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ABSTRACT: Blends of a maleic anhydride-grafted polypropylene (m-PP) and a liquid
crystalline polymer (LCP) based on a copolyester of hydroxynapthoic acid and hydroxy-
benzoic acid were fabricated. The morphology and isothermal and nonisothermal crys-
tallization kinetics behavior of the m-PP copolymer and m-PP/LCP blends were investi-
gated using polarizing optical microscopy, depolarized light intensity, and differential
scanning calorimetry. A polarizing optical micrograph revealed that the m-PP is very
effective to promote a finer dispersion of the LCP phase in the PP matrix. Consequently,
the LCP domains or fibrils acted as potential sites for the spherulite nucleation. The
isothermal kinetics measurements also indicated that the rate of crystallization is
enhanced in the maleated PP/LCP blends which exhibit transcrystallinity. In general,
the nonisothermal kinetics results were in good agreement with those obtained from
the isothermal kinetics measurements. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci

64: 707-715, 1997
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INTRODUCTION

Thermotropic liquid crystalline polymers (LCPs)
have been the subject of active research interest
in recent years because of their potential use for
high strength, high modulus, and chemical-resis-
tant materials. LCPs are composed of long-chain
rodlike molecules that exhibit an ordered state in
the melt. The orientation of the rodlike molecules
during extensional flow permits significant rein-
forcement in thermoplastics. The self-orienting
fibrous structure then functions as a reinforcing
element. The composite made in this way is
termed an in situ composite.

Reinforcement of thermoplastics with several
LCPs has been studied by several researchers ex-
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tensively.'~™ In most cases, LCPs are incompati-
ble with thermoplastic polymers because the melt
of the former is in an anisotropic state and that
of the latter is isotropic. Thus, a two-phase mor-
phology is typically formed in the binary blend.
Morphologies ranging from spherical droplets to
long fibrils have been observed in incompatible
LCP/thermoplastic blends. The morphology of the
blend is of primary importance as it directly af-
fects the final mechanical properties. For the ef-
fective transfer of stress between the reinforce-
ment and the matrix, the LCP domains must ex-
hibit fine fibrils with large aspect ratios.

It is generally known that the incompatibility
between the matrix polymers and reinforcing
LCPs leads to poor interfacial adhesion. The rein-
forcing effect is substantially smaller than that
obtained from the compatible blends. Recently,
much attention has been paid to the possibility
of modifying the interfacial adhesion of PP/LCP
blends by the addition of a third component which
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acts as a compatibilizer.’>!* The compatibilizing
agents used by these workers were mostly poly-
olefins functionalized with maleic anhydride
(MA)."*~'* The functional groups of the MA inter-
act with the amide groups of LCP, giving rise to
strong links between the two phases. Conse-
quently, compatibilization leads to a reduction in
interfacial tensions, thereby promoting a finer dis-
persion and more uniform distribution of the LCP
phase within the matrix.'®'* The morphology, im-
pact, static, and dynamic mechanical properties
of PP/LCP blends were investigated previously.
However, less information is available on the ef-
fect of MA on the crystallization behavior of the
PP and PP/LCP blends. The isothermal ">~ and
nonisothermal '°~2?2 crystallization kinetics of pure
PP were reported in the literature. This work was
aimed to investigate the crystallization kinetics
behavior of the compatibilized and noncompatibi-
lized PP/LCP blends using depolarized light in-
tensity and differential scanning calorimetry
(DSC) measurements. The understanding of the
nonisothermal melt-crystallization behavior of
PP/LCP blends leads to a better control of the
final properties of the polymer blends, generally
processed under nonisothermal conditions.

EXPERIMENTAL

Material

The thermotropic liquid crystalline polymer
(LCP) used in this work is Vectra A950 produced
by the Hoechst Celanese Co. Vectra A950 is a
wholly aromatic copolyester consisting of 25 mol
% of 2,6-hydroxynaphthoic acid (HNA) and 75
mol % of p-hydroxybenzoic acid (HBA). The PP
matrix is a commercial product of the Himont Co.
(Pro-fax 6331) with a melt flow index of 12. The
compatibilizer is a maleic anhydride (MA) sup-
plied by Fluka Chemie, whereas the dicumyl per-
oxide produced by Aldrich Chemical Co. is used
for the maleation of the PP.

Blending and Processing

Maleation was carried out by feeding a mixture
of the PP pellets, 6 wt % MA, and 0.3 wt % dicumyl
peroxide in a twin-screw Brabender operated at
200°C. The maleated PP is then pelletized and is
designated as m-PP in this study. Both polymer
pellets of m-PP and LCP were dried in an oven

operated at 70 and 150°C for 24 h, respectively.
The pellets containing 5, 10, 20, 30, and 40 wt %
LCP were tumbled together in a box before extru-
sion. The compatibilized PP/LCP blends were
then prepared in Brabender with an attached slit
die of 50 X 0.5 mm?. The barrel temperature from
the root to the die was maintained at 290, 295,
295, and 290°C, respectively. A similar procedure
was adopted to fabricate the noncompatibilized
PP/LCP blends.

Characterization

Fourier transform infrared spectroscopy (FTIR)
was used to characterize the changes in the chem-
ical structure of the PP matrix after maleation.
Thin-film specimens with a thickness of about 40
um were prepared from the melt, and the FTIR
analyses were made with a Perkin-Elmer 16 PC
spectrometer.

The crystalline morphology of both noncompat-
ibilized and compatibilized PP/LCP blends was
observed with a polarizing optical microscope
(Model Olympus BH-2). In the process, thin spec-
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Figure 1 FTIR spectra of (a) pure and (b) maleated
PP specimens.



Figure 2 POM micrograph showing the spherulitic
morphology of the m-PP copolymer crystallized at
115°C.

imens were initially heated to 300°C. They were
held at this temperature for 10 min to assure their
complete melting. The specimens were allowed to
cool down from 300°C to room temperature slowly.

Kinetics Measurements

The isothermal crystallization kinetics of noncom-
patibilized and compatibilized PP/LCP blends

Figure 3 POM micrographs showing the spherulitic
morphology of (a) PP/10% LCP and (b) m-PP/10% LCP
blends.
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Figure 4 POM micrographs showing (a) the spheru-
litic morphology of the PP/10% LCP blend and (b) the
transcrystalline spherulitic feature of the m-PP/10%
LCP blend. The micrographs were taken by shearing
the melt prior to crystallization.

was investigated by measuring the intensity of
transmitted light from specimens placed between
crossed polaroids. In other words, the intensity of
depolarized light passing through the specimens
during isothermal treatments at temperature in
the range 110-123°C was recorded. The speci-
mens were placed between two glass slides, and
they were heated to 300°C in the hot stage for
1 min, then cooled rapidly to the crystallization
temperature.

A Perkin-Elmer differential scanning calorime-
ter, Model DSC-7, was employed to study the non-
isothermal crystallization kinetics of the polymer
blends. Indium and zinc standards were used for
temperature calibration. In the test, the speci-
mens were initially heated to 300°C, held 1 min
at this temperature, and then cooled to 50°C at
various predetermined rates. The rates employed
were 10, 15, 20, 25, 30, and 40°C/min, respec-
tively.

RESULTS AND DISCUSSION

General Behavior

Figure 1(a) and (b) shows the FTIR spectra of
pure PP and m-PP, respectively. It can be seen
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Figure 5 Intensity of depolarized light during iso-
thermal crystallization at 115°C vs. time.
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Figure 6 Plots of (1 — X,) vs. log ¢ of the m-PP copoly-
mer during isothermal crystallization at different tem-
peratures: (@) 110°C; (A) 113°C; (M) 115°C; ( ¢ ) 117°C;
(V) 120°C; (O) 123°C.
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Figure 7 Plots of log[—In(1 — X;)] vs. log ¢ of the
m-PP copolymer during isothermal crystallization at
different temperatures: (®) 110°C; (A) 113°C; (H)
115°C; (&) 117°C; (V) 120°C; (O) 123°C.

that the m-PP exhibits a characteristic vibra-
tional band at 1790 cm ! which corresponds to
the carbonyl groups conjugated with methylene
sequences.? It is well known that MA exhibits
a strong carbonyl absorption peak at 1788 cm™.
Thus, the FTIR spectra indicate that MA is effi-
ciently grafted to the PP specimen.

Figure 2 shows a POM micrograph of m-PP
crystallized at 115°C for 1 h. It is apparent from
this micrograph that the spherulitic morphology
is similar to that of neat PP, i.e., it exhibits a
typical Maltese cross extinction pattern. How-
ever, the addition of a second LCP phase can yield

Table I Kinetic Parameters for Isothermal
Crystallization of m-PP

T. (°C) b (8) n k(s
110 20 4 4.33 x 107
113 30 4 8.56 x 1077
115 42 4 2.23 x 1077
117 60 4 5.35 x 1078
120 100 4 6.93 x 107°
123 182 4 6.32 x 1071




Table II Kinetic Parameters for Isothermal
Crystallization of PP and Its Blends at 115°C

PP/LCP tiz (8) n k(s
100/0 52 4 9.48 x 10°®
95/5 46 3.7 4.88 x 1077
90/10 50 3.8 2.42 x 1077
80/20 48 3.8 2.83 x 1077
70/30 49 3.8 2.61 x 1077
60/40 49 3.8 2.61 x 1077

many additional surface sites for the nucleation
of spherulites. Figure 3(a) and (b) shows the
spherulitic morphology of PP/10% LCP and m-
PP/10% LCP blends, respectively. It is evident
that the LCP domains act as nuclei for the nucle-
ation of the spherulites. Also, these spherulites
tend to grow radially from the center outward.
The size of the spherulites of m-PP/10% LCP is
considerably smaller than that of the m-PP speci-
men. Moreover, it can be seen that the LCP phase
domains of the m-PP/10% LCP blend are rela-
tively smaller than those of the PP/10% LCP
blend. This implies that the MA addition is very
effective to promote a finer dispersion of the LCP
phase.

The LCP fibrils can be observed in the blends
when the glass slides containing the molten poly-
mer specimens were initially sheared. Figure 4(a)
and (b) shows the POM micrographs of PP/10%
LCP and m-PP/10% LCP specimens containing
LCP fibrils. It is apparent that the fine LCP fibrils
of m-PP/10% LCP induce a very dense nucleation
and growth of the spherulites on its surface, i.e.,
transcrystalline morphology. For the region fur-
ther away from the LCP fibrils, the bulk-crystalli-
zation process prevails. Transcrystallinity is also
observed for the m-PP/LCP blends containing
LCP content above 10 wt %. The transcrystalline

Table III Kinetic Parameters for Isothermal
Crystallization of m-PP and Its Blends at 115°C

m-PP/LCP tie () n k(s
100/0 42 4 2.23 x 1077
95/5 36 3.8 8.45 x 107”7
90/10 40 3.3 3.57 X 1078
80/20 39 3.2 5.63 X 107
70/30 39 3.2 5.63 x 107
60/40 39 3.2 5.63 X 107
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Figure 8 Half-time of crystallization vs. LCP content
for PP/LCP and m-PP/LCP blends: (®) m-PP copoly-
mers; (A) PP homopolymer.

growth observed in the m-PP/LCP blend is con-
sidered analogous to that observed in the carbon
fiber-reinforced PPS thin film. Desio and Reben-
feld®* reported that the rate of crystallization was
enhanced in the PPS film/carbon fiber composites
which exhibited transcrystallinity. However, the
LCP fibrils in PP/10% LCP blend generally do not
induce transcrystallinity [Fig. 4(a)].

Isothermal Melt Crystallization

Figure 5 shows a typical crystallization isotherm
of m-PP at 115°C obtained from the depolarized
light intensity measurement. The crystallization
isotherm can be analyzed in terms of the Avrami
equation

1-X,=1.—1,/I. — I, = exp(—kt") (1)

where X, is the fraction of material crystallized
after time ¢; I,, the transmitted intensity at time
t; and I, and L., the values of I, at ¢t = 0 and ¢ =
o, respectively. The parameters £ and n are re-
lated to the rate and mechanism of crystallization.

Figure 6(a) shows the plots of (1 — X,) vs. log
t of the m-PP specimen at various crystallization
temperatures (7). It is apparent from this figure
that the fraction of untransformed (amorphous)
material has an inverted “S” shape dependence
on the logarithm of time. The Avrami exponent n
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Figure 9 DSC cooling traces of the m-PP copolymer during nonisothermal crystalliza-
tion at different cooling rates: (1) 10°C/min; (2) 15°C/min; (3) 20°C/min; (4) 30°C/min;

(5) 40°C/min.

can be obtained from the double logarithmic form
of the Avrami equation

logl—In(1 — X;)] =logk + nlogt (2)

Figure 7 shows the plots of log[ —In(1 — X,)] vs.
log ¢t for the m-PP specimen at various T,. Obvi-
ously, such plots yield several straight lines with
a slope of 4 over a wide range of T.. The parameter
k can be determined from eq. (1):

k = ln 2/(t1/2)n (3)

where t,,, is the half-time of crystallization, i.e.,
the time at which the depolarized light intensity
reaches one-half of its final value. Tables I-III
list the isothermal crystallization kinetics param-
eters for the m-PP copolymer, PP/LCP, and m-
PP/LCP blends, respectively.

According to the Avrami theory, the exponent
n depends on the geometry of crystal growth and
on the type of nucleation. Athermal nucleation

and spherulitic growth lead to an Avrami expo-
nent of 3, whereas thermal nucleation and spher-
ulitic growth, to a value of 4.%° Based on the exper-
imental results as tabulated in the above tables,
it is obvious that both the PP homopolymer and
m-PP copolymer exhibit an Avrami exponent of 4.
It implies that grafting the PP with MA has no
effect on the spherulitic nucleation and growth.
However, the incorporation of the LCP phase into
the homopolymer matrix leads to a decrease in
the exponent n, particularly for the m-PP/LCP
blends. This decrease is due to that the LCP do-
mains in the m-PP/LCP blends act as the hetero-
geneous nucleation sites, followed by three-di-
mensional spherulitic growth. Moreover, it is
noted that the half-time of crystallization of the
PP/LCP and m-PP/LCP blends is considerably
smaller than that of their corresponding homo-
and copolymers. Figure 8 shows the variation of
t1/2 with the LCP content for both PP/LCP and
m-PP/LCP blends. The m-PP/LCP blends have a
smaller ¢;,, value than that of the PP/LCP blends.
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Figure 10 Plots of [X(T)/X>] vs. T of the m-PP co-
polymer during nonisothermal crystallization at differ-
ent cooling rates: (®) 10°C/min; (A) 15°C/min; (H)
20°C/min; ( ¢ ) 25°C/min; (V) 30°C/min; (O) 40°C/min.

On the basis of these results, it appears that the
LCP-reinforced systems crystallize faster than
does the homopolymer, and the mPP/LCP blends
crystallize faster than do the uncompatibilized
PP/LCP blends. In other words, the rate of crys-
tallization is enhanced in the m-PP/LCP blends
which exhibit transcrystallinity. Moreover, the
maleated PP tends to improve the interfacial ad-
hesion and to promote a more uniform of LCP
distribution in the m-PP/LCP blends.

Nonisothermal Melt Crystallization

The nonisothermal crystallization of the PP/LCP
and m-PP/LCP blends was carried out using DSC
measurements. Ozawa*® extended the isothermal
kinetic crystallization to the nonisothermal case
of a controlled cooling rate. From the Evans
model,?” Ozawa derived the following relation-
ship:

X(T)Xo =1 — expl—k(T)/c"] (4)
where X (T') is the crystallinity attained at tem-

perature T'; Xoo, the crystallinity at the termina-
tion of the crystallization process; £(7T'), a con-
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stant for a given cooling rate; ¢, a cooling rate;
and n, the Ozawa index. This index is somewhat
similar to the Avrami exponent, and it depends on
the type of nucleation and the growth dimensions.
The double logarithmic form of the Ozawa equa-
tion exhibits the following relationship:

In{—In[1 — X(T)/X=]}
=Ink(T)+ nln(l/c) (5)

Similarly, the plots of In{—In[1 — X (T )/Xo]} vs.
In(1/c) at a fixed temperature should yield a
straight line. The parameters n and k(7T') can be
determined from the slope and the intercept of
the line, respectively.

Figure 9 shows typical DSC traces for the crys-
tallization of the m-PP matrix at various cooling
rates. From the DSC profiles, the transformed
fraction, X (T')/X, is calculated as a function of
temperature. The variation of X (7 )/Xw vs. T for
the m-PP specimen at various cooling rates is
shown in Figure 10. The plots of In{—In[1 —
X(T)/Xx]} vs. In(1/c) for the m-PP specimen at
various temperatures is shown in Figure 11. Simi-
larly, these plots yield several straight lines with

e

In{-In(1 -X(T)/Xe0)}
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Figure 11 Plots of In{—-In[1 — (X(T)/X>))]} vs.

In(1/c) of the m-PP copolymer during nonisothermal

crystallization at various temperatures: (@) 100°C; (A)
102°C; (M) 104°C; (¢ ) 106°C; (V) 108°C; (O) 110°C.
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Table IV Kinetic Parameters for Nonisothermal Crystallization of PP

and Its Blends with LCP Calculated for 105°C

PP/LCP T,, (°C) T2 (°C) n X. k (Ty2)
100/0 168 105 4 0.44 4.33 X 107°
95/5 167 106 3.7 0.48 1.07 x 1075
90/10 167 108 3.8 0.48 7.90 X 10°°
80/20 166 108 3.8 0.53 7.90 x 107°
70/30 168 107 3.8 0.55 7.90 X 10°°
60/40 170 108 3.8 0.61 7.90 X 10°°

a slope of 4. At a given temperature, it appears
that only three cooling rates are used in the plots
of double logarithmic form of the Ozawa equation,;
thus, it is more appropriate to determine the pa-
rameter k£(T) by using the following equation:

k(Ty2) =1n2/c" (6)

where T';,; is the temperature at which 50% of the
crystalline phase has been attained. The noniso-
thermal kinetics parameters for the PP and their
blends are listed in Tables IV and V. From these
tables, the degree of crystallinity (X.) of pure PP
and m-PP specimens is determined according to

X.(%) = (AH,,/AH?Y,) x 100 (7)

where AH? is the heat of fusion of isotactic PP
with a 100% crystalline phase (209 J/g).?® For
the PP/LCP and m-PP/LCP blends, we assume
that the contribution of the LCP phase to the en-
thalpy of fusion is negligible.

On the basis of the nonisothermal crystalliza-
tion measurements, the Ozawa exponent of PP
and m-PP specimens is 4. However, the PP/LCP
blends exhibit almost a constant value of 3.8,
whereas the m-PP/LCP blends have an average
value of 3.5. It is noted that the n value of m-

PP/LCP blends tends to decrease with increasing
LCP content, and the degree of crystallinity ap-
pears to increase slightly with increasing LCP
content. The Ozawa exponents of the PP, m-PP,
and PP/LCP blends are identical to those of the
isothermal Avrami exponent, whereas the Ozawa
exponent of the m-PP/LCP blends is slightly
larger than that of the Avrami exponent. Gener-
ally, the results of nonisothermal kinetics mea-
surement for both blend systems are in good
agreement with those obtained from the isother-
mal kinetics measurements.

CONCLUSIONS

Our results indicate that the LCP phase affects
the crystallization behavior of PP polymer dra-
matically. In general, the spherulitic size of PP
tends to decrease with the LCP addition. As the
LCP and PP phase are incompatible, the addition
of maleic anhydride-grafted PP (m-PP) to the
LCP system is observed to be very effective in
promoting a finer dispersion of LCP phase in the
matrix. Transcrystallinity is observed in the ma-
leated PP/LCP blends. The fine LCP domains or
fibrils act as nucleation sites for the spherulites
in the maleated PP/LCP blends. The isothermal

Table V Kinetic Parameters for Nonisothermal Crystallization of m-PP

and Its Blends with LCP Calculated for 105°C

m-PP/LCP Tm (OC) T1/2 (OC) n XC k (Tl/g)
100/0 165 107 4 0.43 4.33 X 10°©
95/5 167 109 3.7 0.45 1.07 x 1075
90/10 168 108 3.6 0.46 1.43 x 10™°
80/20 168 108 3.5 0.47 1.93 x 1075
70/30 169 110 3.4 0.45 2.61 x 10°°
60/40 167 109 3.4 0.48 2.61 X 107°




kinetics measurements show that the half-time of
crystallization of the m-PP/LCP blends is rela-
tively smaller than that of the maleated PP co-
polymer. The rate of crystallization is enhanced
in maleated PP/LCP blends which exhibit trans-
crystallinity. Moreover, both isothermal and non-
isothermal kinetics measurements reveal that the
Ozawa exponents of the PP, m-PP, and PP/LCP
blends are identical to the Avrami exponents of
these specimens.

This work was supported by a strategic grant (Grant
Number 7000-502). S.X. Chen is on leave from the
Institute of Chemistry, Academia Sinica, Beijing,
China.
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