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ABSTRACT: This study examines the phase behavior of
ethylene–vinyl acetate copolymer (EVA) and poly(methyl
methacrylate) (PMMA) blends during MMA polymeriza-
tion. The ternary PMMA/MMA/EVA mixtures are consid-
ered to create a triangular phase diagram, which responds
the phase changes during polymerization. The phase
changes during MMA polymerization are also examined by
optical microscope and photometer. Since the PMMA and
EVA are well-known immiscibles, the polymer solution un-
dergoes phase separation at the initial stage of the MMA

polymerization. Additionally, the phase inversion occurs as
the conversion of MMA between 13.8 and 20.8%. On the
other hand, the EVA-graft-PMMA, which can reduce the
dispersed EVA particle size, is induced efficiently by taking
tert-butyl peroctoate (t-BO) as initiator during MMA poly-
merization. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 90:
1001–1008, 2003
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INTRODUCTION

In most cases, melt mixing two polymers results in
blends that are weak and brittle; while the low defor-
mation modulus may follow an approximately linear
mixing rule, the ultimate properties certainly will not.
This is because the incorporation of a dispersed phase
in a matrix leads to the presence of stress concentra-
tions and weak interfaces, arising from poor mechan-
ical coupling between phases. It is most common for
compatibilization to be achieved by addition of a third
component, or by in situ chemical reaction, leading to
modification of the polymer interfaces in two-phase
blends, and thereby to tailoring of the phase structure,
and hence properties.1 The mechanical properties of a
blend or alloy will be determined not only by the
properties of its components, but also by the phase
morphology and the interphase adhesion, both of
which are important from the viewpoint of stress
transfer within the blend in its end-use application.
The phase morphology will be normally determined
by the processing history to which the blend has been
subjected.

The common commercialized blend product is
high-impact polystyrene (HIPS). In the research of

HIPS, dispersed rubber particles with subinclusions of
polystyrene (PS), constituting the so-called salami
structure, are crucial in rubber-toughened PS. In the
PS/styrene (SM)/polybutadiene (PB) polymerization
system,2,3 phase separation results in immediate for-
mation of droplets of a PS/SM phase in a continuous
PB/SM phase in the initial polymerization period. The
PS and PB chains with the PS graft copolymer partic-
ipate in the beginning of phase separation and form an
interface between PS and PB phases.4–6 With further
polymerization, the volume of the PS/SM phase in-
creases until the volume of PS/SM and PB/SM are
equal. At this stage, the dispersed PS/SM phase be-
comes the continuous phase and the PB/SM phase
becomes the dispersed droplets—in other words,
phase inversion occurs. Furthermore, the unreacted
SM in the dispersed and continuous phases proceeds
to complete the polymerization; thus the dispersed PB
phase traps some PS to form a salami structure.7,8 This
structure causes the volume fraction of the dispersed
phase to exceed the volume fraction of the added
rubber, which can improve the toughness of the PS
matrix.

Ethylene–vinyl acetate (EVA) elastomer is a suitable
material to toughen PMMA because the whole chem-
ical chain of EVA is saturated and elastic. Besides, the
refractive index of EVA is very close to the PMMA and
hence the transparent PMMA blends can be possibly
produced. In studies using EVA as the toughening
agent, the mechanical blend caused larger rubber par-
ticles, resulting in poorer toughness.9–11 In the previ-
ous work,12 the transparent toughened poly(methyl
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methacrylate) (PMMA) sheets are available by intro-
ducing the EVA into in situ polymerization of MMA.
Therefore, the phase behaviors of PMMA/MMA/
EVA mixtures during the polymerization should be
involved. This study constructs the triangular phase
diagram of the ternary PMMA/MMA/EVA system.
Combining the observation from the optical micro-
scope (OM) at various reaction times during the MMA
polymerization with the triangular phase diagram, the
phase behaviors can be clearly illustrated. The final
morphologies of blends, which are produced by per-
oxide and azo initiator, are also discussed.

EXPERIMENTAL

Preparation of PMMA/MMA/EVA triangular phase
diagram

The phase diagram of the PMMA/MMA/EVA ter-
nary solution was measured by the visible absorp-
tion spectroscopy method: a transparent mixture in
a reactor with a condensation system at 100°C was
cooled down to various temperatures (from 95 to
60°C, the decrement was 5°C) and the light trans-
mittance was measured by the visible absorption
spectroscopy at � � 546 nm at each temperature.
The PMMA used in this experiment was a commer-
cialized product (ACRYREX� CM-205, kindly sup-
plied by Chi-Mei Corporation, Tainan, Taiwan, China),
and its Mw and Mw/Mn measured by GPC were 79400
and 1.73, respectively. EVA with 18 wt % VA content
and 0.75 melt index flow and commercial grade MMA,
which was purified by distillation, were used in the
experiment. An inhibitor, 1,4-benzoquinone (0.1 wt
%), was added to the ternary solution to prevent ther-
mal polymerization of MMA during spectroscopy
measurement. The recipes are listed in Table I.

Phase change during polymerization

Thirty grams of EVA was dissolved in 270 g MMA to
produce the bulk polymerization at 90°C, using a con-
stantly rotating stirrer. Polymerization proceeded af-
ter adding 0.3g tert-butyl peroctoate (t-BO). Some so-

lution was extracted and weighted, and some solution
was coated onto a slide and covered with another slide
every 5 min. Each extracted solution was precipitated
by methanol and filtered, then vacuum dried and
weighted. The conversion vs time curve was thus
obtained. The coated solutions at various times were
used to study the phase change during polymerization
by OM. A photometer was employed to detect the
intensity of the transmitted light while the phase be-
havior was observed by OM. In order to avoid the
unnecessary effect of temperature changes, a thermo-
controller was applied to maintain the observation
temperature at 90°C.

The preparation of EVA/PMMA sheets

MMA was added to the Pyrex reactor and mixed with
EVA at 90°C. While EVA dissolved, polymerization
proceeded after the addition of t-BO, according to the
specification of Table II. After polymerization reached
a high limit of viscosity, 700 g of MMA monomer
preheated at 60°C was poured into the reactor; mean-
while, the reaction temperature was lowered to 40°C.
Thus the solution is less viscous and suitable for the
casting process. EVA/PMMA sheets of 3 mm thick
were prepared by pouring the solution into a cell
comprising two tempered glass plates with a polyvi-
nylchloride (PVC) spacer and then closed. The poly-
merization was carried out quiescently in a water bath
kept at 60°C for 4 h. To complete the reaction, the
sheets were further annealed at 100°C in an oven for
1 h.

Grafting level

In order to calculate the grafting level in the EVA/
PMMA sheet, the homopolymer of PMMA should be
removed. Since the PMMA is easily dissolved in ace-
tone, some casting products were extracted by acetone
at 50°C. Then the solution was separated by a centri-
fuge at 10000 rpm for 30 min after the solution cooled.
Two distinguishable layers were observed. The upper
solution was dried and the lower precipitate was ex-
tracted by acetone again. Until the upper solution

TABLE I
The Recipe of Light Transmittance-Composition

Measurements

MMA
(%) EVA (%)/PMMA (%)a

96 0.2/3.8 0.6/3.4 1.0/3.0 3.0/1.0 3.4/0.6 3.8/0.2
94 0.3/5.7 0.9/5.1 1.5/4.5 4.5/1.5 5.1/0.9 5.7/0.3
92 0.4/7.6 1.2/6.8 2.0/6.0 6.0/2.0 6.8/1.2 7.6/0.4

a EVA(%) � PMMA(%) � 100-MMA(%). The ratios of
EVA(%)/PMMA(%) from left to right are 5/95, 15/85, 25/
75, 75/25, 85/15, and 95/5, respectively.

TABLE II
The Recipe of EVA Toughened PMMA Sheet

Samplea
EVA

(wt %)
EVA
(g)

MMA (g)b
AIBN

(g)
t-BO
(g)1st 2nd

MIL3 3 30 270 700 0 0.6
MIL6A 6 60 240 700 0.6 0
MIL6 6 60 240 700 0 0.6
MIL10 10 100 200 700 0 0.6

a MIL: VA content � 18 wt %, MI � 0.7.
b 1st: To dissolve EVA before initiator added.
2nd: Added for a suitable viscosity of casting process.
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contained nothing after drying, the precipitate was
dried in a vacuum oven, weighted, and examined by
differential scanning calorimetry (DSC, TA DSC2910,
scan rate is 10°C /min). The grafting level was calcu-
lated as follows:

Grafting level �

amount of dry precipitate � amount of EVA
amount of EVA � 100%

(1)

Morphology identification

A transmission electron microscope (TEM, Joel 2010)
was used to observe ultramicrotome sections of the
EVA/PMMA sheets (MIL6 and MIL6A), which was
stained by 1% osmium tetroxide vapors at room tem-
perature for 2 h.

RESULTS AND DISCUSSION

PMMA/EVA/MMA phase behaviors

Phase diagram

Figure 1 shows the light transmittance vs temperature
at a certain composition (PMMA/EVA/MMA�3.8/
0.2/96.0). The curve shows that the light transmittance
is nearly constant above 80°C, and then decreases with
the temperature. During the cooling procedure after
80°C, some dispersed cotton-like materials, which can
be observed by the naked eye, exist in the solution.
The incident light is scattered by the dispersed mate-
rials, which results in the decreased light transmit-
tance. When the temperature is cooled down from 65
to 60°C, a cloudy solution can be observed. At that
moment, the light transmittance is already lowered to
80%. In this article, we assign 5% light transmittance

loss as the phase separation point. After combining the
phase separation points of all compositions in Table I,
the phase separation curves of the ternary PMMA/
EVA/MMA mixtures can be plotted, as shown in
Figure 2. Upper critical solution temperature (UCST)
type phase behavior can be obtained. From these
phase separation curves, one can draw a triangular
phase diagram at a fixed temperature. Since the reac-
tion proceeds at 90°C, the dotted line in Figure 2 has
two crossed points with each phase separation curve.
The phase separation compositions of PMMA/EVA/
MMA at 90°C are determined. The triangular phase
diagram at 90°C can be plotted, as shown in Figure 3.
As represent in the diagram, there is a small single-
phase region in the top of the diagram. Most of the
ternary PMMA/EVA/MMA systems are in the two-
phase region.

Figure 1 The light transmittance vs temperature at a cer-
tain composition.

Figure 2 Temperature vs EVA/PMMA compositions at
various MMA wt %: (■) 96, (F) 94, and (Œ) 92.

Figure 3 The triangular phase diagram of the ternary
PMMA/EVA/MMA system at 90°C.
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Thermodynamics of PMMA/EVA/MMA ternary
systems

In the view of thermodynamics, the modification of
the classical Gibbs’ free energy change of mixing
(�Gm)13 can be represented as follows:

�Gm

kT � N1 ln �1 �
N�2

x2
ln �2 �

N�3

x3
ln �3

Entropy term

� �N1 � x2N2 � x3N3� ��12�1�2 � �13�1�3 � �23�3�3�

Enthalpy term

where

�1 �
N1

N , �2 �
x2N2

N , �3 �
x3N3

N , N � N1 � x2N2 � x3N3

1 indicates the monomer, 2,3 indicate the polymer, xI

indicates segments of each molecular chain of the ith
component, NI indicates the total numbers of the ith
component, �i indicates the volume fraction of the ith
component, and �ij indicates the interaction parameter
between components i and j.

The first three terms can be concluded as the con-
tribution of the entropy and the last one is related to
the enthalpy contribution. In the entropy term, since
the volume fraction, �1, �2, and �3 are all less then 1,
the entropy change of mixing (�Sm) is negative
and the absolute value of �Sm decreases with increas-
ing the conversion of PMMA. In the enthalpy term, the
enthalpy value depends on the solution parameters
(�ij). For many nonpolar polymer–solvent systems,
solution parameters are positive. Hence, the �12 and
�13 are positive. The �23 represents the exchange of
local free energy (�w) when the EVA segment is
mixed with the PMMA segment. When x2 and x3 are
sufficiently large, �23 at the critical point of this mix-
ture approaches zero. According to Kurata,13 if the
London dispersion forces dominate molecular interac-
tions, the energy of creating molecular contacts be-
tween different species is positive. This indicates that
�w�0, because each molecule may be placed by a
segment of a particular polymer chain. The value of
�23 for EVA and PMMA is positive. Thus, the enthalpy
change of mixing (�Hm) is positive and the value of
�Hm increases with the conversion of PMMA. After
the combination of entropy and enthalpy terms, a
positive �Gm is found. Therefore, the PMMA/EVA/
MMA ternary system becomes thermodynamically
immiscible as polymerization proceeds to a certain
conversion.

Phase behaviors during polymerization

With the phase diagram, the morphology of phase
behavior of PMMA/EVA/MMA during the MMA po-
lymerization is concerned. In the most incompatible
reactive polymer blends (e.g., HIPS), there exists a
phase inversion behavior at a certain conversion of
monomer. In the experiment of phase change during
polymerization, the EVA content is fixed at 10 wt %
and the polymerization is initiated by t-BO at 90°C, as
described in the section Phase Change During Poly-
merization above. The arrow in Figure 3 indicates the
direction of the polymerization. By sampling the mix-
ture every 5 min during polymerization, the time-
conversion curve at 90°C can be observed, as dis-
played in Figure 4. Combining Figure 3 and Figure 4,
one can observe that the system transfers from the
one-phase to the two-phase regime when the polymer-
ization proceeds at very low MMA conversion.

Figures 5 and 6 record the optical microscopy pic-
tures of phase behavior during polymerization for a
conversion up to 35.6% and the relation of the light
transmittance to MMA conversion, respectively. Since
10 wt % EVA can completely dissolve in MMA at
90°C, the solution is homogeneous at the initial stage
of polymerization and the light transmittance is 100%,
as shown in Figure 5(a) and Figure 6. Figure 5(b)
shows that phase separation occurs when conversion
reaches 1.1%, because of the formation of second
phase. However, PMMA is not miscible in EVA/
MMA domain because �Gm�0, as described before.
The PMMA/MMA should become a dispersed phase
in the EVA/MMA continuous phase. Figure 6 shows
that the light transmittance has an obviously change
between 0 and 9.5% conversion, which is caused by
the light scattering of the separated droplets. This
result is consistent with the triangular phase diagram,
which also shows that when conversion is between 0
and 6.0% the ternary system already transfers from the

Figure 4 The curve of MMA conversion vs time.
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one-phase to two-phase region. After phase separa-
tion, more and more incident lights are scattered or
refracted by the generated boundary of the dispersed
phase [Fig. 5(c) and 5(d)]. As the conversion reaches
13.8%, the light transmittance locates at the minimum
of the curve in Figure 6. At this moment, in compari-
son with Figure 7, the phase volume ratio of EVA/
PMMA is approximately unity (X�13.8%). In Figure
5(e) and 5(f), the morphology of the interconnected
worm-like structure can be observed in the picture.
The worm-like structure is a symbol, indicating that
the system is undergoing spinodal decomposition.14

From conversion 13.8 to 20.8%, the light transmittance
raise to a local maximum, there should exist the con-
tinuous phase change at this stage. In the ternary
PMMA/EVA/MMA system, the continuous phase
must change from EVA/MMA to PMMA/EVA.
Hence, the phase inversion takes place. After phase
inversion, the light transmittance decreases again. Fi-
nally, the opaque solution is formed and the light
transmittance is below 80% at the conversion 35.6%. In

conclusion, the results of OM pictures and the light
transmittance show that the ternary system undergoes
phase separation in the initial stage of the polymer-
ization (1.1% conversion) and exhibits a phase inver-
sion that accompanies the spinodal decomposition
when the MMA conversion is between 13.8 and 20.8%.

Effect of grafted PMMA

Homopolymer PMMA in the EVA/PMMA sheet can
be extracted by acetone at 50°C. After the centrifuga-
tion, the solution is separated into two parts, the lower
precipitate and the upper solution. Since EVA does
not dissolve in acetone at room temperature, the pre-
cipitate is the mixture of EVA-g-PMMA/EVA. The
clear and viscous solution consists of PMMA/acetone.
Both precipitate and solution are dried in vacuum
oven at room temperature for three days. The grafting
level of precipitate is determined by eq. (1) and listed
in Table III. DSC is utilized to analyze the dried pre-
cipitates. A comparison with the pure EVA in Table III

Figure 5 Pictures of phase observation by OM at various reaction times/conversions: (a) 0 min/0 (200�), (b) 5 min/1.1
(200�), (c) 10 min/6.0 (200�), (d) 15 min/9.5 (200�), (e) 20 min/13.8 (200�), and (f) 25 min/20.8 (200�).
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shows that Tm and Tc of the EVA-g-PMMA decreases
with grafting level. Besides, an obvious glass transi-
tion temperature of the grafted PMMA can be ob-

tained in grafted copolymers. The glass transition sig-
nal is apparent while the graft level is larger than
250%. It is well known that the crystallinity of the EVA
copolymer is provided by the polyethylene sequences
of the backbone. In order to exclude the vinyl acetate
(VA) segments during crystallization, smaller and im-
perfect spherulites are formed. The magnitude of de-
stroyed crystallinity is increased with the amount of
VA content. Thus, the crystallinity is also destroyed by
the grafted PMMA. The decreased Tm and Tc illustrate
the influence of grafted PMMA chain. From grafting
level and DSC results, the heat of fusion (�Hf) and the
heat of crystallization (�Hc) of EVA-g-PMMA can be
compared with those of pure EVA and can determine

Figure 5 (Continued from previous page)

Figure 6 The curve of percentage light transmittance ob-
served by photometer vs MMA conversion.

Figure 7 Phase volume ratio of EVA/PMMA vs MMA
conversion.

TABLE III
Summary of Grafting Level and DSC Results

EVA

EVA-graft-PMMA

MIL3 MIL6A MIL6 MIL10

Grafting level (%) 322 43 250 175

Tg (°C) 115.5 — 106.2 —

Tm (°C) 86.9 80.8 85.5 82.5 83.6
�Tm (°C) �6.1 �1.4 �4.4 �3.3

Tc (°C) 67.7 59.0 66.1 60.4 64.5
�Tc (°C) �8.7 �1.6 �7.3 �3.2

�Hf (J/g)
Exp. 50.96 6.70 19.73 10.30 14.37
Theor.a 12.07 21.75 14.57 18.53

�Hc (J/g)
Exp. 55.78 7.54 21.31 11.96 15.95
Theor. 13.21 23.81 19.94 20.28

Relative Xc
b (%) 55.5 90.7 70.7 77.5

a �H(Theor.) calculated from �H of pure EVA, taking into
account the weight percentage of EVA in the EVA-g-PMMA.

b Xc � percent crystallinity related to EVA content in the
EVA-g-PMMA. Xc � [�Hf(Exp.)/�Hf(Theor.)] � 100%.
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the relative crystallinity (Xc) of EVA-g-PMMA. The
more PMMA graft onto the EVA, the less crystallinity
is formed.

There is evidence indicating that the peroxide rad-
icals are more efficient for inducing the graft copoly-
merization than the azo radicals.15–20 Thus, the graft-
ing level of MIL6, which is initiated by t-BO, is much
higher than initiated by AIBN (MIL6A) in Table III.
The DSC results show that Tm and Tc of MIL6A are not
obviously decreased. The PMMA homopolymer and

the PMMA grafted to the EVA copolymer can be
induced efficiently during MMA polymerization by
taking t-BO as initiator. From the TEM photograph of
MIL6A (Fig. 8), there are many more subinclusions
than MIL6 enclosed within the EVA domain. TEM
photos also show how the graft copolymer affects the
particle size. The graft copolymer acts as compatibi-
lizer, which can reduce the interfacial tension in the
blends, cause an emulsifying effect, and lead to an
extremely fine dispersion of EVA phase in PMMA

Figure 8 The TEM photos of (a) MIL6A and (b) MIL6.
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phase. Therefore, different from MIL6A, a smaller par-
ticle size about 1 �m can be found in the TEM photo
of MIL6.

CONCLUSION

According to the phase diagram and the pictures ob-
served by OM, the ternary MMA/EVA/PMMA sys-
tem is first formed as a homogeneous solution before
polymerization. After addition of initiator, the system
is then quickly phase separated at very low MMA
conversion (1.1% conversion). When the conversion
reaches 13.8%, the phase inversion starts. Until con-
version reaches 20.8%, the continuous phase has been
fully inverted from EVA/MMA to PMMA/MMA.
Since the ethylene backbone of EVA is a good chain
transfer active site, PMMA grafting EVA copolymer-
ization will occur during MMA polymerization. After
observation by TEM, the graft copolymer, which is
induced by the peroxide radical, results in the fine
dispersed EVA particles in the PMMA matrix.
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