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ABSTRACT: Thermal properties and morphologies of dif-
ferent thermoplastic polymers blended with an elastomer
are discussed. Poly(ethylene terephthalate) (PET), poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) with 12%mole of
hydroxyvalerate content (PHBV) and poly(ethylene oxide)
(PEO) were blended with epoxidized natural rubber (ENR).
These blends turn out to be immiscible. Degree of crystal-
linity after isothermal crystallization and equilibrium melt-
ing point of the crystallizable constituents stay constant to a
good approximation in blends with ENR. Exponential

decay of rate of crystallization could be observed for both
neat polymers and blends. Morphology formation was
observed under condition of constant rate of crystallization,
which is concomitantly related to different distances to
equilibrium. It turns out that morphology development in
the blends reflects both aspects. © 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 120: 17741781, 2011
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INTRODUCTION

Blending of polymers is a useful technique.
Extended research activities led it to a well-estab-
lished technology because blending allows for finely
tuning of properties by compositional change. It
turns out to be an alternative approach for generat-
ing new materials as compared with direct synthesis
of polymer systems with desired properties. Blends
of elastomers and thermoplastics have been studied
extensively.' Knowledge on thermal properties of
those systems is important for efficient adjustment
of structure-property relationships. These relation-
ships are governed to a large extent by the phase
morphology developing in the blend and formation
of supermolecular crystalline structures. Phase mor-
phology is controlled by molecular interactions
between the constituents and mixing conditions,
whereas the latter by external conditions of crystalli-
zation.”” The blends studied in this article contain
an amorphous and a semicrystalline polymer, which
are completely immiscible in the melt, that is the
phases contain only the respective pure polymers.
Formation of morphologies under conditions of this
study is chiefly ruled by blend composition and
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thermal history. In all cases, the blends form either
dispersions or cocontinuous morphologies, depend-
ing on composition. Amorphous and semicrystalline
phases coexist in the blends. A narrow interfacial
region might develop between the two phases con-
trolling adhesion between them. As a result, one
expects intensive quantities, characterizing the
blend, to be independent of blend composition. On
the other hand, morphology formation is strongly
coined by thermal history.10 Therefore, it is neces-
sary to study crystallization and melting behavior of
a constituent in a heterogeneous blend. This serves
also to elucidate interfacial interaction and may facil-
itate search for efficient compatibilizing agents.

Epoxidized natural rubber (ENR) is chemically
modified natural rubber (NR). The modification
involves the replacement of the double bond in the
isoprene units by epoxide groups."' ENR with differ-
ent mol % epoxidation has been shown to be polar
and with properties similar to those of acrylonitrile
butadiene rubber and butyl rubber. ENR exhibits
enhanced oil resistance and decreased gas perme-
ability, while retaining many of the properties of NR
with additional interesting properties.'> The pres-
ence of oxirane group in ENR is found to be effec-
tive in causing specific interaction with a second
polymer.”>™® This also includes melt reactions at
sufficiently high temperatures.”'” "

In this study, ENR with 50 mol % of epoxy content
is blended with different crystallizable polymers.
These blends form immiscible systems. Properties are
ruled by composition of the blends and interaction
between the constituents, which is reflected also in
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thermal properties. Thermal properties influence de-
velopment of morphologies that in turn strongly
affect mechanical behavior. In blends where the crys-
talline constituent is in excess, this component crystal-
lizes out from the melt, comprising a dispersion of
ENR domains. At the opposite side of the composi-
tion scale, ENR being in excess, crystalline domains
will develop in the ENR matrix. The main target here
is to study the influence of ENR-dispersion and ENR-
matrix on crystallization and melting of the crystal-
line constituents. As components combined with
ENR, we selected poly(ethylene terephthalate) (PET),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) ~ with
12 mol % of hydroxyvalerate content (PHBV) and
poly(ethylene oxide) (PEO). All of them exhibit
appreciable crystallinity.

PET, a synthetic polyester, is an engineering poly-
mer. PET is miscible with poly(ether imide)®® and
poly(vinylidene fluoride) (PVF,)*"*%; but is not misci-
ble with poly(tetramethylene succinate),”® ENR** and
poly(ethylene napthalate-2,6-dicarboxylate) (PEN).*
However, the compatibility of PET and PEN
improves after transesterfication reaction.”*° PHBV
is biodegradable aliphatic polyester. PHBV is miscible
with PEO,>! PVF,”* and poly(3-hydroxybutyrate)®
but immiscible with poly(propylene carbonate),* >
poly(butylene succinate),” poly(e-caprolactone) (PCL)*
and ENR* Lastly, PEO is synthetic biodegradable
polyether. PEO is known to exhibit miscibility via
hydrogen bonding or relatively weak dipole-dipole
interactions with poly(vin 271 alcohol),* poly(p-vinyl
phenol),*' cassava starch,”> poly(n-butyl methacry-
late)*® and poly(L—lactlde). Properties have been
reported on immiscible mixtures of PEO with PCL**
and ENR with the addition of LiClO, as well.2
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EXPERIMENTAL
Materials

Characteristics of polymers are listed in Table I. All
the polymers were purified before further use. The
chemical structures of the polymers are presented in
Figure 1.

Preparation of the blends

Thin films of the ENR/PHBV and ENR/PEO blends
were prepared by casting from 1% (w/w) solution of
the two components in chloroform (Fisher Scientific,
Leicestershire, UK) followed by evaporation of sol-
vent at room temperature overnight and keeping
afterwards the sample at 70°C under vacuum for
48 h. Blends of ENR and PET were prepared via pre-
cipitation method using phenol/1,2-dichloroethane
(Fisher Scientific, Leicestershire, UK) in the ratio of
2:3 at the polymer concentration of 0.3 wt % as mu-
tual solvent and methanol (Fisher Scientific, Leicester-
shire, UK) as the nonsolvent. The precipitates were
filtered, followed by evaporation of the solvent under
vacuum for 48 h at 50°C. Compositions of the blends
ranged from 100/0 to 0/100 in steps of 10 wt %.

Thermal gravimetry analysis

Decomposition temperature (T;) was determined by
thermogravimetric analyzer (TGA) using Perkin—
Elmer TGA 7 (Shelton, CT) under nitrogen gas purg-
ing. This analysis was used to study the thermal sta-
bility of the systems. The inflection points of the
weight loss curves were taken as T, The samples
were heated from 50 to 600°C at a rate of 20 K
min ™. Table I brings the results.

TABLE I
Characteristics of the Blends Constituents
ENR with 50 mol% PHBV with
Constituents epoxy groups PET 12 mol% HV PEO
M ?/kg mol 18 - 300
b/1<g mol * 700 - 238 -
c/1<g mol ™! 200 - 109 -
4/°C 412 447 269 440
T,,,e /°C - 235 161 66
Tf/°C - 214-228 105-112 44-54
T2/°C -19 81 0 —54
AH, /] g ! - 117.6 109 188.3
Supplier Rubber Research Institute, Sungai Buloh, Malaysia Sigma-Aldrich Chemical Co. (St. Louis, MO)

a V15c051ty—average molecular weight provided by the suppher
" Weight-average of molecular weight as estimated in this work by Waters gel permeation chromatography (GPC).

Polystyrene with low polydispersity was used as standard.

¢ Number—average molecular weight as estimated in this work by GPC.
4 Decomposition temperature by thermogravimetry analysis as determined in this work.
Meltmg temperature during first heating cycle as determined in this work.
f Range of isothermal crystallization temperature by DSC analysis

& Glass transition temperature after quench cooling as determmed in this work.

" Melting enthalpy of 100% crystalline PET, ¥ PHBV*® and PEO.*

Journal of Applied Polymer Science DOI 10.1002/app



1776

JV__JF PEO
CHz (o] C,Hs 0
{o_l_?_ﬂ o_c';_%_ﬂ} PHBV
! !
x y
[0] 0]
QAOLI_O{CHZ}O PET
n
HaC
N\ o
ﬁ/ H\QC 052 H\zo ENR

Figure 1 Chemical structures of polymers.

Differential scanning calorimetry

Perkin—Elmer DSC 7 (Shelton, CT) was used to study
the crystallization and melting behavior and TA
Q200 (Delware, USA) was used to study the glass
transition temperature of the blends. Both of the
DSCs were calibrated with indium and zinc stand-
ards and nitrogen atmosphere was purged through-
out the analysis to minimize thermo-oxidative degra-
dation. Samples with weight around 10 mg were
used for each DSC experiment. The samples were
exposed to different thermal histories:

Isothermal crystallization

Blends with PET, PHBV and PEO were annealed at
annealing temperature T, = 280, 175, and 80°C,
respectively, for 1 min. Afterwards samples were
cooled with a rate of 20 K min~" to selected crystalli-
zation temperatures T.s and crystallized for five half
times of crystallization. Melting temperatures were
determined in subsequent heating cycles with rates
of 20 and 10 K minfl, only for ENR/PHBYV blends.

Glass transition temperature

The same procedure as in I except quenching of
samples after annealing to temperatures well below
—60°C and keeping there for 1 min.

Polarizing optical microscopy

Morphologies of blends were studied using Leica Q
Win Software (Cambridge, UK) (for ENR/PET and

Journal of Applied Polymer Science DOI 10.1002/app
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ENR/PEO blends) or Image-Pro Express (for ENR/
PHBV blends), which was attached to the Nikon
microscope (Yokohama, Japan) equipped with a
Linkam heating/cooling unit (Linkam TM 600/s)
(Surrey, UK). Samples were subjected to the follow-
ing thermal procedures:

Radial growth rate

Samples were exposed to heating and cooling cycles
as in I. Micrographs were captured during isother-
mal crystallization in suitable time intervals and
diameter of growing spherulites was determined.

Morphology for sample after isothermal
crystallization

Heating and cooling cycles were applied as in Radial
growth rate. Micrographs were taken after 60 min of
crystallization at selected crystallization temperatures.

RESULTS AND DISCUSSION
Glass transition temperatures

The ENR blends were exposed to procedure II,
described in Experimental section, to determine
the glass transition temperature (T,). Quantities T,
were taken from the second heating cycles at
temperature, which characterizes half of the delta
heat capacity of the DSC heat flow curve. The T,s
of the ENR blends, measured in the second heat-

ing cycle are depicted in Figure 2. Glass
90 l
80 L . a = "
70
0¥ x x x x X x x x
o
W -20 a & a s A 4 a8 ]
-40 1
® o ® o o ' o
-60 T T T .I
0.0 0.2 0.4 0.6 0.8 1.0
WENR
Figure 2 Glass transition temperatures, T,, of ENR

blends. W, PET; x, PHBV; A, ENR; @, PEO.
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transition temperatures of neat constituents are
summarized in Table I. Two glass transition tem-
peratures, corresponding to that of the neat con-
stituents, were found for all blends and reflect
immiscibility of the constituents.

Crystallinity in ENR blends

Melting enthalpies (AH,,) of crystallizable compo-
nents were used to examine crystallinity (X*) of
the crystallizable component in the blends. Crys-
tallinity is defined by the ratio AH,,/AH,. with
AH,. being the melting enthalpy of 100% crystal-
line polymer. The reference enthalpies for the
polymers under discussion are listed in Table I
Quantity AH,, was determined according to ther-
mal procedure I during reheating cycle after crys-
tallization at selected crystallization temperatures
for five half times. Half-time (ty5)is defined in the
usual way as time taken for half of the crystallin-
ity to develop during the isothermal crystalliza-
tion process. This period of crystallization was
selected to establish comparable levels of crystal-
linity in the blends.

PET and PEO in blends with ENR display only
one melting peak in the DSC thermogram
whereas double melting peaks occur in blends
with PHBV after isothermal crystallization.”® The
double melting peaks are not well separated in
most cases. Consequently, quantity AH,, refers to
superposition of the melting peaks. Appreciable
rates of crystallization could be observed for PEO,
PHBV and PET at T. = 49, 112, and 224°C,
respectively. Undercoolings (AT.) and correspond-
ing crystallinities for the polymers are listed in
Table II. Figure 3 reveals that crystallinity stays
constant in the blends to a good approximation.
The amorphous component does not influence
crystallinity of the thermoplastics over a wide
range of composition. Some scatter in crystallinity
occurs only at high ENR content. This behavior
does not change remarkably with crystallization
temperature.

TABLE II
Crystallinities (X*) and Undercoolings (AT,) for the
Semicrystalline Polymers

Polymer T./ C AT /K X*/ %
PET 224 46 39.5
PHBV 112 83 50.3
PEO 49 29 54.2

? Undercooling, AT, = T,° — T, T,° — equilibrium
melting temperature.
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Figure 3 Crystallinity in ENR blends as a function of
weight fraction of ENR; curves represent constant crystal-
linity in the blends. [, PET crystallized at T. = 224°C; X,
PHBV at T, = 112°C and @, PEO at T, = 49°C.

Melting behavior in ENR blends

Melting temperatures (T,,) were measured in the
reheating cycle after samples were crystallized iso-
thermally for five half times (fp5) at the respective
crystallization temperature according to thermal pro-
cedure I. The equilibrium melting temperature (T},°)
was determined after Hoffman-Weeks method
adopting a linear relationship between crystallization
and melting tempelratulre50

Tm=vTc+ (1 —7v)TH (1)

where parameter y = const represents the change of
melting temperature with crystallization tempera-
ture, dT,,/dT..

As mentioned before PET and PEO display only
one melting endotherm in the DSC thermogram
whereas PHBV exhibits two. For the former constitu-
ents, the maximum peak of the melting endotherm
was taken as apparent melting temperature. The
lower melting endotherm was used for determination
of apparent melting temperature of PHBV since only
this peak shifts with crystallization temperature.

Hoffman-Weeks plots for PHBV and PEO are
shown in Figure 4. Analogous results were obtained
for PET. Also for the blends, we found linear varia-
tion of melting temperature with crystallization tem-
perature. The slopes v fall in the range of 0.30-0.46.
Results, listed in Table III, shows constancy of
equilibrium melting points over wide ranges of re-
spective blend compositions.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Hoffman-Weeks plots for semicrystalline poly-
mers; A, PHBV and O, PEO.

Kinetics of isothermal crystallization of crystalliz-
able component in ENR blends

Isothermal crystallization experiments were carried
out according to thermal procedure I, as described
in the Experimental part. The overall crystallization
rate can be monitored by thermal analysis through
the evolution of heat of crystallization by DSC. In
the heterogeneous system under discussion, phase
boundaries or morphology of the ENR blends might
also influence the overall rate of crystallization of
the crystallizable component. Therefore, application
of Avrami equation’' is restricted to the neat semi-
crystalline polymers.

X(t) =1 — exp[-KY"t])" 2)

The degree of conversion X(t) is the normalized
crystallinity given as the ratio of the degree of crys-
tallinity at time f and the final degree of crystallinity.

TABLE III
Equilibrium Melting Temperature and Parameter y for
Crystallizable Components in ENR Blends After
Hoffman-Weeks

T.°/°C (y)
WenR PET PHBV PEO
0 270 (0.37) 195 (0.46) 78 (0.31)
0.3 271 (0.37) 194 (0.39) 79 (0.29)
0.5 271 (0.36) 194 (0.42) 77 (0.37)
0.6 270 (0.33) 188 (0.46) 74 (0.30)
0.7 - 194 (0.46) -

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Avrami plots of neat semicrystalline polymers.
O, PET at crystallization temperature T, = 224°C,
x, PHBV at T, = 112°C, and @, PEO at T, = 49°C. The
solid curves represent linear regression curves after eq. (2).

Rate constant of isothermal crystallization (K™ and
Avrami exponent (1) can be extracted from intercept
and slope of a double-logarithmic plot after eq. (2).
Parameter K'/" represents the overall kinetic rate
constant and n is a parameter, which depends on
the type of nucleation and the geometry of growing
crystals. The confidence intervals of overall rate con-
stant and Avrami exponent refer solely to the regres-
sion analysis using two-tailed student t-test with
95% of confidence level for only one experiment.

Avrami plots for neat PET, PHBV, and PEO are
strictly linear up to conversions of 60% (correlation
coefficients >0.995) as depicted in Figure 5. Table IV
shows Avrami coefficients for neat semicrystalline
polymers at preselected undercoolings as stated in
Table II. We note that the Avrami exponents for PET
> PHBV > PEO are 3.5, 3, and 2.2, respectively. Ta-
ble IV lists also the half times calculated after eq. (2)
with the Avrami parameters.

The rate of crystallization of crystallizable compo-
nent in ENR blends is characterized by the experi-
mentally determined reciprocal half-time, (t5) '. In
this study, half times of isothermal crystallization
were estimated from the area of the exotherm at T.
= const. In addition, results for neat crystallizable
component may serve as reference for evaluation of
crystallization of the crystallizable component in
ENR blends. We note that the experimentally deter-
mined (fo5) " for the crystallizable component in the
blends as shown in Figure 6 is consistent with the
quantities of (fo5) ' estimated from eq. (2). In all
cases, the error of these quantities is less than 5%.
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TABLE IV
Rate of Crystallization (K"") and Avrami Exponent (1) for the Semicrystalline Polymers

Polymer T./°C AT./K KY"/min~? n r (tos)” ' / min !
PET 224 46 0.286 *= 0.004 3.39 = 0.10 0.995 0.32
PHBV 112 83 0.17 = 0.02 2.96 + 0.08 0.9996 0.19
PEO 49 29 0.197 = 0.002 2.23 = 0.02 0.9994 0.23

@ Correlation coefficient.

We recognize an exponential decay of the rate
with increasing (AT.) ! that is with approach to equi-
librium melting temperature. Experimental data obey
the following relationship to a good approximation.

(tos) '=Aexp (— Al;") 3)

Quantity B might be related to the ratio of energy
densities in lamella fold surface and bulk formulated
with use of Kelvin equation as follows

215, (/L) W

B
Y PAHgpec

where (c/l.) marks surface energy density of a
lamella grown at crystallization temperature T.. The
ratio of energy densities can be also related to the
ratio of entropies giving the distance to equilibrium

1 (35 _ 2(o/L) 5)
As\0X ), pAHqpec

0.03
(aT)' /K"

Figure 6 Rate of isothermal crystallization versus
reciprocal undercooling. M, PET; A, PHBV, and @, PEO.
Open markers corresponds to the respective 50/50 ENR
blends.

The derivative on the left-hand side represents the
change of entropy in the amorphous phase with
degree of crystallinity and As is the entropy change
at equilibrium. With eq. (3), we recognize that the
ratio of energy densities acts as driving force for
crystallization. Results are listed in Table V. For
PHBV, we need a high undercooling to get an
appreciable rate of crystallization. Only when the
polymer is far away from equilibrium, the necessary
driving force for crystallization exists and it crystalli-
zes with a sufficiently high rate. The lowest under-
cooling for an acceptable rate of crystallization, we
need for PEO. To compare the rates at AT, = const,
one sees that at (AT.)"" = 0.03 K™, the rate for PEO
is (t0_5)71 = 1 min !, however, for PHBV almost
eight orders of magnitude lower. Table V also shows
that only minor changes of rate of crystallization
might be observed in blends with ENR. This is
nicely confirmed by the growth rates of spherulites
shown in Figure 7.

Blend morphologies

Before presenting the morphologies, we note that, we
selected undercoolings in a way that rate of crystalli-
zation was roughly equal for all blends. This can be
easily verified from Figure 6 with the undercoolings
given in Table II. Figure 8 shows a symmetric blend
of ENR and PET. Small spherulites indicate a high
density of growing nuclei. Moreover, development of
small spherulites is in accordance with the low value
of the ratio of surface to bulk energy for PET as given
in Table V. We recognize formation of cocontinuous
morphology. Phase inversion to PET dispersion in the
ENR matrix fully develops in 70/30 blend of ENR
with PET. One also observes ENR inclusions in PET
domains. This is due to higher elasticity of the ENR
component as compared to PET.

TABLE V
Parameter B and Ratio of Energy Densities after eqs. (3)
and (4)
WENR = 0 WENR = 05

(o/lc) (o/lc)
ENR blends B/K ) B/K .
PEO 334 0.15 262 0.14
PHBV 833 0.41 816 0.37
PET 253 0.086 295 0.090

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Radial growth rates of spherulites as a function
of mass fraction of ENR. x, PHBV at T. = 120°C, and
®, PEO at T, = 49°C.

Figure 9 presents the morphology of a 50/50 blend
of ENR with PHBV. We recognize a remarkable dif-
ference to blends with PET. PET develops the lowest
ratio of energy densities in surface and bulk of crys-
tallite whereas PHBV generates the highest value
(cf. Table V). Moreover, Table I tells us that PET and
PHBV have approximately the same bulk energies.
As a consequence, values of the energy ratio indicate
for PHBV a much higher interfacial tension of the
crystallite to the amorphous surrounding than for
PET, around five times higher. The relatively high
surface tension leads to formation of large spheru-
lites. As a result, also large domains of ENR are
included in the crystalline regions.

CHAN ET AL.

Figure 9 Morphology in a symmetric ENR/PHBV blend;
the micrograph was taken at 112°C after crystallizing the
sample for 60 min; magnification: x40.

Morphology in a 50/50 blend of ENR and PEO is
shown in Figure 10. Data after Hoffman-Weeks, pre-
sented in Table III, reveal that crystallization of PEO
proceeds much closer to equilibrium as that of the
other polymers. Therefore, large spherulites develop.
However, the ratio of energy densities of Table V
indicates a low interfacial free energy of PEO as
compared to PHBV, since we have to take into
account that the bulk energy of PEO is almost twice
that of PHBV. Owing to the low interfacial energy of
PEO crystallites, ENR inclusions cause irregular
deformation of spherulites. Stability of supermole-
cular structures in blends with PEO is low. These
structures are prone to decay in smaller crystalline
regions. At sufficiently high content of ENR, spheru-
lites cannot be formed anymore.

In summary, thermal and morphological studies
show that the aromatic polyester develops the weak-
est adhesion to ENR whereas the aliphatic generates

Figure 8 Morphology of a symmetric ENR/PET blend;
the micrograph was taken at 224°C after crystallizing the
sample for 60 min; magnification: x50.

Journal of Applied Polymer Science DOI 10.1002/app

Figure 10 Morphology in a symmetric ENR/PEO blend;
the micrograph was taken at 49°C after crystallizing the
sample for 60 min; magnification: x5.
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the strongest. However, supermolecular structures
remain stable, only in blends with PEO they tend to
decay.

CONCLUSIONS

The study presents thermal properties and morpho-
logies of ENR-based blends with three thermoplas-
tics, PET, PHBV, and PEO. Glass transition tempera-
tures reveal that these blends are completely
immiscible in the molten state. Degrees of crystallin-
ity are not influenced by the amorphous component.
Morphology development in the blends was studied
at different deviations from equilibrium, but under
condition of constant rate of crystallization. Rates of
crystallization descend exponentially with undercool-
ing. Corresponding driving forces for crystallization
might be related to the ratio of energy densities in
surface and bulk of the crystallites. This allows for
correlation of morphologies to the ratio of energy
densities. It turns out that only weak adhesion exists
between PET and ENR whereas PHBV establishes
much stronger affinity to ENR. Supermolecular struc-
tures of PEO are unstable in blends with ENR owing
to low interfacial energy of crystallite to amorphous
surrounding. Stability of these structures is not influ-
enced in ENR-blends with PET and PHBV.

Special thanks are dedicated to Nawiwi M. A. who provided
results that were incorporated in this study.
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