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Abstract

This work examined the miscibility, crystallization kinetics, melting behavior and crystal structure of syndiotactic polystyrene

(sPS)/poly(styrene-co-a-methyl styrene) blends. Differential scanning calorimetry, polarized light microscopy and wide angle X-ray

diffraction technique were used to approach the goals. The single composition-dependent Tgs of the blends and the melting temperature ðTmÞ

depression of sPS in the blends indicated the miscible characteristic of the blend system at all compositions. Furthermore, the Tgs of the

blends could be predicted by either of the Gordon–Taylor equation (with K ¼ 0:99) or the Fox equation with a slightly higher deviation. The

dynamic and isothermal crystallization abilities of sPS were hindered with the incorporation of the miscible copolymer. Complex melting

behavior was observed for melt-crystallized pure sPS and its blends as well. Nevertheless, the blends showed relatively simpler melting

curves. Comparing with melt-crystallized samples, the cold-crystallized samples exhibited simpler melting behavior. The equilibrium

melting temperature ðT0
mÞ of b form sPS crystal determined from the conventional extrapolative method is 295.2 8C. The Flory–Huggins

interaction parameter, x; of the blends was estimated to be 20.27. The crystal morphology of sPS was disturbed in the blends. Only

underdeveloped granular-like crystalline superstructure of sPS exhibited in cold-crystallized blends. Moreover, the existence of the

copolymer in the blends apparently reduced the possibility of forming the less stable a form sPS crystals.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to its performances, syndiotactic polystyrene (sPS)

has been widely viewed as an emerging class of engineering

thermoplastics [1]. Many investigations have characterized

its complex polymorphic crystal structure [2–6]. Depending

on the thermal treatments, four major crystalline forms

(termed a, b, g and d) can be obtained. The a and b forms

both possess a planar zigzag backbone conformation, and

are confirmed as the predominant polymorphs encountered

under normal crystallization conditions. Investigators have

identified the a form as having a hexagonal [2,3] structure,

whereas the b form packs in an orthorhombic [4] structure.

The g and d forms consist of the similar monoclinic

structure with both possessing a helical chain conformation

[5,6]. Nevertheless, the g and d forms can only be obtained

via solvent (e.g. dichloromethane and chloroform) induced

crystallization.

The crystallization kinetics and melting behavior of sPS

have also been investigated [7–17]. For instance, Cimmino

et al. [7] noted that at the same undercoolings, the spherulite

growth rate of sPS is more than one order of magnitude

faster than that of isotactic polystyrene (iPS). The

equilibrium melting temperature ðT0
mÞ (without mentioning

which crystal form) was determined, using the extrapolative

method, to be 275 8C. Hong et al. [12] observed that neat

sPS shows three melting peaks after isothermal crystal-

lizations. It was suggested that the lowest and the middle-

melting peaks are attributed to the meltings of b and a form

crystals, respectively; the highest-melting peak arises from

the melting of recrystallized b form crystals. Woo and Sun

et al. [13–15] further investigated the relationships between

the polymorphic crystals and the resulting multiple melting

peaks in sPS. For the bulk crystallization of sPS, Guerra

et al. [16] reported that the polymorph (a or b or mixture

forms) of the crystals formed depends strongly on factors

such as its thermal history including the pre-melting
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temperature, pre-melting time, as well the cooling rate and

crystallization temperature.

Polymer blends with tailor-made properties continuously

attract attention both academically and industrially [18].

Many of the commercial polymer blends are thus designed

to satisfy synergistic improvements of their parent

properties. However, the performances of blended products

depend on the miscibility or ‘compatibility’ between the

mixing components. To extend the versatility of sPS and

overcome its brittleness, the sPS-based blends with requisite

properties are expected to achieve. However, to our

knowledge the sPS-based blends and compounds have

been less investigated. So far the investigations have

included sPS/atactic PS (aPS) system [19–22], sPS/

poly(2,6-dimethylphenylene oxide) (PPO) system [12,13,

23,24], and sPS/poly(vinyl methyl ether) (PVME) system

[24,25]. The crystallization, melting behavior and crystal

polymorph of sPS were found to be influenced by the

incorporation of the guest polymers. For example, Wang

et al. [20] found the simultaneous presence of positive and

negative spherulites in the blends of sPS with aPS. Woo et al.

[21] proved the miscibility of the sPS/aPS blends through

various thermal transition approaches. The Flory–Huggins

interaction parameter was thus determined. Guerra et al.

[23] concluded that the addition of PPO but aPS would be

favorable for the formation of the b polymorph in the sPS

crystals. Cimmino et al. [24] reported that the spherulite

growth rate of sPS decreases if PPO is added, whereas it

increases with the addition of PVME. Nevertheless, the

overall crystallization rate of sPS depresses with the

addition of either PPO or PVME.

In our previous work [22], we have reported the effect of

aPS molecular weight (MW) on the thermal properties and

crystal polymorph of the sPS/aPS–50/50 blends. The

smaller MW aPS was noted to influence the thermal

properties and crystal polymorph of sPS the most. The

profound dilution effect induced by the smaller MW aPS in

the blends was taken into account for the observations. To

date, the only miscible sPS-based blends that have been

reported are sPS/PPO and sPS/aPS systems. From the

practical and academic viewpoints, it will be inevitable to

explore other sPS-based miscible blends. Therefore, in this

study a potentially miscible counterpart for sPS, a styrene-

based non-crystalline copolymer, is used to prepare the

blend. The miscibility and thermal properties of the blend

system are investigated. Special attentions are focused on

the effect of incorporating the copolymer on the crystal-

lization kinetics, melting behavior and the resulting

polymorphism of sPS.

2. Experimental

2.1. Materials and blends preparation

Neat sPS resin manufactured by Idemitsu Kosan Co. Ltd,

Japan was used in this study. Its number average MW,

determined by GPC, is 2.20 £ 105 g/mol. A non-crystalline

poly(styrene-co-a-methyl styrene) copolymer purchased

from Aldrich Chem. Co. was used to mix with sPS to

prepare the blends with various compositions. The number

average MW of the copolymer is determined by GPC to be

around 5000 g/mol, which consisted of ca. 44 wt% of the

styrene component. The blends were prepared using the

solution mixing technique in order to avoid the possible

thermal degradation of the samples at a high processing

temperature. The mixing procedure involved dissolving

weighted sPS and copolymer in 1,2,4-trichlorobenzene

(TCB) to form solutions of 3 wt% at 130 8C. The solutions

were then cast onto stainless dishes that were kept at 200 8C

to rapidly evaporate the TCB solvent. To ensure complete

solvent evaporation, the cast blends were exposed to a

vacuum oven at 150 8C for at least 12 h before character-

ization. For comparative purposes, the parent sPS and

copolymer were also TCB solvent treated.

2.2. Differential scanning calorimetry (DSC)

The thermal properties (including Tgs, crystallization

kinetics and melting behavior) of the parent and blended

samples were investigated using a Perkin Elmer DSC 7

analyzer equipped with an intra-cooler. The heat flow and

temperature of differential scanning calorimetry (DSC)

were calibrated with standard materials, such as indium and

zinc. Nitrogen gas was consistently purged into the DSC

during the scans to prevent specimens from thermal

degradation at high temperatures. For Tg and cold crystal-

lization investigations, the parent sPS and its blends were

first melted at 310 8C for 2 min, and then quenched with

liquid nitrogen to obtain amorphous characteristic. The

amorphous specimens were further heated to determine the

Tgs (at the 50% thermogram transitions) and the cold

crystallization behavior. For melt crystallization exper-

iments, the specimens were first melted at 310 8C, too. Upon

the dynamic crystallization experiments, the specimens

were cooled to room temperature at various rates. Upon the

isothermal crystallization experiments, the specimens were

quickly cooled to various pre-set temperatures ðTcsÞ: The

crystallized specimens were subsequently heated at

20 8C/min for the corresponding melting behavior

investigations.

2.3. Polarized light microscopy (PLM)

Polarized light microscopy (PLM) was used to observe

the crystal morphology of sPS with or without the

copolymer incorporation. An Olympus BH-2 PLM with an

attached CCD camera was employed in conjunction with a

Linkam THMS 600 hot stage for these studies. The

temperature of the hot stage was calibrated with benzoic

acid ðTm ¼ 122:5 8CÞ: The thin-film pure sPS and blended

specimens were prepared by casting the specimen-contained
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TCB solution onto glass slides followed by keeping the

specimens at 200 8C for 10 min under vacuum condition.

Whereas the vacuum condition treatment ensured the

complete solvent evaporation. The specimens were then

thermally treated with different conditions, on the hot stage,

for the crystal morphology observations.

2.4. Wide angle X-ray diffraction analysis (WAXD)

The wide angle X-ray diffraction (WAXD) spectra of

crystallized specimens were recorded at room temperature

using a Siemens D5005 X-ray unit. The X-ray used was Ni

filtered Cu Ka radiation with a wavelength of 0.154 nm.

The flat film technique was employed and the 2u scan

ranged from 2 to 408. The content of the a form crystal in

the specimens was quantitatively estimated via the follow-

ing relation [16]:

Pað%Þ ¼
1:8Að11:6Þ=Að12:2Þ

1 þ 1:8Að11:6Þ=Að12:2Þ
£ 100% ð1Þ

where 1.8 is the ratio between the intensities of the 2u

diffraction peak located at 11.6 and 12.28, respectively, for

specimens with the same thickness and crystallinity in the

pure a and b forms. Meanwhile, Að11:6Þ and Að12:2Þ are the

areas of the 2u diffraction peaks located at 11.6 and 12.28.

3. Results and discussion

3.1. Glass transition temperatures ðTgsÞ

The miscibility of binary blends is frequently ascertained

by measurements of their Tgs. Fig. 1 shows the DSC heating

thermograms of the amorphous samples in the glass

transition temperature region. It is observed that the Tg of

pure sPS and the copolymer is 99.1 and 70.1 8C,

respectively. All the blends with different compositions

exhibit single Tg which shifts to a higher temperature with

the sPS content. This result suggests the miscibility of the

two components in the blends when they are in the

amorphous state. Further noted in the figure is the width

of glass transition ðDTgÞ increases with increasing copoly-

mer content. The DTg ranges from ca. 11 8C of pure sPS to

ca. 25 8C of pure copolymer. The determined Tgs along with

the DTgs of the samples are listed in Table 1. Due to the

miscible character of the system, the comparisons among

the Tgs of the experimental results and those predicted by

the Gordon–Taylor equation [26] and the Fox equation [27]

are made. These two equations are expressed as:

Gordon–Taylor eq.:

Tg ¼ Tg1 þ KW2ðTg2 2 TgÞ=W1 ð2Þ

Fox eq.:

1=Tg ¼ W1=Tg1 þ W2=Tg2 ð3Þ

where 1 and 2 represent copolymer and sPS in our case,

respectively; Wi is the weight fraction of component i: The

K parameter is the ratio of the difference in thermal

expansion coefficients between the rubbery and the glassy

states for components 1 and 2. In fact, it is an adjusting

parameter which has been served as a semi-quantitative

measurement of the interaction strength between the mixed

components [28,29]. Fig. 2 shows the Gordon–Taylor plot

(Tg versus W2ðTg2 2 TgÞ=W1) of the blends. A straight line is

obtained through the least-squares method. According to

Eq. (2), the slope of the straight line corresponds to the K

parameter, and the intercept at W2ðTg2 2 TgÞ=W1 ¼ 0

represents the Tg of the copolymer. The K value estimated

is 0.99, indicating the intimately mixed state of the two

components. The fitted Tg (73.0 8C) of the copolymer is near

the experimental data of 70.1 8C. Fig. 3 shows the

experimental Tg data in comparison with the Tgs predicted

by the Gordon–Taylor equation and the Fox equation. It is

found that the experimental Tgs deviated slightly from the

values predicted by both of the Gordon–Taylor (with

Fig. 1. DSC heating thermograms of the samples in the glass transition

region.

Table 1

Typical thermal data of the samples determined from DSC scans

Sample ID (sPS/copolymer) 100/0 80/20 60/40 40/60 20/80 0/100

Tg 99.1 93.6 90.1 82.6 77.3 70.1

DTg 10.9 14.1 18.9 21.3 21.5 25.3

To
a 250.2 243.5 233.5 229.6 NA NA

Tmc
a 244.3 234.2 222.2 215.7 NA NA

To
b 232.8 223.8 208.3 202.8 NA NA

Tmc
b 222.9 211.9 189.8 181.0 NA NA

Tmc
a 2 Tmc

b 21.4 22.3 32.4 34.7 NA NA

Tcc
c 135.3 139.0 142.2 152.1 NA NA

Tcc
d 150.1 157.4 161.2 171.8 NA NA

Tcc
d 2 Tcc

c 14.8 18.4 19.0 19.7 NA NA

all units: 8C. NA: not available.
a 2.5 8C/min cooled.
b 40 8C/min cooled.
c 10 8C/min heated.
d 40 8C/min heated.
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K ¼ 0:99) and the Fox equations. This result suggests the

components of the blends exhibit nearly ideal volume

additivity. The even contributions of the two components’

free volumes to the blends account for this observation. In

addition to the single Tgs of the blends, the melting

temperature ðTmÞ depression of sPS with the addition of

the copolymer can also be taken as an evidence for the

miscibility of the system (see below).

3.2. Crystallization behavior

Fig. 4 shows the DSC thermograms of pure sPS and

its blends cooled from the melt at a rate of 2.5 and

40 8C/min, respectively. Regardless of the cooling rate,

the addition of the non-crystalline copolymer depresses

both of the sPS’s crystallization onset temperature ðToÞ

and crystallization peak temperature (Tmc; temperature at

the exotherm minimum). With increasing copolymer

content, the To and Tmc further shift to lower tempera-

tures and the crystallization peak width ðDTmcÞ broadens

as well. These observations in fact imply the miscibility

between the components in the molecular level. The

‘poisoning’ effect [30] incurred by the molecular

segregation (rejection) of the non-crystalline copolymer

from the nuclei or crystal growth front upon the sPS

crystallization should play a dominant role in this issue.

As well, if the blend possesses a higher copolymer

content, a larger degree of copolymer segregation is

needed for the initiation and completion of crystal-

lization. Thus, the crystallization temperatures are

depressed and the interval for crystallization is extended

with the copolymer content. Comparing Fig. 4(a) with

(b), it is also noted that a faster cooling rate shifts the To

and Tmc of the samples to lower temperatures, and

broadens the DTmc as well. These phenomena are mostly

ascribed to the fact that a slower cooling rate provides

sufficient time for activating the sPS nuclei at higher

temperatures. In contrast, the activation of sPS nuclei can

only occur at lower temperatures at faster cooling rates

[31]. Of course, the thermal lag effect is also accountable

for the observations. But its effect should be minor due

to the small sample size used in the experiments.

Furthermore, it is noticed the Tmc depression with the

cooling rate becomes larger as the copolymer content

Fig. 2. Gordon–Taylor plot of the blends.

Fig. 3. Comparison of experimental determined Tgs with different equations

fitted Tgs.

Fig. 4. DSC thermograms of sPS and its blends cooled from the melt with

(a) 2.5 8C/min and (b) 40 8C/min.
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increases in the samples. For example, the Tmc difference

between 2.5 and 40 8C/min cooled samples is 21.4 8C for

pure sPS, whereas the difference becomes 34.7 8C for the

sample with 60% of the copolymer. This result is further

indicative of the reduction of sPS’s crystallization ability due

to the occurrence of a higher level of copolymer segregation

upon crystallization. The typical data obtained from DSC

cooling scans are included in Table 1.

The cold crystallization behavior of sPS and its blends

during the heating scans is also investigated. Fig. 5 depicts

the typical results. Contrary to the behavior of composition-

dependent Tmc; an increase in the copolymer content shifts

the cold crystallization temperature ðTccÞ of sPS to a higher

temperature. This kind of retarded cold crystallization is not

unusual for miscible blend systems. Two factors predomi-

nantly account for this kind of behavior. First is that the

chain mobility of the crystallizable component is reduced

due to a possibly higher Tg of the blend. Second is that the

non-crystalline component causes a diluted environment

(lower concentration) of the crystallizable component at the

crystal growth front upon crystallization. Regarding our

blend system, the Tg is ascertained to decrease with

increasing non-crystalline copolymer content. Therefore,

of the two factors the second factor should play a more

dominant role in controlling the cold crystallization of our

blends. The proximity of Tg values of the blends with

various compositions causes the negligence of the first

factor. The data obtained from the cold crystallization scans

are included in Table 1.

The isothermal melt crystallization kinetics of the

samples was studied at distinct Tcs via DSC. The crystal-

lization peak time ðtpÞ is defined as the time when the

exotherm minimum occurs. Fig. 6 shows the reciprocal

value of tp (i.e. t21
p ) versus Tc for the selective crystallizable

samples. Since t21
p is recognized to be proportional to the

overall crystallization rate, the results clearly indicate that

the copolymer inhibits the isothermal crystallization of sPS

at an identical Tc: This feature corresponds well to the

results of the dynamic melt crystallization study (Fig. 4). It

is known, the isothermal crystallization rate of polymers

basically depends on two energetic terms. One is the

activation energy ðDFpÞ required for transporting the chain

molecules across the melt-crystalline interface. The other is

the free energy ðDGpÞ; including enthalpic and entropic

terms, required for the formation of a nucleus of critical

size. The addition of a non-crystalline polymer to a

crystallizable polymer may influence both the energetic

terms, especially for a miscible blend. The influence on DFp

may be mainly accounted for by considering the variation of

Tg with blend composition. That is at the same Tc; the

sample with a lower Tg possesses a higher molecular

mobility, and thus results in a lower DFp value. Conse-

quently, the crystallization rate of the lower Tg sample will

be faster if the DGp term effect of the samples is negligible.

As a matter of fact, our results show that the samples with

lower Tgs exhibit slower crystallization rates. This means

the DFp term exhibits a trivial effect on the isothermal melt

crystallization of our samples at the Tc range investigated.

Fig. 5. DSC cold crystallization thermograms of the samples with a heating

rate of (a) 10 8C/min and (b) 40 8C/min.

Fig. 6. Reciprocal crystallization peak time, t21
p ; versus Tc for the selective

samples.
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Accordingly, the energetic DGp term should play a

dominant role in controlling the isothermal crystallization

of our samples here. It is known if there are specific

interactions between the components in the blends, a

depression in the T0
m of the crystalline component occurs.

As a result, the DGp is higher for the sample with a lower T0
m

while the samples are crystallized at the same Tc: Our results

(see below) show that the addition of the copolymer indeed

depresses the T0
m of sPS. The higher the copolymer content

in the blend, the more the depression of the T0
m of sPS

exhibits.

The well-known Avrami equation [32–34] is used to

analyze the overall isothermal crystallization kinetics of the

samples:

1 2 Xt ¼ expð2KtnÞ ð4Þ

which is always cast into

ln½2lnð1 2 XtÞ� ¼ ln K þ n ln t ð5Þ

where Xt is the fractional crystallinity at time t; n is the

Avrami exponent and K is the kinetic parameter. As is

widely recognized, the Avrami exponent can provide

information on the nature of the nucleation and crystal

growth geometry. The n determined from the Avrami plot

(in the low crystallinity conversion region) is found to range

from ca. 4 to ca. 6 as Tc increases for pure sPS. For the

blends, the n value decreases. It ranges from ca. 2 to ca. 4 as

Tc increases, and the value is further lowered for the blend

having a higher copolymer content. According to Wunder-

lich [35], the n values of pure sPS suggest a thermal

nucleation process followed by a three-dimensional crystal

growth at lower Tcs. As Tc increases, the branching crystal

growth evolves. The lower n values of the blends suggest

the existence of copolymer changes the nucleation of sPS to

athermal type, and/or the following crystal growth dimen-

sion is reduced. This result corresponds to the slower and

incomplete crystallization of sPS as the copolymer content

increases. The crystal morphology changes of sPS by the

blending can be seen below.

3.3. Melting behavior

Fig. 7 shows the DSC melting curves of dynamically

crystallized pure sPS and its blends. Note that, for both of

the melt- and cold-crystallized samples, the Tm of sPS

decreases as the copolymer content increases. This behavior

indicates once again the miscible characteristic of the

blends, though the crystals formed are not in a real state of

equilibrium. In addition, simpler and smaller melting

endotherms are observed for the cold-crystallized samples

compared with those of melt-crystallized samples. This

observation may imply the fact that the crystals formed

through the melt crystallization process are more complex.

As reported [9,14–16], polymorphism (a and b forms) and/

or the occurrence of recrystallization–remelting process of

b form crystals are frequently accounted for the compli-

cated melting behavior of melt-crystallized sPS samples. On

the other hand, for the cold-crystallized samples, a form

crystals are predominantly observed in pure sPS, and b form

crystals are dominated in the blends (see Section 3.5). No

discernible recrystallization–remelting phenomenon of b

form crystals is observed for the cold-crystallized samples.

The representative DSC melting curves of isothermally

crystallized (Tc ¼ 240; 244 and 246 8C) pure sPS and its

blend are shown in Fig. 8(a) and (b). Some features are

worthy noting from these melting curves. First, the behavior

of three distinct melting peaks become two apparent melting

peaks (with an indistinct high-temperature shoulder) is

observed for pure sPS as Tc increases; whereas only two

melting peaks become one apparent melting peak is

observed for the blend. One melting peak is evidently

missing in the blend compared with pure sPS. Second, the

lowest- and the middle-melting peaks of pure sPS as well as

the low-melting peak of the blend shift to higher

temperatures with Tc; but the high(est)-melting peaks of

both samples stay nearly constant. Third, the intensity ratio

between the low(est)-melting peak and the high(est)-

melting peak increases with Tc for both samples. Regarding

Fig. 7. DSC melting curves of the samples: (a) melt-crystallized with

40 8C/min and (b) cold-crystallized with 10 8C/min.
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the first feature, the WAXD structure analysis results

indicate the missing melting peak in the blend corresponds

to the middle-melting peak of pure sPS. It is associated with

the absence or little amount of a form crystals in the blend.

For the second and the third features, different heating-rate

DSC experiments were conducted to reveal the origins. It is

found a faster heating rate causes a higher intensity ratio

between the low(est)-melting peak and the high(est)-

melting peak. In addition, a faster heating rate seems to

change the high(est)-melting peak position little, whereas

the other melting peak(s) shift evidently to higher

temperatures with the heating rate (not shown here for

brevity). It is thus inferred the high(est)-melting peak

associated crystals do not exist before the heating scans. The

second and the third features resulted from the Tc effect on

the degree of melting-recrystallization–remelting process

of the b form crystals which are associated with the

low(est)- and the high(est)-melting peaks. That is to say a

higher Tc results in a more perfect b form crystal, and thus

the possibility of recrystallization upon heating scans

declines as well. Furthermore, comparing Fig. 8(a) with

(b), the incorporation of copolymer causes a higher intensity

ratio of the low(est)-melting peak to the high(est)-melting

peak while the samples are crystallized at an identical Tc:

This observation suggests the existence of the copolymer

hinders the recrystallization ability of sPS.

The melting temperature, especially the T0
m; is an

important thermal property of a crystalline polymer or

blend. For example, the degree of undercooling ðDT ¼

T0
m 2 TcÞ is a basic parameter for studying the kinetics of

crystallization, and this value should be determined with the

recognition of T0
m value. From the melting-curve figures

depicted above, the Tm depression of sPS in the blends is

evident. However, it is hardly possible to determine the Tms

of the thermodynamically stable b form sPS crystals at low

Tcs because of the exhibition of complex melting peaks.

Therefore, the original b form melting peaks (confirmed via

WAXD) with low crystallinity for samples crystallized at

high Tc region are used to estimate the b form T0
ms through

the conventional Hoffman–Weeks (HW) extrapolative

method [36]. Fig. 9 depicts the HW Tm=Tc extrapolative

plots of the samples. Using the least-squares fitting, each

sample yields a straight line that intercepts with the Tm ¼ Tc

line at a specific point, respectively. The determined T0
m

value of pure b form sPS (295.2 8C) and those of its blends

are included in Table 2. It is evident that the T0
m decreases as

the copolymer content increases. However, it should be

pointed out at this moment that the validity of using HW

approach in determining the T0
m of a crystalline polymer has

been reviewed by Marand et al. [37] recently. A so-called

MX (non-linear HW) plot was thus proposed to correct the

assumptions made in the original HW treatment. It was

reported that the T0
m determined using the MX plot would be

higher than that determined using the conventional HW

plot. Nevertheless, more recently according to their

experimental observations, Al-Hussein and Stroble [38]

have commented on the inadequacy of using the MX plot.

So, from our viewpoint, different arguments have their own

limitations in determining the T0
m: It is beyond the scope of

the present study to conclude which method is the ‘right’

Fig. 8. Representative DSC melting curves of isothermally crystallized

samples: (a) pure sPS and (b) sPS/copolymer–70/30.

Fig. 9. Hoffman–Weeks plots of Tm against Tc for pure sPS and its blends.
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method in determining the T0
m value. As pointed out by

Alamo et al. [39], if the experimental Tm is measured at very

low levels of crystallinity (where the thickening effect of

lamellae is greatly limited), the conventional HW plot is

applicable in determining the T0
m: Therefore, despite the

arguments, the HW plot is still commonly used to date.

Also, we want to mention that the T0
m value we determined

for pure sPS is close to the value ð292:7 ^ 2:7 8CÞ

determined based on the TEM results combined with the

Gibbs–Thomson equation [40].

It is recognized the T0
m depression phenomenon in the

blends can be used to evaluate the interaction parameter ðxÞ

between the mixed components. The frequently used

Flory–Huggins approximation [41] can be written as

1

T0;b
m

2
1

T0
m

¼

2
RV2

DH2V1

"
ln F2

m2

þ

 
1

m2

2
1

m1

!

£ ð1 2F2Þ þ xð1 2F2Þ
2

#
ð6Þ

where subscript 1 and 2 denote the amorphous and

crystallizable components, respectively; T0
m and T0;b

m are

the equilibrium melting temperatures of the pure crystal-

lizable component and its blends; x is the interaction

parameter; R is the gas constant; Fi; Vi and mi are volume

fraction, molar volume of repeating unit, and the degree of

polymerization of component i: Owing to the relatively

large values of m1 and m2 for polymer systems, Eq. (6) was

exemplified by Nishi and Wang [42] as follows:

1

T0;b
m

2
1

T0
m

¼ 2
RV2

DH2V1

xF2
1 ð7Þ

where it implies that a T0
m depression will yield a negative x

for the blends, indicating the miscible characteristic. While

evaluating the x parameter, the following values are used:

T0
m ¼ 568:3 K (295.2 8C); V2 ¼ 92:9 cm3/mol (assuming

the same as that of isotactic PS) [43]; DH2 ¼ 2050 cal/mol

[44]; V1 ¼ 105 cm3/mol (estimating based on the relative

ratio of styrene component and a-methyl styrene com-

ponent in the sample) [45]. Fig. 10 shows a plot of ð1=T0;b
m 2

1=T0
mÞ versus F2

1: As it is shown, a linear line fitted with the

least-squares method is obtained, and the x value estimated

from the slope is 20.27. Nevertheless, it is worthy

mentioning that the result shown in Fig. 10 somewhat

may be taken as a composition dependence of the

interaction parameter. However, this suspicion cannot be

rigorously concluded at this moment due to the slight

scattering of the data points. Consequently, the x value

obtained can be deemed as an average value. Using the same

approach, Woo et al. [21] have reported x ¼ 20:11 for the

miscible blends of sPS/aPS. It is believed that the lower x

value (20.27) determined in our system is mainly attributed

to the smaller MW of the non-crystalline copolymer

component.

3.4. Crystal morphology

PLM is commonly used in the crystal morphology study

of polymers. Fig. 11 depicts the representative PLM

micrographs of samples melt-crystallized through two

different conditions (i.e. air-quenched and 40 8C/min

cooled). As shown in Fig. 11(a)–(c), the addition of

copolymer evidently influences the crystal morphology of

air-quenched sPS. The morphology of sPS transforms from

a regular spherulite-like feature to a mostly underdeveloped

rod-like feature. Also noted are the crystalline super-

structure of sPS becomes smaller with increasing copolymer

content, and more amorphous dark region exhibits as well.

The evolution of crystal morphology confirms the reduction

of the crystallization ability of sPS with the incorporation of

the miscible counterpart. The influence of adding the

copolymer on the crystal morphology of sPS is further

shown in Fig. 11(d)–(g) of 40 8C/min cooled samples. The

micrographs exhibit the gradually transformation of a

regular spherulite-like superstructure to a disturbed (coar-

sened) superstructure of sPS. The boundaries between the

superstructures are becoming diffuse as well. At other

cooling rates, a similar kind of composition-dependent

morphology can be observed. Moreover, while comparing

the morphologies of the air-quenched samples with those of

40 8C/min cooled samples, it is noticed that a faster cooling

rate results in a smaller crystalline superstructure of sPS. In

addition, the crystal morphologies of dynamically cold-

crystallized samples were also observed. In general, only

Table 2

Equilibrium melting temperatures determined via HW extrapolative

method

sPS/copolymer 100/0 90/10 80/20 70/30 60/40

T0
m (8C) 295.2 290.9 287.0 283.4 279.6

Fig. 10. Plot of ð1=T0;b
m 2 1=T0

mÞ versus F2
1 for selective blends.
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tiny underdeveloped granular-like sPS superstructure is

observed. The size of the granular superstructure becomes

smaller as the copolymer content and the heating rate

increase. The amount of the granular superstructure declines

with the copolymer content.

3.5. Crystal structure

Fig. 12 shows the WAXD spectra of pure sPS and its

blends crystallized from different conditions. As mentioned

in Section 2, the intensities of the diffraction peaks located

at 2u ¼ 11:6 and 12.28 are employed to estimate the content

of the a form in the crystals. In Fig. 12(a) of melt-

crystallized samples, both diffraction peaks with compar-

able intensity appear for pure sPS, indicating the crystals

formed are mixtures of a form and b form. However, for the

blends the intensity ratio between peaks located at 2u ¼

11:6 and 12.28 decreases with increasing copolymer content.

Only one diffraction peak ð2u ¼ 12:28Þ is found for the

blend with 80% of the copolymer. The percentage content of

a form in the crystals formed under three different cooling

conditions owing to Eq. (1) is listed in Table 3. It is

concluded that the addition of the copolymer reduces the

possibility of a form sPS crystal formation. The effect of the

miscible counterpart on the polymorphism of its crystalline

counterpart has been less reported. The observation in our

system is suspected to be attributed to the T0
m depression of

sPS in the blends, which results in a so-called higher ‘pre-

melting temperature’ effect [10,16] on the resulting crystal

structure of the samples. The phenomenon that a faster

cooling rate causes a higher a form content is also noticed.

Fig. 12(b) shows the representative WAXD spectra of

dynamically cold-crystallized samples. For pure sPS, a

broader diffraction peak located around 2u ¼ 11:68 is

observed (without a noticeable 2u ¼ 12:28 diffraction

peak). This indicates that the sPS crystals thus formed

mainly consisted of a form with certain size distribution. In

contrast, the diffraction peak at 2u ¼ 12:28 (with very minor

or no diffraction peak at 2u ¼ 11:68) exhibits evidently for

the blends. For the samples that cold-crystallized with

different rates, similar WAXD spectra are also observed.

These results imply that, like that of melt-crystallized

samples, the addition of the copolymer enhances the

Fig. 11. PLM micrographs of melt-crystallized samples (sPS/copolymer): (a)100/0—air quenched; (b) 80/20—air quenched; (c) 60/40—air quenched; (d)

100/0—40 8C/min cooled; (e) 80/20—40 8C/min cooled; (f) 60/40—40 8C/min cooled and (g) 40/60—40 8C/min cooled.

Table 3

The percentage content of a form ðPaÞ crystals in melt-crystallized samples

Sample ID (sPS/copolymer)

Crystallization condition 100/0 80/20 60/40 40/60 20/80

2 8C/min cooled 53 36 13 ,5 ,5

10 8C/min cooled 64 41 21 ,5 ,5

40 8C/min cooled 78 66 39 12 ,5
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formation of the stable b form crystals in cold-crystallized

samples under the crystallization conditions investigated.

As we know, this kind of observation has never been

reported before. The reason for this behavior is expected to

be the same as that of the copolymer effect on the

polymorphism of melt-crystallized samples. Nevertheless,

to justify the explanation, supplementary experiments on the

thermal history effect (e.g. pre-melting temperature, pre-

melting time…) on the polymorphism of sPS and its blends

are being conducted.

4. Conclusions

This study investigated the miscibility, thermal properties

and crystal structure of sPS blended with poly(styrene-co-a-

methyl styrene) copolymer. The single composition-

dependent Tgs suggested that the blend system was

miscible in the amorphous state. The Gordon–Taylor

equation (with a K parameter of 0.99) and the Fox equation

were appropriate in predicting the Tgs of the blends. The

melt- and cold-crystallization abilities of sPS were both

hampered with the addition of the miscible copolymer

counterpart. The Avrami overall crystallization analysis

revealed that the nucleation mechanism and crystal growth

geometry of sPS were affected with the addition of the

copolymer. The crystallization-condition-dependent multiple

DSC melting peaks were observed for melt-crystallized

pure sPS and its blends. However, the melting peaks were

relatively simpler for the blends. The absence of the middle-

melting peak of the blends was associated with the a form

crystals. The dynamically cold-crystallized pure sPS and its

blends all exhibited single but relatively broad melting

peaks. Furthermore, the blends showed lower melting

temperatures than that of pure sPS while the samples were

crystallized through an identical condition. The T0
m of pure b

form sPS was determined to be 295.2 8C, and the value

decreases as the copolymer content increases. The Flory–

Huggins interaction parameter ðxÞ thus estimated was

20.27. PLM experiments revealed that the crystal mor-

phology of sPS was disturbed with the addition of the

copolymer. The cold-crystallized blends exhibited an

underdeveloped superstructure of sPS crystals. The

WAXD results indicated the incorporation of the copolymer

declined the a form crystal content regardless the samples

were crystallized through melt crystallization or cold

crystallization process. Furthermore, this effect was more

evident as the copolymer content increased.
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