
Surface morphology and Flory–Huggins interaction strength in UCST

blend system comprising poly(4-methyl styrene) and isotactic polystyrene

L.L. Chang, E.M. Woo*

Department of Chemical Engineering, National Cheng Kung University, Tainan 701-01, Taiwan, ROC

Received 9 September 2002; received in revised form 29 October 2002; accepted 22 November 2002

Abstract

The surface morphology and polymer–polymer interaction parameter (x12) of UCST blend systems comprising isotactic polystyrene and

poly(4-methyl styrene) (P4MS) were investigated using atomic-force microscopy (AFM) and differential scanning calorimetry (DSC). From

the measured glass transition temperature and the specific heat increments (DCp) at Tg, it was found that the P4MS dissolved more easily in

the iPS rich-phase than did the iPS in the P4MS rich-phase. AFM result also supported that the compatibility increased more in the regions of

P4MS-rich compositions than in the regions of PS-rich compositions of the PS/P4MS blends. From the measured Tg’s and apparent weight

fractions of iPS and P4MS dissolved in each phase, the values of the Flory–Huggins interaction parameter (x12) were determined to be

0.0163–0.0232 depending on the composition. These results indicate that the x12 is quite dependend on the apparent volume fraction of the

polymers dissolved in each phase. The values of x12 calculated from this work (method based on Tg’s of phases) were lower than those

estimated using an earlier method based on the UCST or clarity temperatures. All values of x12 are greater than the values of interaction

parameter at the critical point (x12)c. This fact indicates that the iPS/P4MS blend are immiscible for all blend compositions. The surface of the

phase-separated blend system was mostly covered with the P4MS rich-phase owing to its lower surface free energy in comparison with that

of the neat iPS. The mechanism of surface phase separation for the P4MS blends with aPS or iPS is governed by two factors: (1) difference in

the solubility of the two polymers in the solvent and (2) surface free energy.

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

An earlier study in our laboratory has led to discovery of

miscibility in the blend of poly(cyclohexyl methacrylate)

with poly(4-methyl styrene) (P4MS) [1]. Other than a few

literature-documented examples, styrenic polymers are

mostly immiscible with each other polymers. Thus,

miscibility in blends involving styrenic polymers is

relatively rare and of a great interest. The upper-critical-

solution-temperature (UCST) behavior in blends of atactic

polystyrene (aPS) and isotactic polystyrene (iPS) with

P4MS has been earlier reported and modeled [2–7]. Blend

systems that are immiscible (phase-separated) at ambient

temperature but can become miscible upon heating to high

temperatures with a UCST are relatively rare. Most polymer

mixtures are immiscible at ambient and remain immiscible

regardless temperature changes. One of our earlier studies

[7] has led to a conclusion of miscibility in the blend of iPS

with P4MS. It is known to be immiscible and exhibits two

glass transition temperatures designated as Tg(iPS) for the

iPS-rich phase, and Tg(P4MS) for the P4MS-rich phase. The

Tg’s of the iPS-rich phase decrease almost linearly with an

increase in the weight fraction of iPS for the iPS/P4MS

blends. The above phenomenon also can be seen in this

study of the morphology of the iPS/P4MS blends later.

For immiscible polymer blends, the need to know the

polymer – polymer interaction parameter (x12) arises

because of its influence on the morphology of the domain

structure and the thickness of the transition layer between

the domains. The degree of miscibility of polymer blends

can provide important information for designing desired

structure-property balances and is usually understood in

terms of the Forry–Huggins interaction parameter (x12)

between the component polymers. Many methods are

available for evaluation of the interaction parameter for
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miscible blends [8–14]. The most practical among them is

the one relying on the determination of binodal and spinodal

temperatures as a function of the composition. The binodal

curve can be determined by the light scattering method as

described by Scholte [15] or a refined method as developed

by Gordon et al. [16]. A few methods have been developed

to determine the x12 value for phase-separated polymer

blend systems, and most are ternary-solution methods [17,

18]. Differential scanning calorimetry (DSC) may be the

most convenient method to determine the x12 value of

phase-separated polymer blends in the solid state. This

technique has been widely used for polystyrene (PS)/

polycarbonate (PC) [19], PC/poly(methyl methacrylate)

(PMMA) [20], PS/PMMA [21], and PC/poly(ethylene

terephthalate) (PET) [22] by Burns et al. The x12 value

can be calculated using DSC data from the experimental

value of the glass transition temperature (Tg) and heat

capacity increment (DCp).

Surface morphology is an important subject of studies for

polymer blends. Immiscible blends generally exhibit

segregated structures with domains predominantly from

the individual homopolymers. It is shown that changing the

relative homopolymer proportions in such blends leads to

variations in the domain structure and surface morphology

[23]. Both grains and holes morphologies have been

observed depending on the blend compositions and film

thickness [24,25]. Another important aspect of immiscible

blends is the tendency for one of the homopolymers to be

enriched at the surface in preference to the other. The

phenomenon of surface enrichment has been reported for

the blend systems of PC/PMMA [26–28], poly(sebacic

anhydride) (PSA)/poly(lactic acid) (PLA) [29], PS/PMMA

[23,24,30–33]. In PC/PMMA blends [26–28], the surface

segregation of PMMA has always been observed even when

PC nodules are present in the bulk. For the PSA/PLA blends

[29], the surfaces are enriched with PLA component at all

compositions. Kajiyama et al. [24,25,31], and Bradley et al.

[23,30] have investigated the phase-separated structure of

the immiscible PS/PMMA blend films by using atomic force

microscopy (AFM) for understanding the mechanism of

phase separation. Both PS and PMMA-rich phases are

observed at surface. The surface covered with PS segments

with lower surface free energy is thermodynamically stable

state. The driving forces for surface enrichment can be

caused by differences in the surface free energies of the

polymer components [34,35]. In general, the component

with a lower surface free energy is enriched at the surface in

order to minimize the surface tension. Although the surface

enrichment in polymer blends has been widely studied,

surface segregation [36,37] in blends with specific inter-

actions has received little attention.

Earlier study has mainly focused on blends of isotactic

PS with P4MS showing an interesting UCST behavior [7].

Scanning electron microscopy (SEM) characterization has

revealed the details of phase domains in the blend system,

and a phase-in-phase morphology is apparent in which the

iPS component is distributed as a continuous phase

enclosing discrete and relatively large P4MS-rich domain

of a spherical shape. However, none of the previous studies

have investigated on effects of interaction parameter on the

trends of variation of the phase morphology. The objectives

of this study were to examine the polymer–polymer

interaction parameter (x12) and surface morphology in

immiscible iPS/P4MS blend system by using experimen-

tally determined glass transition temperature and AFM,

respectively. With the aid of powerful resolution of AFM,

focus in this study was placed on understanding the effects

of interaction parameter on the phase-separated structure of

the iPS/P4MS blend system.

2. Experimental

2.1. Materials and sample preparation

Isotactic polystyrene (iPS, with 90% isotacticity) was

purchased from Scientific Polymer Products, Inc., with

Mw ¼ 400,000 g/mol (Gel Permeation Chromatograph,

GPC), and a Tg of 95 8C. P4MS, also called poly( p-methyl

styrene), was obtained from Scientific Polymer Products

(SP2), Inc. (USA), with an approximate Mw ¼ 100,000

g/mol (GPC) with a polydispersity index (PI) of about 3.3

and Tg ¼ 106–110 8C (onset). The polymer materials were

free of additives and were used without further purification.

The characteristics of iPS and P4MS used in this study are

summarized in Table 1.

The blend samples in this study were prepared by

solvent-casting at slightly above ambient temperature

(45 8C), and tetrahydrofuran (THF) was used for preparation

of all blend samples. All solution-cast blend samples were

subjected to vacuum degassing at a final temperature of 80–

90 8C for two days to ensure complete removal of residual

solvent.

2.2. Apparatus

2.2.1. Differential scanning calorimeter (DSC)

The glass transition temperatures were measured with a

DSC (Perkin–Elmer DSC-7) equipped with an intracooler

and a computer for data acquisition/analysis. To ensure

obtained accurate results, temperature calibration was

Table 1

Characterization of iPS and P4MS used in this study

M̄w
a Tg

b (8C) DCp
b (J/g K) gc (mJ/m2) dc (MPa1/2)

iPSd 400,000 89.14 0.30 40.7 18.60

P4MSd 100,000 106.5 0.31 38.7 19.33

a Measured in scientific polymer products by GPC (THF, 25 8C).
b Measured in our laboratory by DSC.
c Obtain from Ref. [56].
d Supplied by scientific polymer products (SP2).
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performed using zinc (Tm ¼ 419.47 8C) and indium

(Tm ¼ 156.6 8C) as standards. All Tg measurements were

made at a scan rate of 20 8C/min, and the Tg values were

taken as the onset of the transition in the DSC traces.

2.2.2. Atomic force microscopy (AFM)

AFM measurements were performed at ambient con-

ditions with a scanning probe microscope MultiMode

NanoScope (Digital Instruments, Santa Barbara, CA,

USA). A standard MultiMode SPM was equipped with an

optical detection head, scanner and microscope base.

Experiments were conducted in tapping mode with

commercial silicon cantilever probes. In comparison to

contact-mode operation, the tapping mode is known to

minimize the sample distortion due to mechanical inter-

actions between the AFM tip and surface. Commercial

silicon probes, each with a normal tip radius of 5–10 nm

and spring constant in the range of 20–100 N/m (values

provided by manufacturer) were oscillated at their reson-

ance frequencies, which ranged between 250–300 kHz. The

largest scan area was 12.4 £ 12.4 mm2. Images were

recorded with the highest sampling resolution, i.e.

512 £ 512 data points.

3. Results and discussion

3.1. Estimation of phase compositions of iPS/P4MS blends

Two Tg’s were detected in the phase-separated iPS/P4MS

blends [7], therefore, two phases containing different

fractions of these two polymer components were apparent.

Since the iPS/P4MS blend was composed of two phases,

with one being the iPS-rich phase and the other being the

P4MS-rich phase, the phase compositions in these two

phases could then be estimated using several methods based

on the measure Tg’s. Burns and Kim [38–41] have used two

Tg’s data to investigate the phase compositions of

immiscible polymer blends. From the Tg’s of iPS and

P4MS, we can estimate the apparent weight fractions of iPS

and P4MS dissolved in the iPS-rich phase and the P4MS-

rich phase, respectively. Estimations of the compositions of

these two phases were attempted. The procedures are

illustrated as follows. The Wood equation is given [42]:

Tg ¼ w1Tg1 þ w2Tg2 ð1Þ

where Tg is the glass transition temperature of the blend, and

wi and Tgi are the weight fraction and the Tg of polymer i (1

or 2). Tg1 is designated as that for the component possessing

the lower Tg. Eq. (1) can be rearranged as [43]:

v0
1 ¼ ðTg1;b 2 Tg2Þ=ðTg1 2 Tg2Þ ð2Þ

where v0
1 is the apparent weight fraction of iPS in iPS-rich

phase, Tg1,b is the observed Tg of the iPS-rich phase in the

blends, and Tg1, Tg2 are the Tg‘s of homopolymer 1 and 2,

respectively. Similarly, Eq. (1) can also be rearranged to:

v00
1 ¼ ðTg2;b 2 Tg2Þ=ðTg1 2 Tg2Þ ð3Þ

where v00
1 is the apparent weight fraction of iPS in P4MS-

rich phase, and Tg2,b is the observed Tg of the P4MS-rich

phase in the iPS/P4MS blend. The apparent weight fractions

of iPS and P4MS components in the phases can also be

determined by using the Fox equation [44] and the

Couchman equation [45,46], which are used to predict

Tg’s for miscible polymer blends. The Fox equation [44] is

given by

1=Tg ¼ w1=Tg1 þ w2=Tg2 ð4Þ

where w1 and w2 represent the weight fraction of the

component, and Tg, Tg1 and Tg2 are the Tg’s of the blend,

component 1 and 2, respectively. Eq. (4) can be rearranged

as:

v0
1 ¼ Tg1ðTg1;b 2 Tg2Þ=½Tg1;bðTg1 2 Tg2Þ� ð5Þ

where v0
1 is the apparent weight fraction of iPS in iPS-rich

phase, Tg1,b is the observed Tg of the iPS-rich phase. The

Couchman equation [45,46] predicts the values of Tg and

DCp at Tg for miscible polymer blends and is given by:

ln Tg ¼ ðw1DCp1 ln Tg1 þ w2DCp2 ln Tg2Þ=ðw1DCp1

þw2DCp2Þ

ð6Þ

where DCp ¼ Cl
pðTgÞ2 Cs

pðTgÞ ¼ difference in the molar

heat capacity at Tg, and DCl
pðTgÞ and DCs

pðTgÞ are the

specific heat capacity of the liquid state and solid state,

respectively. Eq. (6) can also be rearranged as:

v0
1 ¼ ½DCp2ðln Tg1;b 2 ln Tg2Þ�=½DCp1ðln Tg1 2 ln Tg1;bÞ

þ DCp2ðln Tg1;b 2 ln Tg2Þ� ð7Þ

By substituting Eqs. (2), (5) and (7) to the Tg model for the

iPS/P4MS blends, the apparent weight fraction of iPS in the

iPS-rich phase (v0
1) and in the P4MS-rich phase (v00

1) were

calculated. Fig. 1 shows the phase diagrams based on the

apparent weight fraction (v0
1 and v00

1) and overall weight

Fig. 1. Comparison of apparent weight fraction (v) and overall weight

fraction (W) of iPS and P4MS components in the iPS-rich phase and P4MS-

rich phase by using (A) Wood; (B) Fox; and (C) Couchman relations.
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fraction (W0 and W00) of iPS and P4MS components in the

iPS-rich phase and P4MS-rich phase of iPS/P4MS blends by

using (A) Wood, (B) Fox, and (C) Couchman relations. It

shows that the amount of P4MS dissolved in the iPS-rich

phase (v0
2) is greater than the amount of iPS dissolved in the

P4MS-rich phase (v00
1). The overall weight fractions of the

iPS-rich phase (W0) and P4MS-rich phase (W00), respect-

ively, in the blends can be calculated by the following

expressions [38]:

W1T ¼ v0
1W 0 þ v00

1W 00 ð8Þ

W2T ¼ v0
2W 0 þ v00

2W 00 ð9Þ

where W1T and W2T are the overall weight fractions of iPS

and P4MS in blends, respectively. The values of v0
1 and v00

1

could be obtained from the previously equations, respect-

ively. Lower W0 values (iPS-rich phase) and higher W00

values (P4MS-rich phase) with increasing P4MS concen-

trations in the blend were observed.

3.1.1. Specific heat increment (DCp) of iPS/P4MS

The values of DCp for the iPS-rich phase and P4MS-rich

phase in iPS/P4MS blends prepared by solution casting are

shown in Fig. 2, which were calculated from the Tg data [7].

The DCp at the Tg of the iPS-rich phase decreases with an

increase in the weight fraction of P4MS. Apparently,

decrease of DCp(iPS) with the weight fraction of iPS is

more significant than decrease of DCp(P4MS) with the weight

fraction of P4MS. Two explanations have been proposed for

interpreting the decrease of specific heat increment (DCp) at

Tg [47]. One explanation is that the size of the dispersed

phase is very small so that the magnitude of the specific heat

increment (DCp) of each phase decreases. The other

explanation is that both iPS and P4MS phases diffuse into

an interfacial region. Many studies [38–41,48–50] have

concluded that the reduction in the DCp of each component

to the dissolution of that component in the conjugate phase.

The result indicates that some of the iPS component is

dissolved in the P4MS-rich phase and some of the P4MS is

dissolved in the iPS-rich phase.

3.1.2. Polymer–polymer interaction parameter

In application of the thermodynamic criteria to the study

of phase equilibrium in polymeric systems, the Gibbs free

energy of mixing, DGm, for a system consisting of two

polymers from the Flory–Huggins theory can be written as

follows [51–53]:

DGm ¼ RT½n1 ln f1 þ n2 ln f2 þ x12f1f2ðm1n1

þ m2n2Þ� ð10Þ

where DGm is the free energy of mixing per mole of lattice

site, f1 and f2 are the volume fractions of the polymers.

The x12 is the Flory–Huggins interaction parameter and ni

is the number of moles of the ith component in the mixture.

The mi is the degree of polymerization, relating the molar

volumes V1 and V2 of the polymers to a fictitious molar

volume V0 of one submolecule of polymer.

Burns and Kim have used the DSC technique to

determine the x value for some phase-separated polymer

blends from the Tg data [19–22,38–41]. The phase

compositions are shown in Table 2. The x12 equation can

be derived as a function of phase compositions [19–22,

38–41] with the consideration of size difference between

the repeating unit of the compositions. Thus, the Flory–

Huggins polymer–polymer interaction parameter (x12) of

the blends can be determined by using Eq. (11) [38–41]:

where f0
1 is the apparent volume fraction of iPS in the iPS-

rich phase, f00
1 is the apparent volume fraction of iPS in the

P4MS-rich phase, and m1, m2 are the degree of polymeriz-

ation of iPS and P4MS components, respectively.

The Flory–Huggins polymer–polymer interaction par-

ameter (x12) could be caculated by using Eq. (11). The

volume fraction was obtained from weight fraction divided

by densities of each polymer. It shows that the values of x12

are compared for three different ways of the treatment of

apparent weight fraction of iPS and P4MS components by

the Wood, Fox, and Couchman relations. The values of x12

were found to be 0.0163–0.0232 for the solution-cast blends

 

   

 

Fig. 2. Specific heat increment (DCp) at Tg for iPS (O) and P4MS (X) in

iPS/P4MS blends.
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at 45 8C, and are in good agreement among the three

different ways of estimating the weight fractions of

components in the phases. The interaction parameter at

the critical point (x12)c can be derived easily from the degree

of polymerization and the repeating unit volume of the

components. This value can serve as a criterion for

predicting the phase stability or phase separation of a

blend if the value of (x12)c is determined. The (x12)c can be

calculated by using Eq. (12) [54]:

ðx12Þc ¼
1

2
ðm21=2

1 þ m21=2
2 Þ2 ð12Þ

Using Eq. (12), the value of (x12)c was found to be 0.01175

for iPS/P4MS blends. It can be surmised that if x12 , (x12)c

then the polymers are miscible with each other (no phase

separation). On the other hand, if x12 . (x12)c in the blends,

phase separation can occur [55]. The values of x12 are

greater than the values of (x12)c, thus the iPS/P4MS blends

are immiscible for all blend compositions.

Fig. 3 shows the relation between x12 and weight fraction

obtained by the Eqs. (11) and (12). It also shows the values of

x12 for the iPS/P4MS blends calculated by a modified Flory–

Huggins expression using the experimental UCST data, as

discussed in one of our earlier studies [7]. The x12 values

obtained from the UCST data are slightly larger than those

found in this study for iPS/P4MS blends from the Tg results.

All values of x12 are greater than those of (x12)c. This fact

indicates that the iPS/P4MS blends are immiscible for all

blend compositions. It is interesting to note that the interaction

parameter (x12) increases with the weight fraction of iPS in the

blends. It appears that the compatibility increases more in the

region of P4MS-rich compositions than in the region of iPS-

rich compositions in the iPS/P4MS blends. It should be

mentioned here that the method of the UCST data as discussed

in the earlier report [7] could only be employed in blend

systems that exhibit a UCST behavior. Therefore, the method

based on Tg‘s of the separated phases can be a more practical

way to measure x12, especially for general blend systems that

exhibit partially misciblility or completely phase-separation.

3.1.3. Estimation surface morphology by AFM

The samples of neat iPS, P4MS, and the blends

containing different compositions of the polymers displayed

distinctly different surface morphologies when analyzed

with AFM. Figs. 4 and 5 show (A) AFM image, (B)

sectional view along the line in the AFM image, and (C) the

three-dimensional topography for pure iPS and P4MS,

respectively. The AFM image shows an irregular surface

structure with apparent height of about 1000 nm for the neat

iPS, and the neat P4MS shows an uneven surface with a

maxim height of about 100 nm. The neat iPS displays a

quite different fracture surface morphology and much more

irregular surface patterns than pure P4MS. Therefore, this

result indicates that solvent (THF) was more quickly

removed from P4MS segment than iPS, and thus the iPS

segment tended to stay longer in the liquid phase due to a

higher solubility of the iPS in the solvent of THF

Table 2

Comparison of polymer–polymer interaction parameter (x12) by the Wood, Fox, and Couchman equations

iPS (wt%) Tg1 (8C) Tg2 (8C) Wood equation, x12
a Fox equation, x12

a Couchman equation, x12
a

0 106.5

10 93.8 106.2 0.0163 0.0163 0.0163

20 93.3 106.0 0.0158 0.0158 0.0158

30 92.8 105.8 0.0158 0.0157 0.0158

40 92.3 105.5 0.0160 0.0159 0.0161

50 91.8 105.3 0.0165 0.0164 0.0165

60 91.2 105.1 0.0172 0.0171 0.0172

70 90.7 104.9 0.0183 0.0182 0.0183

80 90.2 104.6 0.0200 0.0198 0.0200

90 89.7 104.4 0.0231 0.0229 0.0232

100 89.1

a All x12 were calculated from Eq. (11).

Fig. 3. The values of x12 for the iPS/P4MS blends calculated by a modified

Flory–Huggins expression using the experimental UCST data and the Tg

results. The values of (x12)c were calculated form Eq. (12).
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(d , 18.6 MPa1/2) [56], which is a better solvent for the iPS

segment.

Fig. 6 shows (A) AFM image and (B) sectional view

along the line in the AFM image for iPS/P4MS ¼ 10/90. It

marks an area of 12.4 mm £ 12.4 mm, which represents the

area in which the data analysis was performed. Therefore,

many fine drops of the protruding structure and roughness

are detected, which is similar the surface structure of pure

P4MS. Note that the black and white contrast represent

relative heights and thus the drops mostly appear in black.

As the polymer composition was changed to

iPS/P4MS ¼ 50/50, the surface of the blend tended to

show a completely immiscible structure. Fig. 7 shows the

AFM topography of iPS/P4MS ¼ 50/50 sample, which is a

two-phase structure typified with white and black regions.

The surface shows the protruding topography, which is

similar to the surface structure of neat iPS. The continuous

surface has a height of about 1000 nm higher than the

isolated islands. When the sample composition was changed

to iPS/P4MS ¼ 70/30, the isolated islands became even

smaller. Fig. 8 shows the AFM image and sectional view for

iPS/P4MS ¼ 70/30. Since the apparent area of the brighter

part in the AFM image increases with the weight fraction of

iPS, it seems reasonable to conclude that the higher height

region at the phase-separation surface is composed of the

iPS-rich phase, which has higher solubility in THF

comprising with P4MS. This indicates that the iPS

continuous domains are composed of the iPS-rich phase.

As discussed in the previous section, the amount of P4MS

dissolved in the iPS-rich phase is greater than the amount of

iPS dissolved in the P4MS-rich phase.

Kajiyama et al. [24,25,31] have schemed the formation

process of the surface phase-separated structure during

evaporation of solvent for several immiscible binary blend

systems. This concept can be extended to the present blend

of iPS/P4MS, which can be similarly described in Fig.

9(A)–(C). An as-blended iPS/P4MS solution before drying

is depicted as shown in Fig. 9(A). Since the time required

for the surface formation is fairly short due to fast

evaporation of the solvent, a surface containing both iPS

and P4MS components with some residual solvent is

formed, as shown in Fig. 9(B). Then, the iPS-rich phase

finally separates out of the film surface, as shown in Fig.

9(C). The formation process of the surface phase-separated

structure can be explored as follows. P4MS segments with a

lower free surface energy tend to cover the air-polymer

interfacial region in order to minimize the interfacial free

energy. Then, the P4MS-rich phase is preferably spread out

over the surface. Therefore, if the total area of the film

remains constant, the iPS-rich phase protrudes from the film

surface. Two distinct types of fracture surface morphologies

and corresponding phase relationships are observed in the

iPS/P4MS blend system, and these two types are: (1) a

single phase which is similar the morphology feature of pure

Fig. 4. (A) AFM image, (B) sectional view along the line in the AFM image, and (C) three-dimensional topography for pure iPS.
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P4MS; and (2) separated phases in which P4MS is the

dispersed phase and iPS is the continuous phase.

4. Conclusion

From the result of the Tg’s and phase composition of

iPS/P4MS blends, it can be concluded that the apparent

weight fraction of the P4MS component dissolves in the

iPS-rich phase than does iPS in the P4MS-rich phase, which

is consistent with the behavior of the DCp of iPS in the

iPS/P4MS blend system. This study attempted to compare

the values of x12 obtained by two different methods based

on: (1) the glass transition temperatures of separated phases,

and (2) the UCST data. These two methods have been

shown to be in good agreement for the x12 values as

demonstrated in the model system of iPS/P4MS blend that

shows a UCST behavior and separated phases below the

UCST temperatures. It is interesting to note that the x12

increases with the increasing weight fraction of iPS and

indicates that the compatibility increases more in the region

of P4MS-rich compositions than in the region of iPS-rich

compositions in blends of iPS/P4MS. The AFM result

shows that the phase-separated structure is more pro-

nounced in the blend system containing higher iPS contents

(e.g. iPS wt fractions ¼ 0.7 and 0.5 in blends) than those

with lower iPS contents (e.g. iPS wt fraction ¼ 0.1 or

smaller). This AFM observation is consistent with the

conclusion of Tg result.

Two distinct types of fracture surface morphologies and

corresponding phase relationships are observed in the

iPS/P4MS blend system, and these two types are: (1) a

single phase which is similar the morphology feature of pure

P4MS; and (2) separated phases in which P4MS is the

dispersed phase and iPS is the continuous phase. The

morphology reveals that P4MS is the main constituent

material for the dispersed phase and iPS is for the

continuous phase. Another important aspect of surface

morphology is that iPS excludes from the surface while

P4MS enriches on the surface. The formation of the blend

morphology seems to be governed by two factors. One is

that the solubilities of these two polymers in the solvent tend

to be different. The other is that P4MS has a marginally

lower surface free energy than iPS (g ¼ 40.7 and

38.7 mJ/m2 for iPS and P4MS, respectively). The surface

morphology and trend of variation in the phase-separated

  

Fig. 5. (A) AFM image, (B) sectional view along the line in the AFM image, and (C) three-dimensional topography for pure P4MS.
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Fig. 6. (A) AFM image and (B) sectional view along the line in the AFM

image for iPS/P4MS ¼ 10/90.

Fig. 7. (A) AFM image and (B) sectional view along the line in the AFM image for iPS/P4MS ¼ 50/50.

Fig. 8. (A) AFM image and (B) sectional view along the line in the AFM

image for iPS/P4MS ¼ 70/30.
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mechanism for the iPS/P4MS blend system with respect to

the surface free energy and solubility in solvent is similar to

many blend systems of PS/PMMA [25–28,55], PC/PMMA

[57,58], PEO/PMMA [59], and PEA/PS [60], suggesting

that the surface free energy and solubility do influence the

surface morphology of the immiscible blend systems.
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Fig. 9. Schematic representation of the formation process of the surface

phase-separated structure of iPS/P4MS. (A) the bottom diagram shows iPS

and P4MS segments in the solution, (B) the center diagram corresponds to

formation of the phase-separated structure on the way, and (C) the top

diagram shows a completed phase-separated morphology [25,28,54].
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