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Abstract The thermal and crystallization behavior of the
blends are studied by differential scanning calorimetry and
XRD. The presence of the amorphous component in the
blend is found to influence the non-isothermal crystalliza-
tion of HDPE. The addition of small quantities of SBR
resulted in an increase in the rate of crystallization whereas
nucleation is delayed. As compared to HDPE, larger
crystallite size, a narrower size distribution, were observed
in low SBR (~up to 30 wt%) content blends. The half time
of crystallization also found to reduce as the SBR content
in the blend increased. However, a lower degree of crys-
tallinity was observed in these blends. The results thus
show that incorporation of SBR in HDPE, while acceler-
ating the rate of crystallization, lower the degree of crys-
tallization. The reduction in the overall crystallization rate
at high-SBR content is attributed to a decrease in the
growth rate in the later stages of crystallization. It is
observed that in dynamically cross-linked blends, the
presence of crosslinked SBR that can acts as heterogeneous
nuclei facilitated the nucleation of HDPE. However, the
crystal growth may be impeded. As a result the overall
crystallinity of the crosslinked blends found to decrease.
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From XRD profiles it had seen that addition of SBR and
dynamic crosslinking does not exert an effect on the
crystalline structure of HDPE. The dynamic vulcanization
of SBR/HDPE blends enhanced the process of crystalli-
zation of HDPE phase. These conclusions are supported by
the thermal characterization (DSC) results also.
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Introduction

Polyolefin blends attract additional interest due to the
possibility of recycling plastic wastes, mainly constituted
by polyolefins, avoiding the complex and expensive pro-
cess of separation of the different components. The prac-
tical and theoretical investigation of the properties of the
polymer blends which involve a crystallizable and an
amorphous component has received great attention now a
days. In the case of such blends, the amorphous component
may interfere with the crystallization process, inducing
modifications in the phase structure of the crystalline
polymer. Material characteristics such as latent heat, sol-
vent permeability, and biodegradability all depend on the
crystallinity, and thus on the crystallization procedure.
Non-isothermal studies are used to elucidate structure
development in the melt processing of polymers and iso-
thermal studies are used for investigating the mechanical
aspects of crystallization. In the past few years, non-iso-
thermal crystallization studies has been gaining importance
because in reality, plastics processed in industry such as
fiber spinning, injection molding, and extrusion commonly
experience non-isothermal treatments. In this study, the
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crystallization of the binary blends was studied under non-
isothermal conditions.

When a polymeric material is cooled from the liquid to
rubbery state it becomes much stiffer as it goes through a
certain temperature range. This stiffening is the result of
one of two possible events; crystallization or glass transi-
tion. For crystallization to occur the polymer molecule
must be sufficiently regular along their length to allow
formation of crystalline lattices and the cooling rate must
be slow enough for the crystallization process to take place
before the molecular motions become too sluggish. Crys-
tallization of polymer blends involves two consecutive
processes: the formation of nuclei and their subsequent
growth. When the polymer is super cooled below the
polymeric melting temperature (7},), nuclei appear
throughout the mass. The nuclei may appear instanta-
neously at the beginning of the process (heterogeneous
nucleation) or they may appear in the untransformed phase
throughout the process (homogeneous nucleation). The
growth of the nuclei then occurs in one, two, or three
dimensions, giving rise to rods, disks, or spheres.

The morphology and melting behavior of the crystal-
lizable component in the blends depends on the miscibility
of the blends. Investigation of the crystallization behavior
of incompatible polymer blends reveals the origin of
changes of crystallization, whether structural, equilibrium
thermodynamic, or kinetic. Detailed investigations on the
fusion behavior and crystallization kinetics of polymer
blends have been studied by various researchers to under-
stand the effect of an amorphous component on the crys-
talline structure formed by the other component. In
immiscible blends the amorphous component which finely
disperses within spherulites or in interspherulitic regions in
large domains has been found to have little influence on the
crystallization of the crystallizable components [1-3]
where as in miscible blends very fine intraspherulitic dis-
persion of the amorphous component is usually seen and in
these blends a large decrease of crystal growth and a
change of melting behavior caused by the amorphous
component may observed.

In this article, studies of the melting and crystallization
behavior of HDPE in the presence of SBR will be presented.
The modulus and strength of HDPE are determined by its
crystalline structure. Any changes in this structure will
result in a change of the properties, so it is essential to
determine the effect of elastomer blending on the crystalline
structure as well as on the melting and crystallization
behavior of HDPE. Knowledge of the crystallization
behavior of the thermoplastic elastomeric blend is also
necessary for effective manipulation properties and speci-
fies the molding conditions. The effects of crosslinking on
the crystallization process are of relevance to our under-
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standing of crystallization in general. Of particular interest
is the effect of a crosslinked network on the crystallization
process through its influence on the diffusional mobility and
also on the probability of nucleation. So the effects of
crosslinking of the SBR/HDPE blends on the many aspects
of fusion and dynamic crystallization behavior of HDPE
phase are also studied.

Experimental
Materials used

The materials used for the experiments and their specifi-
cations are given in Table 1.

Melt blended specimens of high density polyethylene
(HDPE) and styrene butadiene rubber (SBR)with various
compositions were prepared using in a Brabender plasti-
corder with a rotor speed of 60 rpm, at a temperature of
453 K. The standard procedure is reported in detail else-
where [4].

Designation of the blends

SBR/HDPE blends with 0, 10, 20, 30, 50, and 70% of SBR
were designated as Sg, S, S0, S30, Ss0, and S5, respec-
tively. S3o blend was crosslinked with three cure systems
and the blends were designated as S3oS, S3;0M, and S;0D,
where the suffix S denotes the sulfur crosslinking system,
M denotes the mixed system, comprising both sulfur and
dicumyl peroxide and D denotes the peroxide system. The
compounding recipe for dynamic vulcanization is given in
Table 2.

Crosslink density

The cross-link density of the samples was determined on
the basis of equilibrium solvent swelling measurements in
toluene at 301 K by the application of well known Flory—
Rehner equation for tetrafunctional networks. Circularly
cut disc-shaped samples (dia &~ 2.00 cm) and of thickness
2 mm was immersed in toluene. After 24 h, the toluene
was refreshed. After another 24 h, the swollen sample was
dried, and weighed again. From the degree of swelling, the
crosslink density (v) was calculated by modified Flory—
Rehner equation 1,
1In(1 = V) + Vi + V2

v = Mol ml™! 1
Vs vl _osv, [ ] m

where V; is the molar volume of solvent, V, is the volume
fraction of rubber in the swollen network, V; is expressed
as V; = 1/(Ar + 1),where A, is the ratio of the volume of
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Table 1 Materials used

Material

Characteristics

Source

Styrene butadiene rubber (Synaprene 1502 grade)
(-CH-CH,-CH,—CH=CH-CH,-),,
(-CH-CH,-CH,-CH=CH-CH3-),,

©

High density polyethylene Injection grade (Relene)
(-CH,—CH,-CH;-),

Density 0.938 g/cc Styrene content 21.5-25.5%

MFI 20 g/min density 0.964 g/cc

Synthetics & Chemicals,
Ltd Bareily (U. P), India

Reliance Industries Ltd Hazaria,
Gujarat, India

Table 2 Compounding recipe of crosslinked blends

Ingredients Sulfur system  Mixed system  Peroxide system
Polymer 100.0 100.0 100.0

Zn0O 5.0 5.0 -

Stearic acid 2.0 2.0 -

CBS* 1.0 1.0 -

Sulfur 22 1.5 -

DCP® - 2.0 4.0

Note Values are given in phr
% N-Cyclohexyl-2-benothiazyl sulfanamide

° Dicumyl peroxide

absorbed solvent to that of rubber after swelling. y is the
polymer—swelling solvent interaction parameter or Flory—
Huggins parameter.

Differential scanning calorimetry (DSC)

The influence of the second component, of the composition
on quantities such as crystallinity, melting, and crystalli-
zation temperature of HDPE was studied with the help of a
thermal flow type DSC 8230, Rigaku make Sapphire
sample was used as a reference. The crystallization and
melting behavior were investigated by the following pro-
cedure: About 10 mg of the samples were pre heated at
493 K for 1 min to destroy prehistory effects and then
cooled at a rate of 10 K min~" to record the HDPE crys-
tallization behavior; the crystallization exotherms and the
crystallization temperature were registered. Thereafter they
were reheated at a rate of 10 K min~" to record the HDPE
melting behavior. The melting temperature and the crys-
tallinity were determined from the DSC endotherms.

Wide angle X-ray scattering (WAXS)

Wide angle X-ray diffraction measurements on the various
blend samples were performed using a Philips X-ray gen-
erator equipped with a microprocessor controlled recorder
unit at a scan rate of 0.5 min~'. Radial scans of intensity
versus diffracting angle 20 were recorded in the range

5-80° under identical settings using nickel-filtered Cu K,
radiation of wavelength 0.154 nm. An operating voltage of
40 kV and filament current of 30 mA were used.

The X-ray diffraction patterns of the samples were
separated into two parts, crystalline and amorphous. By
taking SBR to be fully amorphous, the areas under the
crystalline and amorphous portions were measured in
arbitrary units and the degree of crystallinity (X.) was
measured using the relation,

— ]C
T L+,

c (2)
where I, and I, represent the integrated intensity corre-
sponding to the crystalline and amorphous phases,
respectively, i.e., areas under the respective curves.

Result and discussions
Melting behavior

DSC thermograms of virgin HDPE and its blends with SBR
in the regions of melting recorded during the heating cycle
are shown in Fig. 1, were used to determine a number of
parameters significant in melting behavior. These include
the temperature of onset of melting (7},,), the melting peak
temperature (7,,), and heat of fusion (AH). The various
parameters in the melting process are tabulated in Table 3.
It can be seen from the table that, the equilibrium melting
temperature of HDPE depends on the blend composition.
Melting temperatures of crystalline polymers can be related
to the size and perfection of their crystal units [5, 6]. HDPE
shows a typical endothermic peak (7},) at 404.7 K. The
peak melting temperatures in S;g, Sy, and S;9 composi-
tions are 405.6, 405.4, and 406.2 K, respectively, and the
melting endotherms also start at a higher temperature (7},,)
in these blends (Fig. 2; Table 3). This is probably due to
the larger crystallite size and narrower size distribution of
HDPE in these compositions. The HDPE melting range is
also considerably smaller for low SBR content blends,
compared to HDPE, which also suggests a narrower crys-
tallite distribution. This conclusion is further supported by
the considerable decrease in the heat of crystallization of
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Fig. 1 DSC melting endotherms of HDPE and SBR/HDPE blends

Table 3 Melting characteristics of HDPE in SBR/HDPE blends

System One set temp Peak temp Heat of fusion
Tmo/K T./K AH x 10*/T/kg
So 384.9 404.7 216.9
Sio0 395.8 405.6 149.5
S»0 395.0 405.4 128.3
S30 391.6 406.2 103.3
Sso 380.2 404.0 53.5
S70 384.0 401.5 13.26
(=¥
=
s
o
| I | l
273 323 373 423 473

Temperature/K

Fig. 2 DSC melting endotherms of dynamically crosslinked Ssg
blends

HDPE (Table 4) in these blends. These features could be
tentatively explained as follows. During melt-mixing in the
Brabender, the amorphous content was able to selectively
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Table 4 Melting characteristics of HDPE in dynamically crosslinked
S50 blends

System One set temp Peak temp Heat of fusion
Tmo/K T./K AH x 10*/T/kg

S30 391.6 406.2 110.3

S30 S 380.0 405.5 105.0

S30M 381.8 404.8 103.0

S30D 376.2 404.2 97.2

dissolve a certain amount of the more defective HDPE
molecules (i.e., of lower molecular weight). Therefore
during pressure molding and the successive rapid crystal-
lization this segregation between high molecular weight
HDPE and the new SBR/HDPE phase containing defective
HDPE chains was still retained. The low molecular weight
fraction can crystallize faster than high molecular weight
[5, 7]1. Hence, more perfect crystals (high T}, and also T,
the peak crystallization temperature) and narrower distri-
butions of lamellae or crystallite dimension (lower width at
half height of T}, and 7. peaks) for the blends than pure
HDPE were obtained. Such an increase in T, has been
reported in the case of iPP/EPM copolymer blends [8] at
10 wt% of the elastomer content. A similar change in T}, is
reported in the case of iPP/PIB; ) blends [9] and HDPE/
EPR copolymer blends also [10]. In S5q and S;( blends T},
and the temperature of onset of melting 7,,, of HDPE
phase is lower than that of pure HDPE. This decrease in
Tmo and Ty, in the case of higher rubber content blends is
due to the incorporation of SBR in the polymer chain that
might bring down the average crystal size. In a crystalline/
amorphous system, T, decreases with the addition of
amorphous polymer due to the kinetic effect of the amor-
phous phase, which may obstruct the growth of the lamellar
crystallites or the spherulites of the crystalline phase and
there by bringing down the average crystal size. Such a
decrease in the melting temperature was observed in the
case of polyamide blends with acrylonitrile—butadiene—
styrene copolymer (ABS). It has been reported [11, 12]
that, even with a complete incompatibility of both poly-
mers in the melt, the observed melting point might
decrease. The addition of SBR to HDPE decreases the heat
of fusion (AH) corresponding to the melting endotherm
(Table 3).

The effect of crosslinking of the SBR/HDPE blends on
the many aspects of fusion behavior of HDPE phase is also
studied. The melting endotherms of dynamically cross-
linked S;o blends are shown in Fig. 2. The characteristic
melting parameters of crosslinked S;o blends are given in
Table 4. Dynamic vulcanization of the blends had made
changes in the melting parameters. The melting endo-
therms of the crosslinked blends starts at a lower
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Table 5 Crosslink density of different S3o blends

Table 6 Crystallization parameters of HDPE in the blends

System Crosslink density v/mol/ml
Ss S 0.126 x 1073
Sio M 0.362 x 1073
S30 Dy 0.577 x 1073
Ss0 D, 0.981 x 1073
S30 D3 1.14 x 1073
S30 D 1.396 x 1073

temperature and has a lower peak temperature, compared
with those for the uncrosslinked blend. The melting tem-
perature of the crystallites in a crosslinked system is usu-
ally lower than that of the uncrosslinked material. In sulfur
and mixed systems the melting point depression is negli-
gible, which is ascribed to lower crosslink density values
compared to peroxide system. Crosslink densities of dif-
ferent vulcanized SBR/HDPE blends are given in Table 5.
Heat of fusion values, AH also decreased as a result of
vulcanization. Different parameters of uncrosslinked Ss3o
composition are also included in Table 4.

Crystallization behavior

The non-isothermal DSC thermograms of virgin HDPE and
its blends with SBR in the regions of crystallization,
recorded during the cooling scan are depicted in Fig. 3.
The parameters significant in the crystallization behavior
such as the temperature of onset of crystallization (7,),
which is the temperature where the thermogram initially
departs from the baseline on the high temperature side of

SO ———— — ) _
s10———mM8 —— —-'J". —

Exo up

S20 S\

S$30
850 —
S70 — —

| | 1 |
273 323 373 423 473

Temperature/K

Fig. 3 DSC crystallization exotherms of HDPE and SBR/HDPE
blends

System One set temp. Peak temp. AC x 10°/ Width at half ht
T./K TJ/K J/kg A/K

So 406.7 398.8 178.3 4.93

Si0 395.5 393.9 133.6 4.32

Sa0 395.7 394.2 113.7 3.08

S30 395.0 393.9 98.3 3.43

Sso 396.6 393.8 57.4 35

S70 396.1 3924 19.7 35

the exotherm, the peak temperature of the crystallization
exotherm (7,), the width at half height of the crystallization
peak (Aw) and the heat of crystallization (AC) are shown in
Table 6. Addition of increasing concentration of SBR to
HDPE resulted in a decrease in 7., of HDPE (398.8 K). A
decrease in T, in the blends clearly indicates that the
inclusion of a rubbery phase in HDPE results in delayed
nucleation. The difference between T, and T, values of
HDPE in the blends were lower than that for pure HDPE
(Table 6). Such a decrease in the difference can be attrib-
uted to an increase in the rate of crystallization [13, 14]. It
has been suggested that the small the difference between
the onset and peak temperature (7.,—7.), the faster the
overall crystallization rate. The onset temperature indicates
the beginning of the crystallization process, while the
maximum of the exothermic peak indicates the occurrence
of the spherulite impingement. The free expansion of
spherulites occurs between the onset and peak tempera-
tures. The increase in the peak crystallization temperature
of HDPE in the lower SBR content blends relative to virgin
HDPE suggested that the crystal growth of HDPE in the
blend would takes place at a higher temperature leading to
larger crystallite size, improved crystal perfection and
narrower crystallite size distribution. The addition of
elastomer up to ~30 wt% delayed the nucleation but
accelerated the rate of crystallization. But the incorporation
of SBR beyond 30 wt% seems to cause a decrease in the
spherulite growth rate. This behavior can be explained as
follows: the HDPE spherulites grow in the presence of
HDPE melt containing SBR domains as the dispersed
phase. This can be schematically represented in Fig. 4.
SBR was distributed both in the intra- and inter-spherulitic
regions. Spherulite size of HDPE also increased on initial
addition of SBR. But on addition of higher amounts of SBR
(>30%), the large number of nuclei created, dramatically
increase the rate at which the crystallizable polymer was
depleted from the amorphous phase and then occluded in
interspherulitic regions, acted as physical restraints to the
growth of the spherulites, there by retarding spherulitic
growth [15, 16]. In SBR/HDPE blends the presence of SBR
concentration above ~30 wt% decreased the crystalliza-
tion rate, owing to a decrease in the spherulite growth rate.
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Fig. 4 Illustrative idealization
of the crystalline structure of

SBR/HDPE blends \
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These conclusions are supported by the melting charac-
terization of the blends.

Figure 5 shows the plot of wt fraction crystallized with
time for SBR/HDPE blends. From the figure, it emerges
out that, the HDPE phase in all the blends crystallized
much faster than pure HDPE. Another important parameter
in describing crystallization kinetics is the crystallization
half time (7). It is defined as the time spent from the
onset of the crystallization to the point at which the crys-
tallization is 50% complete. It should be noted that the
reciprocal of the crystallization half time is often used to
characterize the overall rate of the crystallization process.
The crystallization half time is inversely related to the
crystallization rate, i.e., a large crystallization half time
corresponds to a slow rate of crystallization. Figure 6
illustrates the dependence of the amorphous content on the
crystallization half times of the corresponding binary
blends. Addition of SBR in the blend tremendously
decreases the crystallization half time of the HDPE phase
and a leveling-off of the parameter can be seen after
50 wt% SBR. This indicates that SBR is accelerating the
crystallization of the HDPE and is possibly acting as a
nucleating agent.

1.4
7D7$ﬂ
7.7510
12 —A—S,
—Vv=S,
= —o—5,
Z 10t .y
=]
< v
= 08 |
fg
17
g 0.6 |-
=} +,
.S
éf 04 |
[
v
0.2 (&)
00 1 1 1 1 1 1
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Crystallization time (¢)/sec

Fig. 5 The fraction transformed with time of SBR/HDPE blends
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The width at half height of the crystallization peak A,
related to the distribution of crystallite size; the narrower
the crystallite size distribution, the smaller will be the A,,.
On initial addition of 30 wt% SBR a drop can be seen in
A,,, which then level off to constant values with higher
rubber content. Decrease in A,, reveals that faster nucle-
ation results in almost simultaneous creation of most
crystallites that subsequently grow to form a more uniform
crystallite size distribution, where as slow nucleation does
not.

The effects of crosslinking on the crystallization process
are of relevance to our understanding of crystallization in
general. Figure 7 shows the DSC thermograms of the vul-
canized S3( blends and the thermal data are given in Table 7.

The vulcanized blends register higher onset crystalliza-
tion temperature (7T,,) values. A crosslinked network in the
blend affects the crystallization process through its influ-
ence on the diffusional mobility and also on the probability
of nucleation [3, 17, 18]. Among the crosslinked blends,
T, is the highest for S;yD blend and minimum for S3(S.
S3oM takes the medium position. This increase in crystal-
lization temperatures of the blends was ascribed to the
crosslinked SBR, which may acts as the nucleating agent.

190

180 g

170 -

160

150 -

140 -

Crystallization half-time (T1/2)/s

130 -

0 20 40 60 80
Wt Fraction of SBR/%

Fig. 6 Half-time of crystallization as a function of SBR content in
the blend
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Fig. 7 DSC crystallization exotherms of dynamically crosslinked Ssq
blends

Table 7 Crystallization parameters of HDPE in dynamically cross-
linked S5 blends

System One Peak AC x 10% Width at Crystallization
set TJK  Jikg half ht A,/ half-time/T"/S
T./K K

S30 3950 3939 983 3.43 133.3

S30S 3973 3946 1027 3.38 91.8

S;oM 399.2 3958 101.2 3.32 86.3

S30D 402.8 397.3 108.9 3.32 49.9

The crosslinking of the blend seems to decrease the peak
crystallization temperature slightly. However, the differ-
ence between the onset and peak temperature of crystalli-
zation (T.,—T.) is higher for all vulcanized blends
compared with that of unvulcanized one, indicating the
retarding influence of crosslinked SBR on HDPE spherulite
growth [3, 18]. The over all crystallization rate is the
combined effect of two mechanisms; namely nucleation
rate and growth rate. It is seen that the presence of small
dynamically crosslinked rubber particles, accelerates the
crystallization of the semi crystalline polymer HDPE,
which is attributed to the formation of a higher number of
nuclei during the process, due to better dispersion of the
elastomeric phase. The increase in the nucleation density
increased the crystallization rate, but due to the increase of
viscosity that the system undergoes with crosslinking
decreases the spherulite growth rate [19, 20]. Crystalliza-
tion of polymers proceeds via two process: diffusion and
absorption of the crystallizable polymer on the crystal
growth surface. The rigid crosslinked amorphous compo-
nent was unable to diffuse to the spherulitic growth sites
[13, 16]. The width of the crystallization exotherm (A)
measured at half height (Table 7) was also found to
decreased upon crosslinking, indicating faster nucleation.

Fig. 8 The fraction transformed versus time of dynamically cross-
linked Sz blends

The fraction transformed with time of the crosslinked
S3p blends is given in Fig. 8. It can be seen that the rate of
crystallization of the dynamically cured samples is higher
than those of uncrosslinked blends, which is reflected in the
notable decrease of the half time of crystallization. The
crystallization half times of S;y blend with different
crosslinking systems are tabulated in Table 7. This reduc-
tion in crystallization half time (7',) occurs as a result of
dynamic crosslinking. The decrease is more evident in the
case of S3gD system. The reduction observed for the half
time indicates that the crosslinked SBR bond to HDPE
molecule chain may increase the nucleation rate.

Crystallinity of SBR/HDPE blends

Crystallinity measurements offer a useful way to ascertain
the influence of SBR on the crystallization behavior of
SBR/HDPE blends. The percentage crystallinity X, of the
blend was calculated from the diffraction patterns as
explained in the experimental section.

Crystallinity of the material can also be estimated if the
latent heat of fusion of a perfect crystal is known. For
HDPE it is generally accepted that a value for the latent
heat of fusion in the neighborhood of 289.8 x 10* J/Kg is
appropriate. The heat of fusion value depends on the
crystallinity of the material and was calculated using the
relation ship:

AH
AH,

where AH, is the heat of fusion of 100% crystalline HDPE.
The values of the crystallinity degrees of HDPE in the
blends presented in Table 8. Addition of the amorphous
component SBR causes a serious drop in overall crystal-
linity of HDPE in the blends, which is due to the migration
of SBR into the crystalline phase of pure HDPE, reducing

X, = x 100 (3)
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Table 8 Degree of crystallization (Xc)/% of HDPE in SBR/HDPE
blends

System Degree of crystallization X./%
DSC XRD
So 74.8 79.4
Sio 51.5 56.2
S0 442 50.1
S30 38.0 425
Sso 18.4 234
S70 4.6 6.4
S30S 36.2 415
S3;0M 35.5 40.2
S30D 33.5 38.3

the crystalline domains of the HDPE sample. The crystal-
lization of HDPE segments is controlled by the segmental
diffusion rate of other polymeric chains. The separation is
enhanced as rubber content is increased. Incomplete crys-
tallization thus leads to decrease in AH and hence crys-
tallinity. Thus, the progressive addition of SBR results in
continuous decrease of crystallinity.

Crosslinking also produced a reduction in the crystal-
linities of the blends. The degree crystallinity of HDPE
phase in sulfur-cured SBR/HDPE system is 41.5%, which
is less than the corresponding uncrossslinked SBR/HDPE
system. Sulfur crosslinks the SBR phase in SBR/HDPE
system. It retards the crystallite growth rate and hinders the
crystallization of HDPE from the melt. In the mixed and
peroxide cured systems crystallinity got reduced still fur-
ther because dicumyl peroxide can react with polyethylene
in the melt unlike sulfur system. Crystallinity measure-
ments from DSC are also provided in the same table. As
can be seen, the degree of crystallinity of HDPE in dif-
ferent blends measured by XRD is higher than that deter-
mined by DSC. This is in tune with the observation that the
value of X. depends very much on the method of prepa-
ration of the sample and the technique of measurement.
The lower value of crystallinity from DSC as compared to
XRD has also been reported earlier [16, 17].

X-ray diffraction profiles (XRD)

The X-ray diffractograms of SBR/HDPE blends were taken
and examined in order to ascertain if changes in the fine
structure were induced while blending and vulcanization.
Figure 9 shows the XRD peak profiles of the virgin
HDPE and its blends. XRD of HDPE reveals high intensity
peaks, which correspond to the crystalline regions and low
intensity bands, correspond to the amorphous regions. The
distribution of the scattering intensity for a blend is a
superposition of contribution from each component. The
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Fig. 9 X-ray diffraction profiles of HDPE and SBR/HDPE blends

crystalline structure of HDPE is orthorhombic, with lattice
constant @ = 0.742 nm, b = 0.495 nm, and ¢ = 0.255 nm,
corresponding to 21.8° (110 plane), 24.3° (200 plane), and
36.5° (020 plane), respectively. For the blends the positions
of the Bragg diffraction peaks do not shift significantly
with respect to those of pure HDPE. This clearly indicates
that the crystal structure of HDPE remains unchanged upon
addition of different weight percentages of SBR, i.e.,
addition of SBR did not exert an effect on the crystalline
structure of the PE through out the composition range,
indicating the occurrence of no molecular level interaction.
As the SBR content in the blend increases, the intensity of
the crystalline diffraction peaks decreases and there is an
enhancement of the diffuse amorphous scattering. These
variations in the peak heights could be due to the variation
of the mean spherulite size or their distribution, deforma-
tion at the spherulite boundaries or any long-range order
induced in the structure by the dispersion of SBR domains
in the HDPE matrix [21, 22]. The width at half height of
the XRD peaks also increased upon the addition of SBR.
This also indicates the increase in amorphous nature of the
blends as compared to the virgin HDPE. Further more, the
d-values corresponding to different planes obtained from
XRD studies also increase with the initial addition of SBR
(Table 9). This is due to the migration of rubber particles in
the intra-spherulitic structure of HDPE [18, 20]. However,
when the SBR content increased to 50 wt% and above, the
d-values decreased than that of pure PE. This indicates that
the rubber particles have been occluded in the interspher-
ulitic regions due to the increased size of the rubber par-
ticles at higher concentrations [13, 16].

The XRD patterns of dynamically vulcanized S3y com-
positions are shown in Fig. 10. The XRD data of the
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Table 9 XRD parameters of SBR/HDPE blends

System Reflections
100 200 020
20/° d/nm 20/° d/nm 20/° d/nm
So 21.0 0.418 23.76 0.374 35.95 0.249
Sio 21.0 0.424 23.53 0.377 35.84 0.250
Sa0 20.82 0.426 23.87 0.375 36.14 0.252
RE 21.41 0.421 23.83 0.375 36.1 0.250
Sso 21.42 0.418 23.65 0.374 35.89 0.248
S70 21.84 0.412 2291 0.372 35.52 0.247
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Fig. 10 X-ray diffraction profiles of dynamically crosslinked Ssg
blends

Table 10 XRD parameters of dynamically crosslinked SBR/HDPE
blends

System Reflections

100 200 020

20/° d/nm 20/° d/nm 20/° d/nm
S30 21.41 0.421 23.83 0.375 36.1 0.250
S30 S 21.84 0.422 24.24 0.382 36.49 0.253
S3oM 21.84 0.426 24.22 0.386 36.48 0.256
S30D 21.65 0.426 24.13 0.386 36.39 0.256

crosslinked blends are given in Table 10. As can be seen,
crosslinking did not make any appreciable change in the 20
values corresponding to the position of the main XRD
peaks, i.e., dynamic curing did not alter the crystal struc-
ture of HDPE in the blends. The d-values are also reported
in the same table, corresponding to different planes. There
is an increase in d-values corresponding to different planes
as compared with the unvulcanized blend. The increase in
interplanar distance shows the appreciable migration of

rubber into the interchain space of HDPE. The width at half
height of the diffraction maxima was also found to increase
upon vulcanization, which revealed the presence of intra-
spherulitic dispersion of the crosslinked SBR. The increase
in the nucleation density in the polymer increases the
crystallization rate. These results thus provide support for
the DSC observation that dynamic vulcanization of SBR/
HDPE blends results in a better crystallization of HDPE
phase.

Conclusions

As expected, the effects of the amorphous polymer on the
nucleation, crystallization and crystallinity of the crystalline
polymer HDPE are by no means negligible. The addition of
SBR up to ~30 wt% delayed the nucleation, but acceler-
ates the rate of crystallization of HDPE. However, a large
amount of SBR content (>30 wt%) in the blends retards and
hinders the crystallization of the matrix polymer. The
presence of small rubber particles-dynamically crosslinked,
accelerates the crystallization of the matrix, which can be
attributed to the formation of a higher number of nuclei. The
nucleation effect causes an increase of the overall crystal-
lization rate. But due to the increased rigidity of the
crosslinked amorphous component, it was unable to diffuse
into the spherulitic growth sites, there by obstructing the
spherulite growth rate. This results in reducing the overall
rate of crystallization. For the uncrosslinked and cross-
linked SBR/HDPE blends, the positions of the Bragg dif-
fraction peaks do not shift significantly with respect to those
of neat HDPE, so no change in unit cell dimensions and
hence in crystal structure is apparent. From these results, it
was concluded that the processing conditions or preparation
method of dynamic curing did not alter the crystal structure
of HDPE. Blending of HDPE with small quantities of SBR
may accelerate the crystallization of HDPE. Crosslinking of
the blends also found to be effective in creating nucleation
sites for crystallization and also effective in enhancing
crystallization from the melt. To be a useful engineering
plastic material for injection molding applications, HDPE
must have the ability to crystallize rapidly, as it is cooled
from the melt. The rapid crystallization of HDPE from the
melt in the presence of SBR would be helpful in lowering
the mold temperature and shortening the mold cycle.
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