
particles. The area magnitudes for systems with vari-
ous contents of TGP are given in Table II. The thick-
ness of the top and bottom zones was calculated on
the basis of the Stocks equation. The radii of the par-
ticles used in this equation were determined from the
size distribution of the particles. The thickness of the
medium zone represented the difference between the
thickness of the whole sample and the sum of the
thicknesses of the top and bottom areas.

The stratification was sharply delayed as the viscos-
ity of the compounds grew over the course of curing.
The curing rate depended on the composition and
temperature of the medium. The gel time was deter-
mined from the viscosity growth curves over the
course of the crosslinking of the oligomeric systems.
Table II presents the gel times for various compounds
and temperatures. An increase in the TGP content, as
well as heating, accelerated gelation and froze strati-
fication. As a result of the curing of systems with
different compositions at different temperatures, ma-
terials with variable gradients of the component con-
centrations and hence controllable structures and
properties were prepared.

Characterization of the gradient materials by ATR–
FTIR

The component distribution in the upper and lower
layers of the materials was evaluated from ATR–FTIR
spectra of the upper and lower surfaces.

The absorption bands of the POOOC group (1040
cm�1) and PAO group (1270 cm�1) from TGP and
those of the benzene ring (830 and 1610 cm�1) from
ED-20 were used for analysis. Figure 2 shows frag-
ments of spectra of the upper and lower surfaces in the
gradient system. The intensity ratio of the peaks of the
POOOC and PAO groups and benzene ring was
larger for the spectra of the lower surface [Fig. 2(b)],
whereas on the spectra of the upper layer, these peaks
were almost equal [Fig. 2(a)].

Figure 3 presents ATR–FTIR spectra of composi-
tions with 8 and 64 mass % TGP. As the phase dia-
gram shows, these compositions were compatible, and
the concentration of TGP was invariable across the
thickness of the material. The spectrum of the mixture
with a concentration of 8 mass % TGP [Fig. 3(a)] and
the spectrum of the upper layer of the material [Fig.
2(a)] were analogous. Also similar were the spectra of
the mixture with 64 mass % TGP [Fig. 3(b)] and the
bottom layer of the ED-20/TGP mixed polymer [Fig.
2(b)].

The obtained data indicate that a gradient material
was formed with the curing of the stratifying ED-20/
TGP blends. Its upper layer consisted of ED-20 con-
taining about 8 mass % TGP, whereas the concentra-
tion of TGP at the bottom was about 64 mass %.

Elemental analysis

The distribution of ED-20 and TGP across the section
of a gradient sample was determined by elemental
analysis. The chemical analysis was sufficient because
phosphorus was contained in only one component
(TGP). The content of TGP was calculated with the
phosphorus content in TGP.

Of particular interest is the analysis of the depen-
dence of the TGP distribution on a section of gradient
samples produced from the initial oligomeric blends
with different contents of TGP. Figure 4 shows the
distribution curves of TGP at various concentrations
of TGP: 30, 35, and 40 mass %. The variation of the
epoxy phosphate concentration practically did not in-
fluence the distribution profile of TGP on a section of
the sample but allowed the regulation of the thickness
of the layers. The rise of the TGP concentration in the
initial system led to an increase in the thickness of the

Figure 4 Distribution of TGP in the layers of the ED-20/
TGP/DDM system at different concentrations of TGP in the
oligomeric blend: (1) 30, (2) 35, and (3) 40 mass % (N � num-
ber of layers beginning from the surface, Tc � 20°C). CTGP is
the concentration of TGP.
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layer containing 64 mass % TGP. The concentration of
TGP in the upper layer was always about 8 mass %,
which corresponded to its ultimate solubility in ED-20
at 20°C. In the lower layer, the TGP concentration was
64 mass %. The thickness of the zones obtained from
the elemental analysis correlated well with the sizes of
the zones calculated with the Stocks equation (Table
II).

Figure 5 shows the TGP distribution in the ED-20/
TGP/DDM systems obtained at different curing tem-
peratures (Tc’s). With increasing Tc, the concentration
of TGP in the upper layer increased from 8 (Tc � 20°C)
to 18 mass % (Tc � 100°C). In addition, Tc influenced
the character of the TGP distribution in the layers of
the gradient material. With increasing Tc, the gel time

was reduced, and the system was less stratified. As a
result, we saw a flatter curve for the TGP distribution
(Fig. 5, curve 4).

Thermomechanical analysis and microhardness

Figure 6 illustrates the change in Tg with the height of
samples with different concentrations of TGP. The
profile of the Tg distribution across the section was
similar to the distribution of TGP. Herewith, Tg of the
upper layer corresponded to Tg of samples from ED-20
saturated with TGP curing by DDM, whereas Tg of the
lower layer corresponded to Tg of cured samples of
TGP saturated by ED-20 with 64 mass % TGP.

Figure 5 Distribution of TGP in the ED-20/TGP/DDM
system at Tc values of (1) 20, (2) 50, (3) 70, and (4) 100°C
(concentration of TGP � 30 mass %, N � number of layers
beginning from the surface). CTGP is the concentration of
TGP.

Figure 6 Tg distribution across the thickness of gradient
samples of the ED-20/TGP/DDM polymer with TGP con-
centrations of (1) 30, (2) 35, and (3) 40 mass % (Tc � 50°C, T
� temperature, N � number of layers beginning from the
surface).

Figure 7 Tg distribution across the thickness of gradient
samples of the ED-20/TGP/DDM polymer at Tc values of (1)
20, (2) 50, (3) 70, and (4) 100°C (TGP concentration � 30 mass
%, temperature of annealing � 150°C, T � temperature, N
� number of layers beginning from the surface).

Figure 8 Tg distribution across the thickness of gradient
samples of the ED-20/TGP/DDM polymer at Tc values of (1)
20, (2) 50, (3) 70, and (4) 100°C (TGP concentration � 30 mass
%, temperature of annealing � 170°C, T � temperature, N
� number of layers beginning from the surface).
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The Tg distribution across the section of gradient
samples at different Tc values is plotted in Figure 7. Tg

of the ED-20/TGP/DDM system was in the range of
170–220°C. As Tc increased, Tg varied smoothly, and
that fit well with the TGP distribution on a section.
The annealing of the sample at 170°C raised Tg of the
lower layers up to 270°C (Fig. 8). The last fact may be
explained by a gradual increase in the crosslinking
density with heating at 170°C, caused by an interac-
tion between hydroxyl and phosphoric groups accom-
panied by the splitting of water molecules.34

The distribution of the microhardness across the
section was similar. As one can see in Figure 9, for
samples with different concentrations of TGP, the mi-
crohardness varied likewise. This correlation was

caused by the increase in the crosslink density of the
polymer parts enriched by TGP.

Figure 10 illustrates the changes in the microhard-
ness of samples cured at various temperatures. With
an increase in Tc, the curve of the change in the mi-
crohardness on a section became smooth, and a heat
treatment at 170°C raised the microhardness of the
lower layers up to 900 MPa (Fig. 11).

The obtained data indicate that the Tg distribution
and microhardness across the section of gradient ma-
terials could be controlled by changes in the compo-
sition within the area of incompatibility, Tc, and heat
treatment at 170°C.

CONCLUSIONS

Gradient materials based on poorly compatible epoxy
compounds were developed. ATR–FTIR spectroscopy
and elemental analysis data confirmed that in a certain
concentration region, the ED-20/TGP blend was strat-
ified, and a gradient material could be produced by its
curing. Its upper layer consisted of ED-20 containing 8
mass % TGP, whereas its lower layer contained up to
64 mass % TGP. Tg and the microhardness increased
from the top surface to the bottom part of a sample
because of an increase in the crosslinking density in
the bottom zone enriched by TGP. These parameters
may be regulated by changes in the TGP concentration
and Tc and via annealing at 170°C.
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