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ABSTRACT: The effect of functionalized polyphospha-
zene on the thermal, rheological, and morphological prop-
erties of PPO (poly(phenylene oxide))/liquid crystalline
polymer (Vectra A) blend has been investigated by means
of the capillary rheometry, mechanical testing, and scan-
ning electron microscopy (SEM) in this study. The rheo-
logical measurements show that compatibilized blends
exhibit substantial rise in viscosity in comparison to
uncompatilized blend especially pronounced at lower
shear rates which results in improved interfacial adhesion.
DMA study highlights that polyphosphazene could be
used as an effective compatibilizer for the concerned blend
system. SEM study reveals fine fibrillation of liquid crys-

talline polymers in presence of compatibilizer and the
fibers are oriented in the direction of flow field. The me-
chanical properties of the ternary blends are increased
when a proper amount of polyphosphazene is added. This
is attributed to fine strand generation induced via the
addition of polyphosphazene. Enhanced adhesion at the
interface invokes better elongation in the ternary blends.
However, mechanical properties deteriorate considerably
when polyphosphazene content is 5 wt %. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 119: 1914-1922, 2011

Key words: poly(phenylene oxide); adhesion; compatibili-
zation

INTRODUCTION

Recently, polyblends containing thermotropic liquid
crystalline polymers (TLCPs) and thermoplastics
have attracted much research attention.'® Interest
arises from two major advantages of blending LCPs
with engineering thermoplastics. First, the LCPs can
exhibit low melt viscosity, hence the addition of a
small amount of LCPs to thermoplastics may result
in a considerable reduction in the blend melt viscos-
ity thereby improving the processability of engineer-
ing plastics.”" Second, the LCPs have a more rigid
molecular structure and they generally exhibit a
high degree of orientation in melt under the condi-
tions of shear and extension during processing.'
However, lack of miscibility between TLCPs and
thermoplastics leads to poor dispersion and thereby
degrades mechanical properties of the blends.'> "
This lacuna needs to be addressed in such a way so
that we can achieve polymer blends having superior
mechanical, thermal, and morphological properties.
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One way to solve the aforementioned problem is by
the use of compatibilizer. O’donell and Baird'® have
studied the effect of maleic anhydride grafted poly-
propylene (MAP) on the morphology and mecha-
nical properties of PP/LCP blends. The tensile mod-
ulus of the PP/LC poly(ester amide) blend showed
a 19% increase as the amount of MAP was increased
above 5 wt %. The addition of MAP to PP/LCP
blends reveals increased dispersion of the LCP
phase and reduced interfacial tension between the
concerned phases.

Poly(phenylene oxide) (PPO) can exhibit low
moisture absorption, high mechanical properties,
and excellent dimensional stability. However, the
main disadvantageous feature of PPO is their high
melt viscosity. Using HIPS the processability of PPO
can be improved, but transparency can’t be achieved
and another problem associated with HIPS is that it
absorbs moisture readily. LCP can eliminate the
shortcomings offered by HIPS. Now to reduce the
melt viscosity blending of PPO with LCP is very
essential. In this study, we are dealing with PPO/
TLCP blend in presence of polyphosphazene, used
as an effective compatibilizer for the concerned
blend system. Compatibilization of PPO/LCP blends
by semi-interpenetrating liquid crystalline polymer
networks has been investigated by Zhao et al.'”
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According to Zhao et al., the bending strength and
the Izod impact strength of the compatibilized sam-
ple with 5% semi-ILCPN increase more than two
and four times as compared with the uncompatibi-
lized PPO/LCP blend system, respectively. Chiang
and Chang'® showed the styrene-glycidyl methacry-
late (SG) copolymer has been demonstrated to be an
effective reactive compatibilizer to improve the proc-
essability, heat deflection temperature, and mechani-
cal properties of PPO/LCP blends. However, the
effectiveness of polyphosphazene elastomer on the
thermal, mechanical, and morphological properties
of PPO/LCP blend is yet to be explored.

In this study, polyphosphazene has been used to
compatibilize PPO/LCP (Vectra A950, hereafter
referred as VA) blends. The processability, thermal
behavior, morphology and interfacial property of
PPO/LCP blends in presence of compatibilizer are
studied. On the basis of aforementioned researches,
the main goal of this study is to interpret the effect
of compatibilization of polyphosphazene for PPO/
VA blends.

EXPERIMENTAL

This section briefly introduces the materials used in
this study for carrying out comprehensive experi-
mental investigations followed by brief discussions
about the characterization techniques adopted for
analysis of the thermal, rheological, and morphologi-
cal properties of PPO/LCP and PPO/LCP/poly-
phosphazene blend systems.

Materials used

1. Poly(phenylene oxide) (PPO) (General Electric),
molecular weight of repeat unit is 120.15 g/
mol and glass transition temperature of about
212°C.

2. Thermotropic liquid crystalline polymer was
Vectra A950, supplied by Ticona, USA. The
LCP has the comonomer composition of 75
mole % of hydroxybenzoic acid (HBA) and 25
mol % of hydroxynaphthoic acid (HNA).

3. Polyphosphazenes (having —OPhCH=CH,,
side group), which was used in this study as
compatibilizer, was obtained from DMSRDE,
Kanpur, India.

Preparation of PPO/LCP/polyphosphazene
composite

The pellets of the PPO and Vectra-A950 were dried
in a vacuum oven at 100°C for 12 h before use to

remove the last traces of water.'"”?° Then dry pellets
of PPO, Vectra-A950, and polyphosphazenes were

melt-blended in a twin-screw extruder, which was
equipped with a screw of 19 mm in diameter, com-
pression ratio (3 : 1), and L/D ratio of 25. The extru-
sion temperature of the feeding zone/transporting
zone/melting zone were set as 160/250/300°C at a
rotor speed of 80 rpm. The extrudates were subse-
quently pelletized. Then, the pelletized composites
were compression molded under constant pressure
of about 15 MPa at 300°C for 10 min. Compounding
formulation is given in Table L

Characterization

In this section, a brief detail of the adopted charac-
terization techniques has been put forward.

Torque measurement

The melting torques of the pure PPO, VA, and their
blends were determined with a Brabender Plasticor-
der at a capacity of 50 cc and operated at 285°C and
30 rpm for 10 min.

Rheological analysis

Rheology measurements were carried out on Ceast
capillary rheometer Model. Samples were loaded in
pellet form at 300°C. Approximately 15 min was
required for the system to reach thermal equilib-
rium. Diameter of the die was 0.5 mm. Measure-
ments were carried out over a shear rate range of 50
to 2000/s.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted in
air using a Dupont TGA-2100 thermal analyzer at
50-650°C, with a heating rate of 10°C/min.

Dynamic mechanical thermal analysis

Dynamic mechanical analysis was performed in a
TA instrument DMA 2980 dynamic mechanical ana-
lyzer with a frequency of 1 Hz and a heating rate of
2°C/min. The temperature dependence of storage
modulus E’, loss modulus E”, and loss tangent (tan )
was measured from 50 to 200°C. The measurements
were carried out in tensile mode.

Heat deflection temperature

The heat deflection temperature (HDT) is the tem-
perature at which a polymer or plastic sample
deforms under a specified load. This property of a
given plastic material is applied in many aspects of
product design, engineering, and manufacture of
products using thermoplastic components. Heat

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I

Compounding Formulation
Sample PPO VA
code (wt %) (wt %) Polyphosphazene

P 100
P1 75 25
P2 75 22.5 2.5
P3 75 20 5

deflection temperature measurements (HDT) were
carried out according to ASTM-D648, standard using
66 psi loading at a heating rate of 2°C/min.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopic
study was carried out using a NEXUS 870 FI-IR
(Thermo Nicolet) in a humidity-free atmosphere at
room temperature from 500 to 2000/cm. The experi-
ment was carried out taking compression molded
thin films in absorbance mode with a 4/cm resolu-
tion for 64 scans.

X-ray diffraction

X-ray diffraction (XRD) study was carried out using
PW 1840 X-ray diffractometer with Cu-Ka-targets at
2 mm slits at a scanning rate of 0.050 26/s, chart
speed 10 mm/26, range 5000 c/s, operated at 40 kV,
20 mA, to get an explicit idea of the relative crystal-
linity of the composites. The area under the X-ray
diffractogram was determined in arbitrary units. The
percentage of crystallinity, 3. was measured using
the following relationship:

Yo = L/(I, + I.) x 100

where, I, and I. are the integrated intensity of the
amorphous and crystalline region, respectively.

The crystallite sizes (P) and the interplaner dis-
tance (d) were calculated as follows:

P =Ki/B Cos 6
d=A/2Sin 0

where, B is the half height width (in radian) of the
crystalline peak and X is the wave length of the X-
ray radiation (1.5404 for Cu) and K is the Scherrer
constant taken as 0.9.

Mechanical testing

Tensile measurement of the blends was done using
a HOUNSFIELD (modelH1OKS) at constant temper-
ature and humidity. A gauge length of 35 mm and a
crosshead speed of 5 mm/min were used.

Journal of Applied Polymer Science DOI 10.1002/app

BOSE ET AL.

Scanning electron microscopy

Scanning electron microscopy (SEM) study was car-
ried out in VEGA TESCAN//LSU. The cryo-frac-
tured samples were coated with thin gold.

RESULTS AND DISCUSSION
Torque measurements

Variation of mixing torque as a function of mixing
time has been shown in Figure 1. From Figure 1, it
is evident that the torque values of both pure PPO
and pure LCP decreases gradually with mixing time
which may be due to the slight hydrolytic degrada-
tion which has been effected by moisture. However,
incorporation of VA leads to decrease the melt tor-
que of pure PPO corroborating the incompatibility
between PPO and dispersed LCP phase. In presence
of polyphosphazene elastomer, mixing torque
increases steadily with mixing time revealing the
possible interaction of phenolic-OH end group of
PPO with LCP and polyphosphazene leading to
improved interfacial adhesion.

Flow behavior

The flow properties of pure PPO (P), VA, and
blended materials (P1, P2, and P3) are investigated
at 300°C using a capillary rheometer. The viscosity—
shear rate relationship for the pure PPO and the
blends are exhibited in Figure 2. The viscosities of
the binary and the ternary blends are lower than
those of the neat polymers, indicating a synergistic
effect of VA in reducing the melt viscosity and also
signifying its great ability as a processing aid. The
compatibilized blends exhibit in substantial rise in
viscosity in comparison to uncompatilized blend
especially pronounced at lower shear rates which
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Figure 1 Plot of mixing torque versus mixing time.
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Figure 2 Viscosity versus shear rate pattern at 300°C.

results in improved interfacial adhesion. The rise in
viscosity is probably due to following reasons:

1. Phase structural transformation,

2. Increase in molecular weight through grafting
reaction,

3. Increase of the interfacial friction of the compa-
tibilized blend, and

4. Increase in the contact area between the PPO
and the dispersed LCP phase in presence of
polyphosphazene.

However, viscosities of the polyphosphazene-com-
patibilized or uncompatibilized blend become almost
similar in magnitude at high shear rate region and
showing a Newtonian behavior of flow. This phe-
nomenon is presumably due to shear thinning effect
which takes place due to drop off in the LCP fibrils-
matrix collision caused by alignment of the LCP
fibrils along the direction of flow at high shear rates.

Thermogravimetric analysis

Thermal stability of the uncompatibilized and com-
patibilized PPO/VA blends is exhibited in Figure 3.
Onset degradation temperature of pure PPO appears
at 411°C, whereas with the addition of VA, a signifi-
cant decrease in thermal stability is observed (370°C)
which is probably due to structural transformation
caused by VA. Again in presence of 2.5 wt % poly-
phosphazene, 8°C increment of onset degradation
temperature is observed. The superior thermal sta-
bility can be apparently attributed to the following:

1. Favorable effects of polar and the bulky pend-
ant group of polyphosphazene, and

2. Structural reorganization of PPO matrix demon-
strating that the polyphosphazene used as a com-
patibilizer strengthens the interaction between the

organic polymer matrix phase and dispersed VA
phase.

However, in presence of 5 wt % polyphosphazene,
thermal stability is decreased in comparison to
PPO/VA/2.5 wt % polyphosphazene blend system
corroborating coagulation or flocculation of the dis-
persed VA phase.

Dynamic mechanical thermal analysis

DMA methods have been extensively used for the
analysis of the phase behavior of the polymer blends.
This technique is usually more sensitive than DSC for
detecting unclear transitions in some semicrystalline
polymers including most of TLCPs. The storage mod-
ulus (E') as a function of temperature is graphically
represented in Figure 4(a) and the corresponding
observations are summarized in Table II. From Figure
4(a), it has been observed that prior to glass transition
temperature (Tg) compatibilized blend systems render
better stiffness than the uncompatibilized one indicat-
ing an improvement of the compatibility of PPO/LCP
blend system in presence of polyphosphazene. There-
fore, interfacial interactions are being facilitated by
allowing better stress transfer from matrix phase to
dispersed LCP phase.

The variation of loss tangent (tan ) as a function
of temperature is shown in Figure 4(b), and the rele-
vant data are summed up in Table III. T, for pure
PPO appears at 212°C*"** and VA has a low, broad
transition peak at 117°C. For the PPO/VA blend,
two loss peaks were detected; one is corresponding
to VA phase at about 115°C and other corresponding
to PPO phase at about 183°C. The shifting of glass
transition temperature is probably due to polar
interaction between LCP and PPO. But, phase sepa-
ration is evident (appearance of two distinct Tg) in

Weight

T T T T T T T T T T T T
100 200 300 400 500 600 700
Temperature ("C)

Figure 3 TGA thermograms of pure PPO (P), PPO/VA
(P1), and PPO/VA /polyphosphazenes (P2 and P3).
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PPO/VA (P1) and PPO/VA /polyphosphazenes (P2 and P3).
(b) Tan delta versus temperature curve for pure PPO (P), VA,
PPO/VA (P1), and PPO/VA /polyphosphazenes (P2 and P3).

PPO/LCP blend. Now in presence of polyphospha-
zene, PPO/LCP blend exhibits only one glass transi-
tion temperature [Fig. 4(b)] suggesting compatibility
between the blend partners. The improved compati-
bility by the addition of compatibilizer may be inter-
preted as progressive immobilization of the polymer
chains close to the boundary between two phases
when they were grafted to the compatibilizer phase
and the surfactant nature of polyphosphazene. It
may be said that the effect of polyphosphazene as a

TABLE II
Variation in Storage Modulus from DMTA Study

Sample Storage modulus Storage modulus
code (MPa) (MPa) at 100°C (below T,)

P1 5773 4408

P2 7205 6357

P3 6208 5320

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Variation in Tan Delta from DMTA Study

Glass transition temperature

Sample code T,' (°C) T* (°C)
VA 117 -

P1 115 183
P2 166 -

P3 165 -

compatibilizer in varying the glass transition temper-
ature is a reflection of compatibilization extent on
the polymer blends. Compatibilization between the
polymer blends significantly reduces the domain
size of the dispersed phase and/or promotes the
chances of fibrillation of TLCP components.

Heat deflection temperature

The heat deflection temperature (HDT) of the blends
is usually affected by particle size, particle size dis-
tribution, phase morphology, adhesive force, and re-
sidual stress. The effect of polyphosphazene elasto-
mer on HDT of PPO/VA blend has been illustrated
in Figure 5. Overall, polyphosphazene-compatibi-
lized PPO/VA blend exhibits 8-9°C higher HDT
than the uncompatibilized PPO/VA blend. Actually
in presence of compatibilizer, LCP fibrils are ori-
ented in the direction of flow field, which may cause
mechanical reinforcement ensuring improved inter-
facial adhesion and therefore giving rise to HDT.

FTIR study

Figure 6 exhibits the FTIR spectra of pure PPO (P),
VA, and their respective blends (P1, P2, and P3). FTIR
study helps in determining molecular interactions
between the blend components. FTIR spectra of pure

PPO (Fig. 6) reveal that appearance of two
140 T
"
] . - = I
AE o
1204
1004
S 801
.
9 60
40
20
0 T T T T T v T
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Figure 5 Comparison of heat deflection temperature of
pure PPO (P), PPO/VA (P1), and PPO/VA /polyphospha-
zenes (P2 and P3).
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Figure 6 FTIR plots of pure PPO (P), VA, PPO/VA (P1),
and PPO/VA /polyphosphazenes (P2 and P3).

characteristic peaks, one at 1022 and other at 1184
cm ' corresponding to the C—O stretch. The ring
stretching of the PPO gives a band at 1615 cm ™. Pure
LCP shows the characteristic peak at 1728 cm ™' which
is probably for C=O stretching. In PPO/VA blend,
the peak at 1184 cm ™' become intense in nature sug-
gesting incompatibility between PPO/VA blend sys-
tem; whereas, the same peak at 1184 cm ! has shifted
to lower frequency region and intensity of the peak
gets lowered, i.e., the peak becomes broader in pres-
ence of polyphosphazene. Another pertinent observa-
tion is that the C=0 stretching peak at 1728 cm ' has
shifted to 1710 cm™' in attendance of polyphospha-
zene justifying that polyphosphazene plays an impor-
tant role in changing the chemical environment by
reacting with PPO and LCP. Henceforth, the compati-
bility of the PPO and VA is enhanced via the incorpo-
ration of polyphosphazene elastomer.

XRD study

The XRD pattern has been demonstrated in Figure 7,
and the respective data are exhibited in Table IV. It is
evident that in presence of LCP some sort of crystal-
line property is being induced in PPO matrix due to
reinforcing properties of LCP. For PPO/VA blend sys-
tem (P1), two distinct reflections are evident. One at
dy = 452 A (26 = 19.6°) and other at d, = 3.25 A (26

1919
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Intensity (arb. unit)

Scattering angle (20)

Figure 7 XRD patterns of pure PPO (P), PPO/VA (P1),
and PPO/VA /polyphosphazenes (P2 and P3).

= 27.4°), which can be assigned to (110) and (210),
respectively.”® However, in presence of polyphospha-
zene elastomer, the peak intensity has been found to
decrease significantly and also it has been shifted
from 20 = 27.4° to 20 = 27.0°. Moreover, presence of
an effective compatibilizer may have an effect in alter-
ing the percentage of crystallization, especially in the
vicinity of the interface. Ahn et al.** reported a reduc-
tion in the crystallinity of polyacrylate (Par)/poly-
amide (PA-6) blends in presence of Par-b-PA-6 copoly-
mer. In this study, polyphosphazene elastomer, used
as a compatibilizer, plays a role to reduce the percent
crystallinity of PPO/VA blend system by reacting at
the interface and henceforth forming graft copolymers.
Polyphosphazene also increases the mutual solubility
of the concerned components, which causes a reduc-
tion in the crystallinity of PPO/VA blend system.
Therefore, the surfactant nature of polyphosphazene
elastomer is vividly justified.

Mechanical property assessment

The morphological differences between blends with
and without polyphosphazene elastomer definitely
affect their respective physical properties. Variation
in tensile modulus, tensile strength, and elongation
at break are being displayed in Figure 8(a—c), respec-
tively. The tensile modulus has been found to

TABLE IV
XRD Measurements

Sample Peak angle Peak angle Interplaner Interplaner % Crystallinity
code (P, 20) (P2, 20) distance (d1), A distance (dy), A (%e1)

P 13.6 - 6.50 - 14.5

P1 19.6 27.4 4.52 3.25 25.2

P2 19.4 27.0 4.58 3.30 17.4

P3 19.4 27.0 4.58 3.30 17.6

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 (a) Variation in tensile modulus in different
loading of polyphosphazenes. (b) Variation in tensile
strength in different loading of polyphosphazenes. (c) Var-
iation in elongation at break in different loading of
polyphosphazenes.

Journal of Applied Polymer Science DOI 10.1002/app

BOSE ET AL.

increase with the addition of VA in PPO matrix.
However, 2.5 wt % polyphosphazene-compatiblized
ternary blend system does not exhibit a substantial
improvement in tensile modulus [Fig. 8(a)], in fact
value of modulus reduces in presence of 5 wt %
polyphosphazene. The above-mentioned phenom-
enon may be due to following factors™:

1. Polyphosphazene hampering the crystalline-
phase development of PPO, and

2. Addition of low-modulus polyphosphazene
contributes to the modulus decrease.

However, the tensile strength shows a significant
improvement over that of the binary blend [Fig.
8(b)].When excess polyphosphazene is added, the in-
homogeneity of the structure cause the mechanical
properties to deteriorate. The elongation of the 2.5 wt
% polyphosphazene-compatibilized ternary blend is
better than that of the binary blend [Fig. 8(c)]. In gen-
eral, the stiffer the composite, the hi%her the tensile
strength and the lower the elongation.”> However, our
results differ from this expectation. This is ascribable
to the role of the compatibilizer. The simultaneous
increases in tensile strength (or tensile modulus) and
elongation can be explained by improved adhesion
due to the compatibilizer at the interface.

Scanning electronic microscopy

In an effort to provide more support for the compat-
ibility of the ternary blend, the morphologies of bi-
nary (PPO/VA) and ternary (PPO/VA/polyphos-
phazene) blends have been investigated. In the
binary blend [Fig. 9(a)] of PPO/VA, the TLCP
domains are relatively large because of immiscibility,
thereby leading to poor dispersion. The micrographs
also demonstrate poor adhesion between the two
phases, which leads to an open ring hole around the
TLCP domain while TLCP is pulled out during the
fracture of the samples. The ternary blend surface
[Fig. 9(b)] shows a different morphology. The size of
the dispersed phase is noticeably reduced. There is
no open ring hole around the TLCP domain, reflect-
ing better adhesion between the two phases. Fur-
thermore, the VA phase shows fibril shapes that are
uniformly distributed along the direction of flow.
When 5% polyphosphazene is added, a complicated
morphology appears [Fig. 9(c)] ie., TLCP fibril
shapes are still observable, but some have been
incorporated into large domains. Excess levels of
polyphosphazene seem to induce coagulation or
flocculation of the dispersed TLCP phase.”

CONCLUSIONS

Functionalized polyphosphazene elastomer, acting
as a compatibilizer, plays a role in reducing the glass
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Figure 9 (a) SEM micrograph of PPO/VA blend. (b) SEM micrograph of PPO/VA/2.5 wt % polyphosphazenes. (c) SEM

micrograph of PPO/VA/5 wt % polyphosphazenes.

transition temperature of the PPO matrix in PPO/
VA/polyphosphazene blend system which is evi-
dent from DMTA analysis. Thus, surfactant nature
of polyphosphazene is vividly justified. A substan-
tial improvement in mechanical properties of the
compatibilized blend points towards improved inter-
facial adhesion. However, in presence of excess
polyphosphazene, the in-homogeneity of the struc-
ture causes the mechanical properties to deteriorate.
SEM observations reveal finer morphology in pres-
ence of polyphosphazene. The size of the dispersed

phase is noticeably reduced. There is no open ring
hole around the TLCP domain, reflecting better ad-
hesion between the two phases. FTIR study verifies
the change in chemical atmosphere in presence of
polyphosphazene.
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