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SYNOPSIS 

The effect of the ethylene-methylacrylate copolymer as a chemical compatibilizer in the 
50 : 50 blend of low-density polyethylene (LDPE) and polydimethylsiloxane rubber (PDMS) 
has been studied in detail. Ethylene-methylacrylate (EMA) reacted with PDMS rubber 
during melt-mixing a t  180°C to form EMA-grafted PDMS rubber (EMA-g-PDMS) in situ, 
which acted as a compatibilizer in the LDPE-PDMS rubber blend. An optimum proportion 
of the compatibilizer (EMA) was found to be 6 wt % based on results of dynamic mechanical 
analysis, adhesion studies, and phase morphology. Lap shear adhesion between the phases 
increased significantly on incorporation of 6 wt % of EMA. Dynamic mechanical analysis 
showed a single glass transition (T,)  peak at  -119OC. This was further supported by X- 
ray diffraction studies, which exhibited a remarkable increase in the degree of crystallinity 
and phase morphology and showed a drastic reduction in the size of the dispersed phase 
at  the optimum concentration of EMA. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Blending of thermoplastics and elastomers have be- 
come an increasingly important area of research ac- 
tivity in recent years. Voluminous work ‘9’ has been 
carried out in this area to understand the mechan- 
ical, thermal, and processing behavior of these 
blends that could be correlated with changes in the 
structure and phase morphology of the blends. Of 
the many thermoplastics and elastomer blends 
studied so far, only a few have become technologi- 
cally feasible and commercially viable because of 
their enhanced mechanical properties, ease of pro- 
cessing, higher thermal stability, and comparatively 
lower cost. From this emanated the concept of poly- 
mer-polymer compatibility. Compatibility arises 
from thermodynamic interaction between the blend 
constituents, which is a function of their physical 
and chemical structures? Most of the blends in a 
multicomponent polymer system are found to be in- 
compatible for a variety of reasons such as the ab- 
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sence of any specific interaction between their blend 
constituents, dissimilarity in their structures, and 
broad differences in their viscosities, surface energy, 
or activation energy of flow and polarity. Neverthe- 
less, such blends are commercially important be- 
cause they combine the unique properties of both 
the constituents in the blend for specific applica- 
tions. However, the phenomenon of compatibility 
can be induced into an immiscible polymer-polymer 
pair in a binary system by introducing a third com- 
ponent that will either interact with both the phases 
chemically or will have specific interaction with one 
phase and physical interaction with the other. It 
may be emphasized here that the function of the 
third component is to reduce the interfacial tension 
between the two phases, increase the surface area 
of the dispersed phase, promote adhesion between 
the phase components, and stabilize the dispersed 
phase morphology. It has functional similarity to 
that of an emulsifying agent in an immiscible binary 
liquid system and therefore is known as an “inter- 
facial agent” or, popularly, as a “compatibilizer” in 
the polymer industry. Xanthos4 gave a detailed ac- 
count of various interfacial agents used as compati- 
bilizers in the multiphase polymer systems. The 
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most common practice is the introduction of a com- 
patibilizer capable of specific interaction or chemical 
reaction with a t  least one of the blend  constituent^.^ 

Depending on the processing conditions, in an 
immiscible multiphase polymer melt, the phase 
present in the larger volume represents the contin- 
uous phase and the minor phase is the dispersed or 
discontinuous phase. Where both phases are present 
in equal proportions, differing widely in their vis- 
cosities, then the phase having the lower viscosity 
becomes the continuous phase. This has been ob- 
served by the authors6 earlier in a 50 : 50 blend of 
low-density polyethylene and polydimethylsiloxane 
rubber melt mixed at  120 and 180"c, respectively, 
by studying the phase morphology. This immisci- 
bility is primarily due to structural dissimilarity, lack 
of specific interaction between the blend constitu- 
ents, and a wider difference in their surface energies 
( 13 J / m )  . This causes slippage between the phases 
during processing and molding, leading to poor 
physicomechanical properties and an unstable phase 
morphology. However, blending the constituents 
with a functionalized copolymer having specific in- 
teractions and/or chemical reactions with the blend 
constituents should result in improvement of phys- 
icomechanical properties and stability of the phase 
morphology. 

Willis and Favis7 studied the processing and 
phase morphology relationship of compatibilized 
polyolefin-polyamide blends with the help of an 
ionomer compatibilizer. They found that there is an 
abrupt increase in dispersion and interfacial adhe- 
sion and a decrease in the particle size of the dis- 
persed nylon phase. This was reported to be due to 
specific interaction between nylon and the ionomer 
at  the interface in a blend of polyethylene and nylon. 
Similarly, Molnar and Eisenberg's' succeeded in 
compatibilizing nylon and polystyrene through 
functionalization of polystyrene. 

Recently, Song and Baker' reported that in situ 
compatibilization of polystyrene and polyethylene 
blends is possible with the help of aminomethac- 
rylate-grafted polyethylene. They prepared blends 
of styrene maleic anhydride with polyethylene as 
well as blends of polyethylene melt-grafted with 
secondary or tertiary aminomethacrylates. The lat- 
ter blends were found to give improved mechanical 
properties and finer morphology as compared to the 
former ones, which was explained as due to chemical 
interaction of the acidic anhydride and basic amino 
groups. 

The objective of the present investigation was to 
compatibilize a blend of low-density polyethylene 
(LDPE) and polydimethylsiloxane (PDMS) rubber 
having no affinity to each other and dissimilarity in 

structure, with the help of a third component that 
will act as an emulsifier a t  the interface by modifying 
one of the component phases a t  the interface. A co- 
polymer of ethylene-methylacrylate ( EMA) con- 
taining 21% of methylacrylate was chosen as the 
third component in this system. 

In the present investigation, for convenience and 
clarity, a blend of LDPE and PDMS rubber in the 
proportion of 50 : 50 was chosen. EMA copolymer 
was added as the compatibilizer in a proportion 
varying from 1 to 10 wt % to study its action on the 
blend properties. This paper deals with the study of 
the following parameters: 

( i )  Mechanism of action of the EMA copolymer 
as a chemical compatibilizer in the blend of 
LDPE and PDMS rubber. 

(ii) Effect of the EMA copolymer on the adhesion 
between the component phases. 

(iii) Effect of the EMA copolymer on impact 
strength and phase morphology of the blend. 

(iv) Effect of the EMA copolymer on the rubber- 
glass transition temperature ( T,) of the blend. 

(v)  Effect of the EMA copolymer on the micro- 
structure of the blend. 

EXPERIMENTAL 

Materials 

Low-density polyethylene ( LDPE ) ( Indothene 
20XL020) having a density of 919 kg mp3, MFI of 
2.0 g/10 min, and melting point of 112°C was sup- 
plied by Indian Petrochemicals Corp., Badodara, 
India. Polydimethylsiloxane rubber ( silastic WC-50) 
having a density of 1150 kg m-3 and brittle point of 
-39°C was supplied by NICCO Corp., Athapur, 
Calcutta, India. Ethylene-methylacrylate (EMA) 
copolymer resin ( OPTEMA TC-120) containing 
21% methylacrylate and with a melt index of 6.0 dg/ 
min, density of 940 kg mP3, and melting point of 
81°C was supplied by Exxon Chemicals Eastern Inc., 
Bombay, India. 

Preparation of the Blend 

Polyethylene, PDMS rubber, and EMA were melt- 
mixed in a Brabender Plasticorder Model PLE 330 
with cam-type rotors a t  180°C and 100 rpm rotor 
sped for 5 min. The proportion of LDPE and PDMS 
rubber were kept constant at 50 : 50 and EMA con- 
tent was varied from 1 to 10 phr. The molten mass 
was sheeted out immediately on a two-roll mixing 
mill and subsequently compression-molded in a 
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Lab0 press a t  180°C for 5 min at a pressure of 10 
MPa, cooling the sheets under pressure by passing 
cold water through the platens of the Lab0 press. 

Tensile Impact Strength Test 

The molded sheets were stripped out of the cool mold 
and dumbbell specimens were punched out with a 
hollow cutting die (Die-C) . Tensile impact strength 
of the blends was performed by a Ceast impact test- 
ing machine (Model 6564/000) fixed with a load 
cell of 7.5 N at room temperature using the dumbbell 
test specimens. The impact energy was recorded and 
the impact strength was expressed in J /m.  

Preparation of Samples for lap Shear Adhesion 
Test 

Type I Assembly 

Various doses of EMA copolymer was melt-mixed 
with LDPE at 120°C and at  100 rpm rotor speed in 
the Brabender plasticorder and compression-molded 
to tensile sheets in the Lab0 press at 120°C under 
a pressure of 10 MPa, taking sufficient care to pro- 
tect one side of the sheet with a cellophane paper/ 
aluminum foil. After cooling to room temperature 
in the Lab0 press, strips of 75 X 25 mm were cut 
from the sheets and cellophane paper was gently 
stripped off. The strips were laid one over the other, 
sandwiching a thin layer of PDMS rubber (2  mm) 
so that a 25 X 25 mm area of the strips was over- 
lapped toward the ends, as shown in Figure 1. The 
assembly was then hot-pressed in a specially de- 
signed mold in the Lab0 press a t  180°C for 5 min 
under a pressure of 0.2 MPa, to allow the reaction 
between EMA and PDMS rubber to take place at  
the interface. This assembly was termed as a lap 
shear test specimen and designated as specimen 
type I. 

Type I I  Assembly 

In the second stage, EMA copolymer in various doses 
was melt-mixed with PDMS rubber in the Braben- 
der plasticorder under similar conditions and sub- 
sequently molded to sheets 2 mm thick, as described 
above. Similarly, neat LDPE was molten in the 

plasticorder at 120°C and sheeted out in the Lab0 
press to 2 mm thick. Strips of LDPE of 75 X 25 mm 
were cut out from the sheet and the test assembly 
was made by sandwiching the EMA-PDMS rubber 
blend between the two LDPE strips to form an 
overlapped area of 25 X 25 mm toward the ends. 
Subsequently, the assembly was hot-pressed in the 
Lab0 press a t  180°C for 5 min for the reaction to 
occur and the samples were designated as specimen 
type 11. 

Finally, the lap shear test was performed in a 
Zwick UTM (Model 1145) a t  room temperature a t  
a crosshead speed of 50 mm/min and the results 
were expressed in N/cm2. 

IR Studies 

Blends of LDPE and PDMS rubber, and that con- 
taining 6 wt % of EMA, were prepared by the melt- 
mixing technique at  180°C. Thin films of approxi- 
mately 0.1 mm thick of the pure components and 
the blends were compression-molded in the Lab0 
press a t  the same temperature. Infrared spectro- 
scopic studies of the samples were performed with 
a Perkin-Elmer IR spectrophotometer (Model 843) 
in the wavelength range of 200-4000 cm-' . 

Dynamic Mechanical Analysis 

Dynamic mechanical analysis of the LDPE-PDMS 
rubber blends containing various doses of EMA were 
performed in a Rheovibron Model DDV I11 EP at  a 
frequency of 3.5 Hz and in the temperature range 
varying from -150 to +150"C. The size of the sam- 
ples used was 7 X 0.5 X 0.4 cm. 

SEM Studies 

Phase morphology of the blends was studied by ex- 
amining the etched surfaces of the blends under a 
scanning electron microscope model Cam Scan Se- 
ries 11. Pellets were punched out of the molded sheets 
and etched in toluene for 48 h at  room temperature 
to drive out unmodified PDMS rubber. The solvent- 
extracted samples were dried in a vacuum oven at  
70°C for 12 h and cooled to room temperature in a 
desiccator. Subsequently, the etched surfaces were 

PE-1 I- "7Gzl t 2-5mm 

75m-;-PE 

Figure 1 Lap shear adhesion test sample. 
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I ,  I I I I 

sputter-coated with gold for facilitating scanning 
under the SEM at a 0" tilt angle. 

I I I I I 

Wide-angle X-ray Scattering Studies ( WAXS) 

The blends containing various proportions of EMA 
were subjected to wide-angle X-ray diffraction stud- 
ies using monochromatized CuKa radiation using a 
nickel filter and a diffractometer (Philips PW 1729 
X-ray generator). 

The diffraction was recorded in the angular range 
from 7" 28 to 50" 26 at  a scanning speed of 3" per 
min. The degree of crystallinity of the neat EMA 
and that of the blends were calculated from the dif- 
fractograms following the method of Herman and 
Weidinger." The values of crystallite size and the 
root mean square paracrystalline distortion param- 
eter were calculated for the ( 1, 1, 0)  and ( 2, 0, 0 1 
directions from the integral breadths of the line pro- 
files." Preferred orientation of the different crys- 
tallites with respect to the surface of the blend was 
evaluated from the ratio of the integrated intensity 
of reflections. The value of the interchain distance 
was estimated from the maxima of the X-ray inten- 
sities.12 
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RESULTS A N D  DISCUSSION 

Mechanism of Action of EMA Copolymer in the 
Blend by IR Study 

Infrared spectrograms of the individual blend com- 
ponents and the blend containing 6 wt % of EMA 
are shown in Figures 2-5. The IR spectrum of PDMS 
rubber (Fig. 2 reveals the presence of vinyl groups 
attached to the silicone atom as evidenced from the 
C =C stretching at 1597 cm-' and in-plane vibra- 
tion of the vinyl HC = CH2 group at 1409 cm-' .13 

The IR spectrum of LDPE shows a - CH, - rock- 
ing vibration at  1462 cm-' and methyl branching at 
1375 cm-', evidence of minor chain branching of 
LDPE (Fig. 3). The IR spectrum of the EMA co- 
polymer reveals the presence of ester groups from 
the strong peak at 1733 cm-' (Fig. 4). But IR spectra 
of blends of LDPE and PDMS rubber in the pro- 
portion of 50 : 50 mixed a t  120 and 180°C, respec- 

tively, do not exhibit any extra peak except those 
of LDPE and PDMS shown in Figure 5. This pro- 
vides ample evidence for the absence of any specific 
interaction or chemical reaction between the two. 
However, the IR spectrum of a blend of LDPE and 
PDMS in the proportion of 50 : 50 containing 6 wt 
% of EMA shows a reduction in the C = C stretching 
peak at 1597 cm-', indicating that a part of the vinyl 
group has been utilized in the reaction with EMA 
during melt processing. The absorbance ratio, Ar 
(Ar = A1597/A1462, where A1597 and A1462 are 
the absorbance at 1597 and 1462 cm-', respectively) 
as per the ASTM D-3677 method also shows a de- 
crease with respect to the 50 : 50 blend of LDPE- 
PDMS rubber without EMA. The Ar value for the 
LDPE-EMA-PDMS rubber terblend was found to 
be 0.03 and that for LDPE-PDMS was 0.04; thus, 
a reduction in the absorbance ratio of C = C for the 
terblend was found to be 25% as reflected in the 
superimposed IR spectra of LDPE-PDMS and 
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LDPE-EMA-PDMS blends (Fig. 6 ) .  This strongly 
supports the view that there is strong interaction 
via chemical bond formation between the PDMS 
rubber and EMA copolymer. This phenomenon has 
been explained below and a plausible mechanism 
has also been suggested. 

Step I 

The labile hydrogen atom at  each a-carbon atom 
adjacent to the ester group of the EMA breaks ho- 
molytically to give a H radical and A radical during 
melt processing under shear: 

H 
I 

-CH2-Ch2-CH2-C- + CH2-CH,-CH2-C-+H 
I 

I 
c=o 

OCHB 

( A )  

I 

I 
c=o 

OCHB 

The H radical thus generated, being unstable, 
combines with another H radical generated at  an- 
other site, forming H,, gas in trace amounts, which 
escapes out. 

Step II 

The free radical A thus generated in step I is stable 
and may attack the vinyl site of the PDMS rubber 
to give the intermediate B or C: 

I 
0 

I 
0 

I 
0 
I 

I 
0 
I 

(8) 
or 

O A  
I I  
I 
I 

CH3-Si-CH-&H2 

0 

Q3 

Of these two, formation of B is preferable because 
it encounters less steric hindrance. 

Step Ill 

The intermediate B then abstracts a H radical from 
another EMA molecule and becomes saturated. 
Consequently, a new A macroradical is generated 
and the process continues. This is shown as 

I 
0 

I 
H 

1 .  I 

I I 

I I 

CH3-Si-CH-CH2-A + -CH2-C-CH2- + 

c=o 
OCH, 

0 

I I 
0 CH2 

I I 
0 CH2 

1 I 

I I / /O 
CH3-Si-CH,-CH2-C-C-OCH3 + A and continue 

(EMA-g-PDMS) 

1800 1600 
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Figure 6 Superimposed IR spectrogram of LDPE- 
PDMS rubber blend and LDPE-PDMS rubber blend 
containing 6 wt % of EMA copolymer. 

As a result, a carbon-carbon bond is formed between 
the EMA copolymer and the PDMS rubber through 
the -CH2-CH2- bridge, leading to EMA- 
grafted PDMS rubber (EMA-g-PDMS) . 
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Effect of the EMA Copolymer on the lap Shear 
Adhesion and Phase Morphology of the 
LDPE-PDMS Rubber Blend 

The lap shear adhesion strength of the LDPE and 
PDMS rubber blends containing EMA in one of the 
phases separately were carried out and the results 
are shown in Table I. Because of very weak matrix 
strength of PDMS rubber, it was not possible to 
carry out a peel adhesion strength of the blends with 
PDMS rubber as one of the adherends. 

The lap shear adhesion strength of the type I as- 
sembly increases gradually from 2.6 to 5.0 N/cm2 
as the proportion of EMA copolymer in LDPE in- 
creases from 0 to 10 wt %. The increase in lap shear 
strength is rapid up to 4 wt 96 of EMA in the poly- 
ethylene phase, beyond which the increase is mar- 
ginal up to 10 wt % of EMA. This is a clear indication 
of the fact that the optimum concentration of EMA 
in LDPE should lie between 4 and 10 wt %. This is 
obviously due to the reaction of EMA with PDMS 
rubber a t  the interface forming the EMA-grafted 
PDMS (EMA-g-PDMS) that acts as a compatibil- 
izer, thus reducing the surface tension of polyeth- 
ylene. 

In case of type I1 specimens where EMA in pro- 
portions of 4-10 wt % is added to PDMS rubber 
separately and then adhesion strength against 
LDPE substrates is measured, the lap shear adhe- 
sion strength is found to be higher as compared to 
that with type I assembly. Interestingly, there is an 
abrupt increase in adhesion strength when EMA 
concentration is increased from 4 to 6 wt %. Beyond 
6 wt % of EMA, the increase of strength was mar- 
ginal. This is obviously due to greater chemical in- 
teraction between EMA and PDMS rubber, which 
enhances the modulus of the PDMS rubber, result- 
ing in increased adhesion strength. Second, since 
EMA-g-PDMS rubber acts as an emulsifier at the 

Table I 
PDMS Rubber Blends Containing EMA 

Adhesion Strength of the LDPE and 

Sample Code Adhesion Strength (N/cm2) 

Figure 7 SEM photomicrograph of polyethylene- 
PDMS rubber blend (50 : 50) at  l l O O X  ( 10 pm) . 

interface and reduces the surface energy of polyeth- 
ylene, the wetting of polyethylene with PDMS rub- 
ber also increases, supporting the aforesaid obser- 
vation. The marginal increase in adhesion strength 
beyond 6 wt % of EMA in PDMS rubber may be 
due to the greater interaction between the two 
phases. This has been further evidenced by the SEM 
studies of the molded and solvent-etched specimens 
of LDPE-PDMS rubber blends containing different 
proportions of EMA, as discussed below: 

The phase morphology of the LDPE-PDMS rub- 
ber blends are shown in Figures 7-9. Figure 7 shows 
the SEM photomicrograph of a 50 : 50 blend con- 
taining no compatibilizer. It shows a loose matix 
with an irregular domain size and shape of PDMS, 
giving rise to the appearance of a spongy matrix due 
to etching out of PDMS rubber. We can expect that 
polyethylene and PDMS rubber were present in a 
cocontinuous form in the blend. Incorporation of 6 
wt % of EMA reduces the dispersed domain size of 

PEO 2.6 
PEP 3.2 
PE4 4.1 
PE 6 4.3 
PE 10 4.5 
Si 2.6 
Si, 4.2 
Si, 7.0 
Si 10 7.3 Figure 8 SEM photomicrograph of polyethylene- 

PDMS rubber blend containing 6 wt % of EMA copolymer 
a t  l lOOX ( 10 pm) ~ 

The subscripts represent the proportion of EMA in each phase. 
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Figure 9 SEM photomicrograph of polyethylene- 
PDMS rubber blend containing 10 wt % of EMA copol- 
ymer at 1lOOX (10 pm). 

PDMS rubber, as evidenced from the SEM photo- 
micrograph of Figure 8. Here, uniform dispersion as 
well as distribution of the dispersed phase (PDMS 
rubber) takes place. Increasing the EMA proportion 
to 10 w t  % reduced the dispersed phase size of PDMS 
rubber further because of better compatibilization, 
as shown in Figure 9, but PDMS rubber could not 
be completely gotten rid of due to excessive reaction 
with EMA, resulting in the formation of a separate 
EMA-g-PDMS phase in the system. Thus, EMA 
acts as a chemical compatibilizer by reacting with 
PDMS rubber, on the one hand, and by cocrystal- 
lizating with polyethylene, on the other hand, be- 
cause of its structural similarity with LDPE. EMA 
reduces the particle size of the dispersed domain 
from 3.3 to 1.1 pm when incorporated in a 6 wt % 
level, which is evidence for an increased surface area 
of the dispersed phase morphology and an effective 
compatibilization that is responsible for the in- 
creased adhesion strength between the blend com- 
ponents. Thus, 6 wt % of EMA copolymer is con- 
sidered to be the optimum level for compatibilizing 
a 50 : 50 blend of LDPE-PDMS rubber. The reduc- 
tion in particle size of the dispersed phase domain 
is further proved from impact strength studies of 
the blends. 

Effect of EMA Copolymer on the Impact Strength 
of LDPE-PDMS Rubber Blend 

The tensile impact strength of LDPE-PDMS rubber 
blends containing EMA in proportions varying from 
1 to 10 wt 5% is given in Table 11. The impact strength 
of the blend improves significantly with EMA in- 
corporation. The impact strength increase was from 
765 to 1760 J / m  when EMA concentration was in- 
creased from 0 to 6 wt %. Beyond 6 wt % of EMA, 

the increase was marginal. It is quite evident from 
here that 6 wt % of EMA is just sufficient to com- 
patibilize a 50 : 50 blend of LDPE and PDMS rubber, 
as this leads to an effective stress dissipation within 
the polymer matrix. This has been further evidenced 
from the SEM photomicrograph studies of the blend 
containing no EMA (Fig. 7) and containing 6 wt % 
of EMA (Fig. 8). 

However, beyond 6 wt % of EMA, it reacts with 
additional moles of PDMS vinyls present in the sys- 
tem and contributes to marginal improvement in 
impact strength as well as in adhesion strength 
properties. The compatibility of polyethylene with 
PDMS rubber in the presence of the EMA copoly- 
mer has been further confirmed by dynamic me- 
chanical analysis studies. 

Dynamic Mechanical Analysis of LDPE-PDMS 
Rubber Blends Compatibilized with EMA 
Copolymer 

Dynamic mechanical properties such as storage 
modulus (El )  , loss modulus (El') ,  and damping (tan 
6 )  of the individual components and that of the 
blends containing EMA copolymer as a polymeric 
compatibilizer varying in proportion from 0 to 10 
wt % were determined and are depicted in Figures 
10-15. 

Figure 10 shows the E', El', and tan 6 vs. temper- 
ature curves of LDPE after melting and molding at  
18OoC. The mechanical loss curve (tan 6)  shows 
three distinct relaxations, a ,  p, and y, as observed 
for branched LDPE containing 15-16 methyl groups 
for every 1000 carbon atoms.14 The a-transition oc- 
curs at +84.7"C, is much below the melting point 
of LDPE (112"C), and which is believed to be due 
to molecular motion in the crystalline phase. The 
&transition, which occurs a t  -17.2"C, is believed 
to be associated with the onset of motion of the 

Table I1 
PDMS Rubber Blends Containing EMA 

Tensile Impact Strength of LDPE- 

Sample Code Impact Strength (J/m) 

PESO 
PES 

PES, 

PES io 

PES 2 

PES6 

765 
820 
980 
1570 
1720 
1730 

Subscripts indicate the proportion of EMA in a 50 : 50 blend 
of polyethylene and PDMS rubber. 
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Figure 10 
chanical properties of pure LDPE. 

Temperature dependence of dynamic me- 

branch points, i.e., to methyl units. Since the mag- 
nitude of this peak is low, therefore the branching 
in the LDPE is comparatively less, i.e., approxi- 
mately 15-16 units per 1000 carbon atoms.14 The y- 
transition occurs at -117.3"C, which is primarily 
believed to be associated with the local, very small, 
short-range segmental motion of three to four 
methylene groups in the C-C backbone in the 
amorphous phase. The temperature corresponding 
to this transition is primarily associated with the 
glass transition temperature ( T,) of LDPE, l5 be- 
cause for LDPE containing only a few alkylidens 
units at the branch points, Tg is always below 
-100°C.'6 For LDPE, being a semicrystalline ma- 
terial, the storage modulus ( E l )  reduces marginally 
near the y-transition temperature region and dras- 
tically below 10' near the a-transition zone because 
of appreciable melting of crystallites above room 
temperature. In such a case, a better estimate of the 
glass transition is obtained from the maximum loss 
modulus that occurs just below the y -relaxation 
temperat~re. '~ 

Figure 11 shows the dynamic mechanical prop- 
erties of PDMS rubber plotted against temperature. 
The mechanical loss (tan 6 )  curve shows three re- 

laxations at -39, -68, and -1 17.2"C, corresponding 
to the brittle temperature, cold crystallization, and 
glass transition temperature, respectively. The re- 
laxation in the tan 6 curve at -39"C, corresponding 
to the catastrophic fall in E', is associated with the 
crystalline melting. The tan 6 peak at -117.2"C, 
where a minor drop in the E' value also was observed, 
is associated with the Tg of the PDMS. The loss 
modulus also shows a maximum just below this re- 
laxation zone, i.e., a t  -123°C. A small peak in the 
tan 6 temperature plot at -68°C is believed to be 
due to cold crystallization." 

Figure 12 shows the dynamic mechanical prop- 
erties of the EMA copolymer plotted against tem- 
perature. Similar to that of LDPE, the tan &tern- 
perature plot shows three distinct relaxations: a, P, 
and y. The a-relaxation occurs a t  +46"C just below 
the melting temperature of the EMA copolymer 
(81°C). The storage modulus drops drastically just 
above room temperature. The P-transition occurs a t  
-21.2"C, which is lower than that of LDPE and is 
very prominent. This is primarily due to motion at  
the branch junctions of methylacrylate side groups 
of the copolymer containing 79% ethylene (i.e., 21% 
methylacrylate ) . Simultaneously, a transition occurs 
a t  a lower temperature of -131.2"C associated with 

Figure 11 
chanical properties of pure PDMS rubber. 

Temperature dependence of dynamic me- 
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Figure 12 
chanical properties of EMA copolymer. 

Temperature dependence of dynamic me- 

a very small, local, short-range and segmental mo- 
tion of three to four methylene groups in a row and 
is ascribed to be the familiar y-transition temper- 
ature of the copolymer.'s This occurs a t  a compar- 
atively lower temperature than that of the LDPE 
due to flexible methylacrylate side groups. 

Figure 13 shows the dynamic mechanical prop- 
erties of the LDPE-PDMS blend in the proportion 
of 50 : 50. The damping curve exhibits three major 
relaxations, a, &, and y, as usual. The a-transition 
is very broad, occurring from +78 to +83"C, imply- 
ing the initiation of crystallite melting of LDPE at 
a lower temperature as compared to that of pure 
LDPE due to the presence of amorphos PDMS. This 
is confirmed from the steady decline of the E' from 
room temperature to 80°C. The &-transition is low- 
ered by 20"C, which occurs a t  -37.2"C, near the 
crystallite melting temperature of PDMS, implying 
an easier onset of motion at  the branch junctions. 
The y-transition is further lowered by 4"C, which 
occurs a t  -121.Z°C, implying an easier onset of seg- 
mental motion of the -CH2- groups in the 
amorphous phase and may be assigned as to the 
plasticizing effect of PDMS rubber in LDPE, which 
lowers the y-relaxation temperature. As expected, 
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Temperature ("C ) 

Figure 14 Temperature dependence of E', E", and tan 
6 of LDPE-PDMS-EMA blend in the proportion of 50 : 
50 : 6. 

The y-relaxation peak, corresponding to the Tg 
of the terblend, is increased by 2"C, occurring at  
-119"C, as compared to that of binary blend of 
LDPE-PDMS rubber, indicating a considerable re- 
striction on the segmental mobility of the methylene 
groups in the amorphous region of the main chain 
and the cocrystallization of ethylene moieties in 
EMA-g-PDMS with the segmental methylene 
groups of LDPE in the amorphous phase. This leads 
to compatibilization of LDPE and PDMS rubber 
through the in situ formation of EMA-g-PDMS 
rubber, which acts as a very good chemical compa- 
tibilizer. 

Figure 15 shows the dynamic mechanical behavior 
of the terblend containing 10 wt % of EMA as the 
third component. The mechanical loss curve shows 
three distinct relaxation peaks, a ,  @, and y, and a 
minor relaxation at  -93.2"C in between the y- and 
@-transitions. 

The a-relaxation peak temperature in the damp- 
ing curve of the blend remains unaltered at  80.7"C, 
but it becomes sharper and more distinct compared 
to the LDPE-PDMS blend, which may be attributed 
to the formation of larger molecular order in the 
terblend due to cocrystallization. The storage mod- 

ulus still shows a three-stage reduction, but not as 
prominent as in case of the 50 : 50 : 6 terblend. Be- 
cause of the crystalline melting, the reduction in E' 
takes place, starting from room temperature to 80"C, 
where the a-transition occurs. The p-relaxation 
peak, on the other hand, is very distinct and broad, 
which appears at -47"C, nearly 10°C lower than 
that of the LDPE-PDMS rubber blend. This may 
be due to greater side chain mobility, but the breadth 
of the relaxation peak indicates the occurrence of 
more branched structures, leading to a large molec- 
ular structure due to more intermolecular bond for- 
mation resulting from EMA-g-PDMS rubber in the 
blend. 

The y-relaxation peak appears as a plateau in the 
temperature scale from -123.7 to -113.7"C, en- 
gulfing the glass transition temperatures of LDPE, 
PDMS rubber, and LDPE-PDMS rubber blends, 
indicating good compatibility of the phase compo- 
nents in the presence of 10 pbw of EMA as a reactive 
compatibilizer. The peak maximum occurs a t  
- 118" C, identified as the glass-rubber transition of 
the compatibilized blend. Broadening of the y-re- 
laxation peak is an indication of the presence of mi- 
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Figure 16 Temperature dependence of E', E", and tan 
6 of LDPE-PDMS-EMA in the proportion of 50 : 50 : 10. 
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cro inhomogeneity in the system and a tendency 
toward phase separation." 

The appearance of a small peak at -93.2"C, which 
is higher than the y-relaxation peak and lower than 
the &transition peak, may be explained as due to 
the rubber-glass transition temperature of EMA-g- 
PDMS rubber formed as a separate phase because 
of reaction of excess EMA with PDMS rubber at 
the interface. This disturbs the symmetry within 
the system beyond 6 wt % of EMA copolymer and 
reduces crystallinity of the matrix drastically al- 
though remaining higher than that observed for the 
binary blend of LDPE and PDMS rubber. The au- 
thors have shown the miscibility of the EMA-PDMS 
rubber blend in all proportions through a chemical 
reaction in an earlier communication,21 which was 
confirmed by the occurrence of a single composition- 
dependent glass transition temperature. 

50:W: 6 I\ 

PE:Si:EM 
5O:W:L 
PE5i:EM 
SOO:50: 1 

PE:51 
50:50 

2 8  - 
Figure 16 X-ray diffractograms of EMA, LDPE- 
PDMS blend, and LDPE-PDMS blend containing various 
doses of EMA. 

Effect of EMA Copolymer on the Microstructure 
of the Blends 

X-ray diffractograms (XRDS) of neat EMA copol- 
ymer, LDPE-PDMS rubber blend, and LDPE- 
PDMS rubber blend containing various doses of 
EMA are shown in Figure 16. A broad halo in the 
region from 7" to 16" 28 for the LDPE-PDMS rub- 
ber blend represents the amorphous part. The sharp 
peaks at 21.8" and 24.6" 28 represent the two prom- 
inent (1, 1, 0 )  and (2, 0, 0) reflections of LDPE. 
The XRD pattern for EMA is partially crystalline 
with peaks at 11.6,20.2, 21.9, 23.6, and 29.4" 28. On 
introduction of EMA into the blend of LDPE- 
PDMS rubber, an initial decrease in the peak in- 
tensities of polyethylene (1, 1, 0) and (2, 0, 0) re- 
flections is observed up to 6 wt % of EMA, beyond 
which it increases. The degree of crystallinity ini- 
tially increases as compared to the reference blend 
on the introduction of EMA, which shows an abrup- 
tive increase at  6 w t  % of EMA, beyond which it 
decreases again. 

There is a gradual shift of the strongest peak to- 
ward a lower degree, i.e., from 21.8 to 21.3" 28 as 
the EMA concentration increases from 1 to 10 wt 
% in the 50 : 50 blend of LDPE : PDMS. There is 
also a shift of the second strongest peak (2, 0, 0) 
from 24.6" to 23.8" 26 as EMA is introduced into 
the system. Besides, it is observed categorically that 
the sharpness of all the peaks including the size of 
the halo increases with increase in EMA concentra- 
tion in the LDPE : PDMS blend. This is conclusive 
proof for greater ordering in the blends when EMA 
is added as the third component. 

It is quite interesting to note that in the case of 
the 50 : 50 : 6 blend the peaks at  23.8" and the halo 
at  16" 28 reduces its intensity, whereas extra sharp 
peaks appear at 26.4" and 30.2" 28, which were not 
found in case of the other blends. The peaks that 
appeared for the blend containing a lower dose of 
EMA, such as 4 wt %, at 29.4" and 11.6" 28 disap- 
peared completely. Also, the peak that appeared at  
26.4" 28 has a "d" value of 3.37 A, which does not 
correspond to any other interplanar spacing of poly- 
ethylene. The other peak of 30.2" 28 corresponds to 
a (2, 1, 0) reflection of polyethylene that has in- 
creased its intensity on blending with EMA. This 
gives strong evidence for some sort of structural or- 
dering occurring within the blend of LDPE : PDMS 
containing 6 wt % of EMA, and possibly a new peak 
thus formed is due to the formation of a totally dif- 
ferent structure in the matrix. The peak toward a 
lower angle of 11.6" 28 disappears completely. At a 
higher dosage of EMA, the increase in the intensity 
of the PDMS halo may be due to some sort of or- 
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Table 111 Degree of Crystallinity (Xc), Crystallite Sizes (Pllo, Pzoo), Size Anisotropy (Pllo/Pzo0), 
Paracrystalline Distortion Parameter (2)"', and interchain Distances (r) of the Blends Containing EMA 

~ ~~ 

EMA 65 - - 0.022 - 4.50 0.198 
PESO 148 232 0.63 9.8 x 10-3 6.0 x 4.53 0.159 
PESl 228 160 1.43 6.4 x 10-3 8.2 x 10-~ 4.56 0.159 
PESd 190 133 1.43 7.6 x 10-3 9.8 x 10-~ 4.57 0.160 
PES6 205 143 1.43 7.1 x 10-3 9.2 x 10-~ 4.57 0.316 
PESio 148 130 1.14 9.97 x 10-3 0.010 4.59 0.194 

The subscripts of the sample codes represent the proportion of EMA in the blend. 

dering brought about in the amorphous region by 
reaction with EMA. 

Table I11 shows the degree of crystallinity ( X c )  , 
the crystallite sizes ( Pllo, Pzoo), the size anisotropy 
( Pllo/P200), the paracrystalline distortion parameter 
(g2)1/2, and the interchain distances ( r )  of the 
blends containing EMA. On introduction of EMA 
into the blend of LDPE : PDMS, Xc increases first, 
reaches a maximum at  6 wt % of EMA, then de- 
creases. This maxima in Xc observed at 6 wt % of 
EMA for the blend synchronizes with the observed 
optimum properties of the blend and has been ex- 
plained as due to the cocrystallization of LDPE with 
EMA in EMA-g-PDMS and this phenomenon is 
known as isodimorphism?' 

The crystallite sizes in the (2,0, 0)  direction de- 
creases with increase in EMA concentrations in all 
three blend proportions, but it increases initially and 
then decreases for the (110) direction. Size anisot- 
ropy for the EMA-containing blends remains more 
or less constant. 

The interchain separation of the blends shows a 
gradual increase as EMA is introduced into all the 
blends of LDPE and PDMS rubber studied. Thus, 
from the X-ray diffraction studies of all the blends, 
it can be concluded that with 6 wt % of EMA in the 
blend a recrystallization phenomenon occurs with 
greater ordering and larger crystalline domains 
formed in the blend due to cocrystallization or 
isodimorphism" of EMA with polyethylene and re- 
action of EMA with PDMS rubber. Observation of 
a new peak at  26.4O 20 corresponding to a d -value 
of 3.37 A suggests the formation of a new crystalline 
phase with a slightly modified structure. 

CONCLUSIONS 

The following conclusions may be drawn from the 
present study: 

1. 

2. 

3. 

4. 

5. 

6. 

EMA copolymer acts as a good chemical 
compatibilizer in the blends of LDPE and 
PDMS rubber. 
The optimum concentration of EMA required 
to compatibilize a blend of LDPE : PDMS in 
a 50 : 50 proportion is found to be 6 wt 5%. 
Adhesion between the blend components im- 
proves with the incorporation of EMA as the 
third component. 
Impact strength improves with EMA content 
in the blend. 
The phase morphology changes from a co- 
continuous to discrete domain in the presence 
of the optimum concentration of EMA. 
The degree of crystallinity increases and 
reaches a maximum at  an optimum concen- 
tration of EMA copolymer in the blend and 
new peaks appear due to formation of a mod- 
ified crystalline structure in the blend. 
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