
Polymer 48 (2007) 6404e6414
www.elsevier.com/locate/polymer
Thermal and structural properties of blends of isotactic
with atactic polystyrene

Huipeng Chen, Hui Xu, Peggy Cebe*

Department of Physics and Astronomy, Tufts University, STC-208, 4 Colby Street, Medford, MA 02155, USA

Received 4 May 2007; received in revised form 24 July 2007; accepted 2 August 2007

Available online 8 August 2007

Abstract

Blends of isotactic polystyrene (iPS) with non-crystallizable atactic polystyrene (aPS) were studied by differential scanning calorimetry and
small angle X-ray scattering. The iPS/aPS blends, prepared by solution casting, were found to be miscible in the melt over the entire composition
range. Both quenched amorphous and semicrystalline blends exhibit a single, composition-dependent glass transition temperature, depressed
from that of either of the homopolymer components. Addition of aPS causes a decrease in crystallinity and in the rigid amorphous fraction,
and suppression of the reorganization/recrystallization of iPS during thermal scanning: only one melting peak is observed for blends with larger
aPS content. Formation and devitrification of the rigid amorphous fraction of iPS are also affected by aPS addition. The annealing peak, which is
due to the relaxation of rigid amorphous fraction in parallel with melting of a tiny amount of crystals, is retarded with an increase of the com-
position of aPS, resulting in the slow devitrification of RAF in parallel with the melting of large amount of crystals. X-ray scattering shows that
the long period in the iPS/aPS blends is greater than in the iPS homopolymer, and long period increases slightly as aPS content increases. Com-
parison of the volume fraction of phase 1 with the volume fraction crystallinity from DSC suggests that more and more amorphous phase is
rejected outside the lamellar stacks as aPS content increases. The effect of aPS addition is to reduce the confinement of the amorphous phase
chains. The cooperativity length, xA, which is calculated from thermal analysis of the Tg region, increases with aPS addition. The interlamellar
and extra-lamellar amorphous chains both contribute to the glass transition relaxation process.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polystyrene (PS) is a widely used engineering thermoplas-
tic with good thermal stability. Three steric isomers of polysty-
rene include the crystallizable isotactic (iPS) and syndiotactic
(sPS) forms, and non-crystallizable atactic (aPS) variant. The
thermal and structural properties of binary blends of sPS with
either iPS or aPS have been reported [1e3]. However, little
work has been performed on binary blends of iPS and aPS,
in which only the iPS component can crystallize [4e9]. The
phase structure controls many of the physical properties of
polymer blends, and we are particularly interested in studying
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the impact of the systematic addition of a non-crystallizable
component on the structure. Our group has investigated several
important binary blends of this type including poly(vinylidene
fluoride) (PVF2)/poly(methyl methacrylate) (PMMA) and poly-
(butylene terephthalate) (PBT)/polyarylate (PAr), both of
which have been extensively studied [10e13]. In the present
work, we investigate iPS/aPS blends, which are miscible in
the quenched amorphous state. Upon crystallization of the
iPS component, phase separation occurs. We utilize thermal
analysis and X-ray scattering methods to study the crystalline
and amorphous fractions, and the lamellar organization of
crystalline iPS/aPS blends over the entire composition range.

Many semicrystalline polymers cannot be described using
a conventional two-phase model comprising crystalline frac-
tion and amorphous fraction. A three-phase model, comprising
crystalline fraction (C), mobile amorphous fraction (MAF),
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and rigid amorphous fraction (RAF), has been applied in the
study of well-crystallized bulk film of isotactic polystyrene,
iPS [14e17]. Like other semicrystalline polymers such as
poly(ethylene terephthalate), PET [18], poly(etherether-
ketone), PEEK [19], poly(phenylene sulfide), PPS [20], the
RAF in iPS contributes neither to the heat of fusion of the
crystals nor to the heat capacity change at the glass transition
of the mobile amorphous phase. Layers of RAF were very thin
(normally 2e4 nm) compared with that of MAF (normally
10e200 nm) and often suggested to be associated with the la-
mella crystals as an interfacial layer. The rigid amorphous
fraction in blends has not yet been investigated widely. The
formation and/or relaxation, and location, of RAF in blends
of crystalline with non-crystalline polymers is still uninvesti-
gated. An interesting question arises whether the addition of
the non-crystalline blend partner, aPS, will affect the forma-
tion and/or devitrification of RAF.

There has been no literature yet reported on the melting
behavior of iPS/aPS blends. For well-crystallized iPS homo-
polymer, either melt- or cold-crystallized, the RAF is estab-
lished at the crystallization temperature, in parallel with the
formation of crystals [14e17]. Three endothermic peaks are
observed for the cold-crystallized iPS [14,15]. The lowest tem-
perature peak is called the annealing peak. The other two en-
dotherms, occurring at higher temperature, were assigned to
the melting of crystals. Multiple melting peaks, with tempera-
tures higher than the annealing peak, have been observed for
both melt- and cold-crystallized iPS [14e17]. Several models
have been proposed to explain this occurrence. One model is
a meltingerecrystallizationeremelting model, in which the
lower endotherm is due to the melting of original crystals
and the higher one is due to the melting of crystals that re-
crystallized during heating after melting of the original crys-
tals [21e25]. Another model is the dual-lamellar stack model,
in which the multiple melting peaks are due to melting of two
coexisting lamellar populations with different perfections
[14e16,26,27]. Liu and Petermann, using transmission elec-
tron microscopy during heating, suggested this mechanism
for iPS homopolymer [26]. At the annealing peak, no iPS crys-
tals melted. IPS lamellae became ‘‘broken’’ at the lower of the
two major melting endotherms, Tm1. The broken lamellae be-
came repaired between Tm1 and Tm2, which appeared as an
exothermic peak in the DSC scan. Finally, the remaining parts
of the lamellae melted at the uppermost endotherm, Tm2. Liu
and Petermann suggested that crystal perfection varied within
a single lamella because of tacticity variations [26], a result
suggested by their earlier work [28], but they did not rule con-
tributions from melting of a re-crystallized population during
heating [26]. Our thermal study of iPS [14] supported the re-
sults of Liu and Petermann, and we suggested that the anneal-
ing peak was due to the devitrification of the RAF, possibly
occurring in parallel with melting of some of crystals. An in-
teresting question is whether the presence of aPS will affect
the melting behavior of iPS lamellar crystals.

In the present work, binary blends of iPS with aPS were
studied after melt-crystallization. We investigate the thermal
properties and formation and devitrification of RAF for the
iPS/aPS blends by differential scanning calorimetry (DSC).
APS did impact the development of crystals and RAF, and
inhibits the observation of the highest melting endotherm.
Using small angle X-ray scattering (SAXS) combined with
calorimetry, we investigated the lamellar structure for iPS/
aPS blends.

2. Experimental section

2.1. Materials

Isotactic (90%) polystyrene powder with a weight average
molecular weight of 400,000 g/mol and atactic polystyrene
beads with a weight average molecular weight of 45,000 g/mol
and density of 1.06 g/cm3 were purchased from Scientific
Polymer Products, Inc. iPS and aPS were dissolved separately
in cyclohexanone with gentle heating to form stock solutions
with concentrations of about 2% by weight of polymer. iPS/
aPS blends were prepared by mixing the stock solutions to
achieve the following weight ratios of iPS to aPS: 100/0, 90/
10, 75/25, 65/35, 50/50, 40/60, 30/70, 10/90, and 0/100. Films
of the blends were cast from solution, dried in a vacuum oven
for several days, and then further dried at 210 �C for 30 min
before being used in thermal measurements. The blends
were heated to 250 �C for 2 min to eliminate crystal nuclei
and then cooled at 20 �C/min and melt-crystallized at
190 �C for 12 h in a Mettler FP90 hot stage.

2.2. DSC measurements

DSC studies were carried out using TA Instruments temper-
ature modulated DSC (TA Q100 and TA 2920 MDSC). Indium
was employed for the temperature and heat flow calibration.
The heat capacity was evaluated with respect to sapphire stan-
dard. Dry nitrogen gas was purged into the DSC cell with
a flow rate of 50 mL/min. DSC measurements were performed
at heating rates of 2 �C/min and 10 �C/min. Three runs were
performed to obtain the heat capacity of all samples [14,29].
The first run is empty Al sample pan vs. empty Al reference
pan to obtain baseline correction. The second run is sapphire
standard vs. empty Al reference pan to calibrate heat flow am-
plitude. The third run is sample vs. the empty reference pan.
All the empty Al reference pans and sample pans were kept
at the same weight. The sample mass was kept at about 5e
6 mg. Endotherms are presented with downward deflection
in our scans.

Crystallinity was determined from the area of the DSC en-
dotherm using 86.59 J/g as the heat of fusion of 100% crystal-
line iPS [30]. To compare crystallinity obtained with different
methods, DSC mass fraction crystallinity, cc, was converted to
volume fraction crystallinity, fc, using the amorphous and
crystalline densities of iPS (ra¼ 1.06 g/cc and rc¼ 1.11 g/cc,
respectively [30]):

fc ¼ ðccraÞ=ðrc � ccðrc � raÞÞ: ð1Þ
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2.3. X-ray scattering measurements

Wide and small angle X-ray scattering (WAXS, SAXS)
intensity data were collected in transmission mode at
Brookhaven National Laboratory, National Synchrotron Light
Source at the X27C beam line. Two one-dimensional, gas
filled wire detectors were used for WAXS and SAXS data col-
lection. The wavelength (l) was 0.1371 nm and the scattering
vector, q (q¼ 4p sin q/l, for q the half-scattering angle), was
calibrated using silver behenate for SAXS, and silicon and so-
delite for WAXS. Scattering patterns were recorded for 300 s
at room temperature. The raw intensity data were corrected
for detector linearity, sample absorption, background scatter-
ing, and changes in incident beam intensity. The Bragg long
period (LB) was determined from the position of the peak in
the Lorentz-corrected SAXS intensity, I(q)q2 vs. q.

After preliminary corrections, the final intensity, Icorr(q),
used for the calculation of the correlation function is deter-
mined. Behind the beam stop, the intensity is extrapolated
from its value at the pixel location of the beam stop linearly
to zero at q¼ 0. At high scattering vector, Icorr(q / N) is cor-
rected to account for deviations from Porod’s law behavior and
thermal density fluctuations. The intensity at high q can be
written as [31]:

Iobsðq/NÞ ¼ IidealðqÞH2ðqÞ þ IFL ð2Þ

where Iideal¼Kp/q4 (Kp is Porod’s law constant); IFL is a back-
ground due to short range fluctuations in the sample density
[31]; and H2(q) is the Fourier transformation of the autocorre-
lation of the smoothing function, describing the deviations
from Porod’s law behavior caused by finite interphase thick-
ness [32]. We assume a sigmoidal shape for the interphase
geometry so that the form of H2 is [32]:

H2ðqÞ ¼ exp
�
E2q2

�
ð3Þ

where the parameter, E, is a measure of the width of the inter-
phase. At high q-vector, the intensity data are fitted with three
adjustable parameters (Kp, IFL, E ).

The normalized one-dimensional electron density correla-
tion function, K(z), is evaluated along the direction, z, normal
to the lamellar stacks from [33]:

KðzÞ ¼
ZN

0

q2IcorrðqÞcosðqzÞdq=

ZN

0

q2IcorrðqÞdq ð4Þ

The parameters: long period, LMAX; thickness of phase 1, d1;
and V1, the volume fraction of phase 1 within the lamellar
stacks from the self-correlation triangle, are determined
according to the method of Strobl and Schneider [34].
3. Results and discussion

3.1. Thermal analysis of the glass transition region

Fig. 1 shows the DSC thermograms for iPS/aPS blends in
the vicinity of the glass transition after crystallization at
190 �C for 12 h. All the iPS/aPS blends exhibit a single glass
transition temperature (Tg) and the Tgs of the blends lie at tem-
perature below those of the pure components. The appearance
of a single, composition-dependent Tg for the iPS/aPS blends
indicates that the blends exhibit a homogeneous amorphous
phase structure and that iPS is completely miscible with aPS
over the entire composition range. Glass transition tempera-
tures are summarized in Table 1.

Several relationships have been proposed to describe the
dependence of Tg on the composition of miscible polymer
blends [35e40]. Here we use Tsutsui’s equation [37e39] to
describe the Tgecomposition relationship:

Tg ¼
�
W1Tg1þW2Tg2

��
ðW1þ kW2Þ þ pW1W2=ðW1þ kW2Þ

ð5Þ

where Tg is the glass transition temperature of the blends; Tg1

and Tg2 are those of pure components (1 for iPS, 2 for aPS);
W1 and W2 are the weight percents of iPS and aPS, respec-
tively; k is an adjustable fitting parameter which can be taken
as a quantity characterizing the strength of intermolecular in-
teractions. The first term on the right-hand side of Eq. (5) is
the GordoneTaylor equation [36]. The second term represents
intermolecular specific interactions in the mixture, accounting
for effects of the rearrangements in the neighborhood of the
molecular contacts. Some self-association interactions are
broken and some inter-association interactions are formed
[38,41]. Also there are some different forms for the second
term. For example, Kwei [38] used ( pW1W2) for the second

Fig. 1. DSC thermograms showing the glass transition region of iPS/aPS

blends with the indicated compositions, melt-crystallized at 190 �C for 12 h

and heated at 10 �C/min. Ordinate values have been normalized for total

sample mass. The curves have been displaced vertically for clarity.
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Table 1

Thermal properties of iPS/aPS semicrystalline blendsa: glass transition temperature and heat capacity increment, crystal (C), mobile amorphous (M) and rigid

amorphous (R) fractions

iPS/aPS Tg (�C),

�0.2

DCp (J/g K),

�0.001

cC
b,

�0.01e
cC

c,

�0.001e
cM

f,

�0.002

cR
d,

�0.003

cR/cC,

�0.05

100/0 94.0 0.183 0.36� 0.02 0.37� 0.01 0.541 0.093 0.25

90/10 93.1 0.192 0.338 0.34� 0.01 0.569 0.089 0.26

75/25 89.7 0.208 0.309 0.313 0.615 0.072 0.23

65/35 87.6 0.222 0.276 0.278 0.655 0.067 0.24

50/50 85.6 0.248 0.204 0.208 0.733 0.059 0.28

40/60 83.6 0.282 0.110 0.106 0.833 0.061 0.57

30/70 81.9 0.308 0.045 0.042 0.911 0.047 1.2

10/90 79.8 0.313 0.020 0.019 0.926 0.045 2.4

0/100 98.3 0.339 0 0 1 0 e

a Crystallized isothermally at 190 �C for 12 h.
b Obtained from heat of fusion, using Eq. (7).
c Obtained from heat capacity, using Eq. (10).
d Obtained from Eq. (11) using cC determined from heat capacity, using Eq. (10).
e Error limits, unless otherwise noted.
f Obtained from DCp using Eq. (8).
term. The values of p were found to be positive in some
mixtures but negative in others [35e40].

Fig. 2 shows the glass transition temperature vs. aPS con-
tent for semicrystalline iPS/aPS blends, crystallized at
190 �C for 12 h (solid circles). Also shown for comparison
are the glass transition temperatures of quenched amorphous
iPS [15] and blends (open circles). Melt-crystallized samples
generally have a slight increase of Tg compared to the
quenched amorphous samples. Addition of aPS also
systematically drives the glass transition temperature to lower
values. Tgs of the semicrystalline iPS/aPS blends can be fitted
using Eq. (5) with k¼ 0.015 and p¼�18. For the quenched
amorphous and blends, the fitting parameters k and p are
0.015 and �21, respectively. The large negative value of p in-
dicates a strong intermolecular interaction between aPS and
iPS [38e40] regardless of whether the sample is amorphous
or crystalline.

Fig. 2. Glass transition temperature vs. aPS content for iPS/aPS blends. Open

circles e wholly amorphous blends; filled circles e blends crystallized at

190 �C for 12 h. Dashed line is the best fit to the semicrystalline blend data

using Eq. (5) with k¼ 0.015 and p¼�18.
The glass transition region was analyzed using the method
of Schick and Donth [42] to determine the cooperativity
length, xA. According to Schick and coworkers [42,43], the co-
operativity length, xA, can be determined from thermal param-
eters and indicates the level of confinement of amorphous
chains. The radius, xA, of cooperative regions of (assumed
spherical) volume, VA, can be found from [42,43]:

VA ¼ kBT2
gDð1=CVÞ=ðdTÞ2r¼ ð4p=3Þx3

A ð6Þ

where kB is Boltzmann’s constant; CV is the specific heat cal-
culated from Cp at the glass transition by the Nernst equation;
and r is the sample density. The mean temperature fluctuation,
dT, is estimated from the width of the glass transition step
(DT ) as [42,43] dT w 0.4DT. For crystalline iPS/aPS blends,
the thermal parameters and calculated cooperativity length,
xA, are listed in Table 2.

As aPS content increases from 0% to 50%, the MAF in-
creases while both the crystal fraction and the RAF decrease.
However, the crystalline fraction does not have a major influ-
ence on the Tg value: from Fig. 2, the quenched amorphous
and semicrystalline blend samples have nearly the same Tg at
each aPS composition. The major influence is the aPS content,
which affects Tg and thus also the cooperativity length in iPS/
aPS blends. The value of xA increases steadily with aPS addi-
tion. Thus, the large mode lengths of the cooperatively rearrang-
ing regions [44] are enhanced by the aPS addition, as indicated
by the decrease in Tg, and increase in cooperativity length.

3.2. Thermal analysis of the melting region

Fig. 3a and b shows the normalized heat flow vs. tempera-
ture in the vicinity of crystal melting, for different composi-
tions of iPS/aPS blends isothermally melt-crystallized at
190 �C, scanned either at 10 �C/min (Fig. 3a) or at 2 �C/min
(Fig. 3b). The curves are presented with the same scaling,
but are displaced vertically for clarity. The heat flow has
been normalized for total sample mass. The heat flow of
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Table 2

Thermal parametersa for semicrystalline iPS/aPS blends: transition width, volume and radius of cooperativity region

iPS/aPS 100/0 90/10 75/25 65/35 50/50 40/60 30/70 10/90 0/100

DT (�C) �0.1 12.9 9.7 8.4 8.4 8.7 8.8 7.4 6.1 5.0

VA (10�27 cm3) �0.05 4.53 8.48 10.63 11.84 11.41 12.64 18.92 29.05 56.01

xA (nm) �0.02 1.02 1.27 1.37 1.42 1.41 1.45 1.66 1.91 2.83

a Crystallized isothermally at 190 �C for 12 h.
crystallized iPS shows three endothermic peaks labeled Pa

(annealing peak), Pm1 (lower melting peak) and Pm2 (higher
melting peak) in the order of temperature from low to high.
Between the two melting peaks, a recrystallization exotherm
(Prec) can be observed in some scans (for example, in Fig. 3a
and b for pure iPS). With an increase of the aPS component,
both Prec and Pm2 became smaller and eventually disappear.

Fig. 3. DSC heat flow vs. temperature for iPS/aPS blends with the indicated

compositions melt-crystallized at 190 �C for 12 h. Ordinate values have

been normalized for total sample mass, but not for composition of aPS. The

curves have been displaced vertically for clarity. Heated at: (a) 10 �C/min;

(b) 2 �C/min.
Fig. 4 shows the melting temperatures vs. aPS content of
iPS/aPS blends after DSC scanning with different heating
rates. Melting temperature of Pm1 (Tm1) appears over the entire
composition range regardless of the heating rate, and de-
creases with an increase of the aPS component. Melting tem-
perature of Pm2 (Tm2) also decreases with an increase of the
aPS component, but disappears when the aPS composition rea-
ches 25% (when heating at 10 �C/min), or 90% (when heating
at 2 �C/min).

3.3. Crystalline and rigid amorphous fractions

Semicrystalline iPS has been described with a three-phase
model, comprising crystalline, mobile amorphous, and rigid
amorphous fractions [14e17]. The degree of crystallinity
(cC) is obtained from:

cC ¼ DHf

�
meas

��
DHf ð7Þ

where DHf (meas) is the measured heat of fusion from DSC at
a heating rate of 10 �C/min, and is determined by integrating
the endothermic heat flow from 180 �C to 240 �C.

Since the blends exhibit a single glass transition process,
the fraction of the mobile amorphous phase (cMA) in the semi-
crystalline iPS/aPS blend can be calculated directly from the
ratio of the heat capacity increment of the semicrystalline

Fig. 4. Melting temperatures of iPS/aPS blends, Tm1 (circles) and Tm2

(squares) vs. aPS content, determined from DSC by heating at either 2 �C/

min (filled symbols) or 10 �C/min (open symbols).
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Fig. 5. Specific heat capacity vs. temperature obtained from standard DSC of iPS/aPS blends: (a) 100/0, (b) 75/25, (c) 50/50 and (d) 10/90 e solid curve. Line 1

(dashed) is the heat capacity Cp
liquid of 100% liquid, while line 2 (dashed) is the heat capacity of 100% solid, using the data taken from the ATHAS data bank [47].

Cp
calc, line 3 (dashed) is determined from Eq. (9) for the blends.
sample, DCp
sc, to that of the wholly amorphous sample, DCp0,

at the glass transition, using [45,46]:

cMA ¼ DCsc
p =DCp0 ð8Þ

iPS and aPS have the same heat capacity for 100% solid,
Cp

solid, and 100% liquid, Cp
liquid. In addition, for both aPS and

iPS, the measured heat capacity increment of the amorphous
material at Tg is DCp0¼ 0.3378 J/g K [15], which is very close
to the data from the ATHAS data bank which gives
DCp0¼ 0.3386 J/g K [47].

Fig. 5aed shows the specific heat capacity of pure iPS and
several blends. The dotted lines represent the values of Cp

solid

and Cp
liquid, taken from the ATHAS data bank [47], which agree

well with the measured data for the heat capacity below Tg, and
above the melting point, respectively. The dashed lines labeled
(3) represent the calculated heat capacity, Cp
calc, for these two

samples, under the assumption that all the MAF has relaxed
to the mobile liquid state, and only the crystals and RAF
remain in the solid state (i.e., csolid¼ ccþ cRA¼ 1� cMA).
The calculation uses:

Ccalc
p ðTÞ ¼ csolidCsolid

p ðTÞ þ cMACliquid
p ðTÞ ð9Þ

cC and cRA data from Table 1 were used in the calculation and
from Fig. 5 we see that there is a good agreement between the
calculated line and the measured data curve above the glass
transition heat capacity step, and the slope of the calculated
heat capacity (i.e., slope of line 3) lies between the slopes of
the (dotted) lines for Cp

solid(T ) and Cp
liquid(T ).

Euler’s equation was used to calculate the change of
crystallinity with temperature using [14,48,49]:
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Cexp
p ðTÞ ¼ csolidCsolid

p ðTÞ þ
�
1� csolid

�
Cliquid

p ðTÞ
� ðdcC=dTÞDHfðTÞ ð10Þ

where Cp
exp(T ) is the experimentally measured specific heat

capacity, cC is the temperature-dependent crystallinity and
DHf(T ) is the temperature-dependent heat of fusion corrected
for undercooling by the factor f¼ 2T/(Tþ Tm

N) [14,48,49]
using 242 �C as the infinite crystal melting point, Tm

N

[14,48,49]. The results are presented in Fig. 6 for the blends.
There is no apparent change in cC before melting for the
blends with weight percent of aPS less than 70%. For the
blends with larger weight percent of aPS, such as 70% and
90% (see bottom two curves in Fig. 6), cC increases slowly
during the heating before melting. The temperature at which
cC becomes zero decreases as the aPS composition increases.

The fraction of the rigid amorphous phase, cRA, is calcu-
lated in the normal way from a three-phase assumption using:

cRA ¼ 1� cMA� cC ð11Þ

The rigid amorphous fractions are listed in Table 1. Fig. 7
shows cRA and the ratio cRA/cC vs. aPS content. On the as-
sumption that the RAF constitutes an interfacial layer next
to the crystal lamellar surfaces, then the ratio cRA/cC refers
to the RAF content in relation to the crystal content. As aPS
increases, from homopolymer iPS up to and including the
iPS/aPS 50/50 blend, there is no change in the ratio cRA/cC.
Over this composition range, the iPS crystallinity has de-
creased from 0.37 to 0.21 (see Table 1). The rigid amorphous
fraction keeps pace with the crystallinity changes, until the
aPS content increases beyond 50% at which point cRA/cC in-
creases sharply. In homopolymer PET [18], Androsch and
Wunderlich suggested that improvement in the crystal perfec-
tion could cause cRA/cC to decrease, as a result of decrease

Fig. 6. Weight percent crystallinity, calculated from Eq. (10), vs. temperature

for iPS/aPS blends crystallized at 190 �C for 12 h, with the indicated compo-

sitions. Blends are heated at 10 �C/min.
in the strain transmitted to the amorphous phase. Here, the
increase in cRA/cC may be related to a decrease of crystal
perfection, and increase in the amount of strain between the
lamella and the amorphous phase at high content of aPS.

Summarizing the results of thermal analysis, the crystal and
rigid amorphous fractions both decrease, while the mobile
amorphous fraction increases, as aPS content increases. Addi-
tion of aPS causes the glass transition temperature to be de-
pressed. The role of crystals in confining the amorphous phase
(causing Tg to shift up in temperature, as observed in iPS homo-
polymer) is ameliorated by the strong intermolecular interaction
between the aPS and the iPS, which mobilizes the amorphous
chains (causing Tg to shift down in temperature). The coopera-
tivity length steadily increases as aPS content increases.

Even small addition of aPS causes the endothermic anneal-
ing peak, PA, to vanish. The annealing peak, which is due to
the relaxation of rigid amorphous fraction in parallel with
melting of a tiny amount of crystals, is retarded with an in-
crease of the composition of aPS, resulting in the slow devit-
rification of RAF in parallel with the melting of large amount
of crystals. Both of the higher melting peaks, Pm1 and Pm2,
move to lower temperature with aPS addition. Tm2 decreases
most likely as a result of inability of the iPS crystals to reor-
ganize during DSC scanning. Furthermore, the uppermost en-
dotherm peak is steadily suppressed by aPS addition (as it is
with faster heating rate), consistent with suppression of the
ability of the iPS crystals to reorganize or recrystallize during
DSC scanning. The inability of iPS crystals in iPS/aPS blends
to reorganize in blends with the higher aPS contents may be
related to lamellar stack morphology, i.e., a reduced amount
of mobile amorphous phase located between the lamellar
stacks, a suggestion that will be examined in the next section.

3.4. X-ray scattering studies

Wide angle X-ray scattering intensity is shown in Fig. 8a
for iPS/aPS blends crystallized at 190 �C for 12 h. Miller indi-
ces are shown above the major reflections. The (211) peak de-
creases as the content of aPS increases, as shown by the arrow

Fig. 7. Phase fractions for crystallized iPS/aPS blends vs. aPS content. Rigid

amorphous fraction, cRA (squares) and ratio of the rigid amorphous fraction to

the crystalline fraction, cRA/cC (circles).
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in the figure. The WAXS peaks become less distinct, and the
degree of crystallinity, judged qualitatively from the relative
area of the crystal reflections to the total coherent scattering,
decreases with an increase in aPS content. SAXS data for
blends with different aPS content are shown in Fig. 8b.

Observation of the Bragg peak indicates that the iPS/aPS
blends can be considered to comprise two-dimensional lamel-
lar stacks, with alternating crystal and amorphous regions as
has been done for iPS [50,51]. The Bragg scattering peak in
the I(q) vs. q plots is weak, because of the close values of
amorphous and crystalline bulk density, which results in
weak scattering contrast from the lamellar stacks. No SAXS
scattering peak could be detected in blends with aPS content
greater than 60%. In spite of weak SAXS peaks in I vs. q plots,
the Lorentz-corrected intensity shows a clear peak but is
omitted for the sake of brevity.

The Lorentz-corrected intensity, I(q)q2 vs. q, was used to
determine the one-dimensional electron density correlation
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Fig. 8. X-ray scattering results (l¼ 0.371 nm) for iPS/aPS blends at the com-

positions indicated. (a) WAXS intensity vs. scattering angle, 2q. Miller indices

are shown above the major reflections. (b) SAXS intensity vs. q-vector.
function according to Eq. (4), from which the lamellar stack
parameters were obtained. Typical results for K(z) are shown
in Fig. 9a and b for iPS/aPS 100/0 and 75/25, respectively.
Using the method of Strobl and Schneider [34], the first maxi-
mum past z¼ 0 is the lamellar stack periodicity, LMAX. The
thickness of one phase, d1, is found as shown in Fig. 9a,
from the self-correlation triangle. Table 3 lists SAXS parame-
ters of iPS/aPS blends. Included in the table are the volume
fractions of phase 1, V1, determined from either d1/LMAX or
from the self-correlation triangle using j�Aj/(j�Aj þQ) [34].
For comparison, the volume fraction crystallinity, f1, from
heat capacity analysis is also listed in Table 3.

The lamellar stack parameters are plotted in Fig. 10a and b.
Bragg long period, LB, from the maximum of I(q)q2 vs. q is
compared to LMAX in Fig. 10a. LB (open squares) is nearly al-
ways greater than LMAX (filled circles), which is typical. One

Fig. 9. One-dimensional electron density correlation function, K(z), vs. z, the

dimension perpendicular to the lamellar stacks, for iPS/aPS blends: (a) 100/

0 and (b) 75/25. In part (a), the first maximum past z¼ 0 indicates the long

period, LMAX. The thickness of phase 1, d1, is found from the z-coordinate

of the intersection of the linear fit of the data at low z, with the baseline at

�A, according to the method of Strobl and Schneider [34]. The self-correlation

triangle has sides d1 and j�Aj þQ.
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exception (for 60% aPS) is within the error bars on the mea-
surement. From this plot we conclude that the lamellar stack
period is greater in all the blends compared to homopolymer
iPS. As the aPS content increases, there is a slight trend for
the lamellar stack period to increase.

Fig. 10b compares the volume fraction crystallinity f1

(filled squares) and V1 from d1/LMAX (open circles). f1, deter-
mined from heat capacity measurements, decreases steadily as
aPS content increases. V1 and f1 are very close in iPS homo-
polymer and 90/10 iPS/aPS blend and V1 is much greater than
f1 in the blends with aPS content higher than 25%. From
Babinet’s principle of reciprocity, the thickness of phase 1
from SAXS cannot be assigned unambiguously either to the
crystalline or to the amorphous layer. But V1 could be assigned
to crystalline volume fraction and V2 to amorphous volume
fraction within the lamellar stacks with the help of DSC re-
sults. To determine the morphology and the location of amor-
phous fraction of the blends, we treat each blend individually
by comparing the linear crystallinity V1 from SAXS with the
crystallinity f1 from DSC. Thus, in iPS homopolymer and
in the 90/10 blend, V1 and f1 are very close, suggesting that
the amorphous fraction is located inside the lamellar stacks.
V1 is much greater than f1 in the blends with aPS content
greater than 25%. The departure of V1 from f1 suggests that
a part of the amorphous phase is outside the lamellar stacks
in interfibrillar or interspherulitic regions.

For a two-component polymer blend, there are three loca-
tions for the mobile amorphous fractions, commonly known
as interlamellar region (between lamellae), interfibrillar region
(between lamellar bundles), and interspherulitic region (be-
tween spherulites). Warner and coworkers [4] studied mixtures
of iPS with aPS, where the content of aPS ranged from 0% to
30%. Using SAXS they found no apparent change in Bragg
long period with an increase of aPS, and concluded that aPS
was trapped in the interfibrillar region of the iPS spherulites,
and additionally, the melting temperature was constant for
all the blends they studied. The miscibility of their blends

Table 3

Structural parameters of semicrystalline iPS/aPS blends

iPS/aPS

100/0 90/10 75/25 65/35 50/50 40/60

LB
a (nm, �0.2) 11.7 14.5 15.3 16.6 15.1 15.6

LMAXb (nm, �0.2) 11.0 14.1 14.2 15.4 14.8 15.9

d1
c (nm, �0.2) 4.1 5.0 5.3 5.2 4.1 4.7

V1
d (%, �2) 37 35 37 34 28 29

V1
e (%, �2) 35 34 34 33 28 29

f1
f (%, �1) 35 33 30 27 20 11

LR (nm, �0.2) 1.1 1.3 1.3 1.3 1.3 2.6

LMi (nm, �0.2) 6.5 8.2 8.7 10.1 8.7 7.3

fMi (%, �2) 56 55 49 52 42 17

fMo (%, �2) 0 0 14 15 32 66

a Long period determined from the peak in I(q)q2 vs. q.
b Long period determined from the first maximum past z¼ 0 in K(z).
c Phase 1 thickness determined from the self-correlation triangle (see

Fig. 9a).
d Volume fraction of phase 1, from d1/LMAX, expressed as a percent.
e Volume fraction of phase 1, from j�Aj/(j�Aj þQ), expressed as a percent.
f Volume fraction crystallinity from heat capacity analysis, using Eq. (1).
was not reported. Wang and coworkers [1] studied sPS/aPS
blends using TEM, and concluded that added aPS molecules
are rejected outside the sPS lamellar stacks, located within
interfibrillar or interspherulitic regions.

Our miscible blends of iPS and aPS are different from
Warner’s: both lamellar thickness and Bragg long period
change with an increase of aPS. And, although the lamellar
thickness increases, the melting temperature decreases slightly
(see Fig. 4). Yeh and Lambert [7] suggested that the melting
temperature for iPS/aPS blends is depressed with aPS molec-
ular weight below 51,000 g/mol but was constant above
51,000 g/mol. So the difference between Warner’s results
and ours is likely to be due to the different molecular weights
of aPS (270,000 g/mol for Warner and 45,000 g/mol for our
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Fig. 11. Schematic representations of the structural models for representative semicrystalline iPS/aPS blends: (a) aPS< 25%; (b) aPS> 25%. Crystal lamella (C e
light grey), rigid amorphous layer (R e dark grey), mobile amorphous layer inside or outside the lamellar stacks (Mo, Mi e white). LC, LMi, LR are the thicknesses

of the crystal lamella, mobile amorphous layer inside the lamellar stacks, and rigid amorphous layers, respectively. The Bragg long period, LB, comprises one

lamellar crystal and the intervening amorphous phase. The dashed lines indicate that the lamellar thickness remains about the same, rigid amorphous layer thick-

ness decreases, and the Bragg long period increases as a function of aPS content.
work). Different molecular weights can result in the different
locations of aPS, causing the aPS component to affect the iPS
lamellae differently.

The scheme of the lamellar structures is presented in
Fig. 11a and b for two different aPS ranges, aPS� 25% and
aPS> 25%, respectively. The phase structure shows crystal-
line lamellae, C, mobile amorphous, M, and rigid amorphous,
R, fractions and their organization. The mobile amorphous
fraction inside (Mi) or outside (Mo) the stacks is indicated.
As shown in the figure, the long period, LB, comprises the
crystal thickness, LC, two rigid amorphous layer thicknesses,
LR, and the thickness of the mobile amorphous fraction within
the stack, LMi. The corresponding volume fractions of the
amorphous phase inside or outside the stack are designated
as fMi or fMo. On the assumption that the crystal thickness
can be associated with the thickness of phase 1 from the cor-
relation function analysis, then the quantities LR, LMi, fMi and
fMo can be directly obtained by using:

LR ¼ fRLC=f1 ¼ ð1�f1Þ½cRð1� cCÞ�d1=f1 ð12Þ

LMi ¼ LB� d1� LR ð13Þ

fMi ¼ LMif1=d1 ð14Þ

fMo ¼ 1�f1�fR�fMi

¼ 1�f1� ð1�fCÞ½cR=ð1� cCÞ� �fMi ð15Þ

where fR is the volume fraction of the rigid amorphous phase.
The results of these calculations are shown in Table 3. Values
of LR, while small, are quite similar to what we observed be-
fore in homopolymer iPS [50]. With an increase of aPS con-
tent, more amorphous phase is rejected outside the lamellar
stacks, a result that is similar to what was observed in sPS/
aPS blends [1]. Comparing the results of Tables 2 and 3, we
see that LR is always less than 2xA while LMi is always larger
than 2xA, a result similar to what we observed with iPS homo-
polymer [50]. The LMi> 2xA suggests that the amorphous
phase within the lamellar stacks is large enough to undergo
the cooperative segmental motions needed for expression of
the long mode lengths of the glass transition. Thus, it is likely
that in blends with the larger aPS contents, the interlamellar
(Mi) and extra-lamellar (Mo) amorphous chains (including
both interfibrillar and interspherulitic amorphous chains)
both can contribute to the glass transition.

As is known generally, observation of a single Tg suggests
full miscibility within a region of the order 20e40 nm, but it
does not imply full miscibility on a smaller, more localized
size scale [52,53] where heterogeneity may exist. For exam-
ple, the blend system poly(vinyl phenol)/poly(methyl meth-
acrylate), PVPh/PMMA, has been observed to exhibit only
a single Tg based on DSC studies [54]. However, two relaxa-
tions related with the glass transition were found by using dy-
namic mechanical analysis [55], and these were suggested to
arise from micro-heterogeneous regions, i.e., to different local
organizations, even though the blends were miscible [53]. This
phenomenon also has been found in other polymer blends such
as poly(3-caprolactone)/chlorinated polyethylene, PCL/PECl
[52], and poly(vinyl chloride)/PCL, PVC/PCL [53]. In our
case, the iPS/aPS blends are also fully miscible based on the
single Tg, but possess different microstructures, including dif-
ferent degrees of crystallinity, different RAF fractions, differ-
ent locations of the mobile amorphous fraction, and different
cooperativity lengths.

4. Conclusions

1. Thermal analysis shows that the crystal and rigid amor-
phous fractions both decrease, while the mobile amor-
phous fraction increases, as aPS content increases.

2. Addition of aPS causes the glass transition temperature to
be depressed. The role of crystals in confining the amor-
phous phase (causing Tg to shift up in temperature) is ame-
liorated by the strong intermolecular interaction of the aPS
which mobilizes the amorphous chains (causing Tg to shift
down in temperature).

3. Even small addition of aPS causes the endothermic an-
nealing peak, PA, to vanish. Both of the higher melting
peaks Pm1 and Pm2 move to lower temperature with aPS
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addition. At high aPS content, above 50%, aPS addition
results in the formation of less perfect crystals that melt
at lower temperatures, a result confirmed by WAXS.

4. Furthermore, the uppermost endotherm peak of iPS is
steadily suppressed by aPS addition (as it is with faster
heating rate [17]), consistent with suppression of the abil-
ity of the iPS crystals to reorganize or recrystallize during
DSC scanning. The inability of iPS crystals to reorganize
may be related to a decrease of crystal perfection, and in-
crease in the amount of strain between the lamella and the
amorphous phase at high content of aPS.

To explain the slight decrease in measured melting temper-
ature, Tm, we look at the GibbseThomson equation [56],

Tm ¼ TN
m � 2sTN

m =ðDhmn�Þ ð16Þ

where Tm
N is the equilibrium melting temperature, s is the fold

surface free energy per monomer at the basal crystallite sur-
faces, Dhm is the heat of fusion per monomer, and n* is the
lamellar thickness. An increase of n* (as observed in Table 3)
but a decrease of Tm with addition of aPS might be interpreted
either by an increase of s, or by a decrease in Tm

N. Reduction
of the Tm

N has been measured in other binary blends [12].
Further work will be necessary to determine which effect is
operational in the present case.

5. X-ray scattering shows that the long period in the iPS/aPS
blends is greater than in the iPS homopolymer, and long
period increases slightly as aPS content increases. Com-
parison of the volume fraction of phase 1 with the volume
fraction crystallinity from DSC suggests that more and
more amorphous phase is rejected outside the lamellar
stacks as aPS content increases.

6. The effect of aPS addition is to reduce the confinement of
the amorphous phase chains. The cooperativity length, xA,
which is calculated from thermal analysis of the glass tran-
sition, increases with aPS addition. The interlamellar and
extra-lamellar amorphous chains both contribute to the
glass transition relaxation process, therefore, the coopera-
tivity length cannot be assigned to a specific location,
either intra-lamellar or extra-lamellar.
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