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The miscibility of syndiotactic polystyrene (sPS)/atactic polystyrene (aPS) blends, whose constituent polymers
have closeTgs was investigated by crystallization kinetics and enthalpy relaxation. It was observed from
crystallization kinetics experiment that both the spherulite growth rate and the overall crystallization rate of SPS in
blends decrease with an increasing amount of aPS, indicating that sPS is diluted with aPS. When enthalpy
relaxations of the blends are examined, it is revealed that the enthalpy recovery of sPS/aPS blends shows a single
peak whose relaxation time is intermediate between those of sPS and aPS, and that the relaxation time of the
blends gradually increases with the amount of aPS. From these results, it is concluded that sPS/aPS blends are
completely miscible over the entire compositian.1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION enthalpy relaxation. For crystallization kinetics, the follow-
ing assumptions were madfe The crystallization of

crystalline polymer (in this study, sPS) in a miscible
; o - 2 crystalline/amorphous polymer blend is disturbed by
sized by stereospecific polymerizatfpreharacterization of blending with amorphous polymer (in this study, aPS)

this new material has been of considerable intérést h . s
Improved mechanical properties of sPS are expected aowing to a dilution effect, and hence the crystallization rate

compared with atactic polystyrene (aPS), especially at high g‘;nt:re h%rlilztalcl)llmremfrol\)//vrrrl]grregsegﬁgcz:sr g%?l?zatlggnacr;‘]%lrm;t;l]ﬁ
temperature, due to its crystalline structure. Furthermore, a P polymer, y y

larger crystallization rate of sPS relative to that of isotactic Itl)?eengﬂyn\;ﬁtrhlr;r%grmmzmbé? ralgrn%eliarlgteITﬂgecﬁcggalﬁ%e
polystyrene (iPS) and its high tensile modulus lead to a ol me? hase separatesp fr)(/)m the amor housy SIvmer
potential engineering plastic. poly p p p poly

It is well known that polymer blends give an efficient way phase. The use of enthalpy relaxation for miscibility is based
of developing new materials with tailored properties and 2" the fact that relaxation of polymers at temperatures
have received much attention from both scientific and below the glass transition temperature results in chan_ges In
commercial points of view. Both aPS/poly(2,6-dimethyl- Many physical properties such as enthalpy and density. By
1,4-phenylene oxide) (PPC) blends and al’:’S/pon(vinyI relying on the m_hergant structural dependence oftheskl'net|cs
m,ethyl ether) (PVME) blends have been reported to be of physical ageing in the form of enthalpy recov€ty’, it

miscible at room temperat*& On the other hand, iPS is has been shown that an analysis based on this phenomenon
miscible with PPO or aPS but not with PV,\;icEls is a sensitive method of probing phase behaviour in blends

whose constituent polymers have cld&g®’~>° Assuming

that a miscible blend shows a single ageing peak whose
ageing kinetics is intermediate between those of component
e polymers, whereas an immiscible blend exhibits two ageing
peaks corresponding to each of component polymers, the
miscibility of sPS/aPS blends is examined.

Since syndiotactic polystyrene (sPS) with a very high degree
of stereospecificity $96%) has been successfully synthe-

Recently, it was reported that sPS/PPO blends are

completely miscible in the amorphous phase, whereas

sPS/PVME blends form a phase-separated struttufe

To our knowledge, however, there is no concrete evidenc

concerning the miscibility of sPS/aPS blends. sPS is a

crystallizable polymer whose glass transition temperature

(T, 97.5C) is very close to that of aPS (1033. It is

generally believed that most thermoanalytical techniques, EXPERIMENTAL

e.g. d.s.c., are not adequate for examining the miscibility of ) ,

polymer blends whose constituent polymers haymm close Materials and blend preparation

proximity to each other (10—2G apart). sPS My = 3.6 x 10°gmol™, Ty = 97.5C, T, =

In this study, the miscibility of sPS/aPS blends is 271.0C) was obtained from Idemitsu Kosan Co., Ltd.,

examined by two methods, crystallization kinetics and Japan. aPSM,, = 2.8 X 10°g mol ™, T, = 103.8C) was
purchased from Aldrich Chemical Co. The sPS/aPS blends
were melt-mixed at 30C for 7 min in a Mini-Max moulder
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samples were compression-moulded into a thin film by a hot measured by subtracting the d.s.c. thermogram of the
press at 30T (except pure aPS, 280) for 10 min, and second scan from that of the first scan of a sample. For a
then quenched in a liquid nitrogen bath. All films are crystalline/amorphous polymer blend, however, this con-
completely amorphous, which is confirmed by X-ray ventional method may lead to an overestimation of the value

diffraction pattern. of AH(t,, T,) owing to underestimation of the amorphous
_ . fraction of the unaged sample. Since the crystallization rate
Optical microscopy of sPS is very fast, the amorphous fraction of the second

Isothermal spherulite growth rat€fwas measured using scan samples can be much lower than that of the first scan
a polarizing optical microscope (Nikon Microphot FXA) samples owing to an increase in crystallinity of the former
fitted with an automatically controlled hot-stage. For the (seeFigure 1). Therefore, in the present study, the enthalpy
measurement of the spherulite growth rate, films were differences in pure sPS and sPS/aPS blends were obtained
sandwiched between two glass slides, heated atGogr by subtracting the weight-normalized d.s.c. thermogram of
5min, and then rapidly cooled to the pre-determined the first scan of unaged sample from that of the first scan of
crystallization temperatureT() followed by an isothermal  aged sample, wheread (t,, T,) of pure aPS was measured
crystallization. The radial growth of sPS spherulite was by the conventional method.
monitored during isothermal crystallization by taking
photographs at appropriate time intervals. Isothermal
spherulite growth rate was obtained from the slope of plot RESULTS AND DISCUSSION
of the radius of the growing spherulitersustime. Crystallization kinetics

Calorimetric measurements For all plends invgstigated,_the.spheruli.te radius_was
C - i found to increase linearly with time until spherulites
Overall kinetics of crystallization and enthalpy relaxation impinge upon each other, indicating a constant growth
were analysed by a differential scanning calorimeter rate throughout the crystallization process. The growth rate
(Perkin—Elmer DSC 7). All scans were run under a nitrogen \yas determined from the slope of plot of the radius of
gas purge to minimize thermo-oxidative degradation and growing spherulite versus time. Figure 2 shows the
calibrated for temperature and enthalpy using indium and yariation of radial growth rates of sPS spherulites with
zinc. For isothermal crystallization, samples were heated 10 ¢rystallization temperature for various sPS/aPS blends. As
300°C, held at this temperature for 5 min, and quenched to a shown in Figure 2, the spherulite growth rate of sPS in
pre-determined followed by an isothermal crystallization.  plends decreases with increasing amount of aPS in blends at
For enthalpy relaxation, as-quenched films were immedi- 5 given crystallization temperature. For exampleTat=
ately sealed in a d.s.c. pan, and aged &€80,) for various  24C, the growth rate of sPS decreases by a factor of 1.2
ageing times ) in a heating block. Subsequently, the anq 2.5 when 10 wt% and 40 wt% of aPS are added to sPS,
samples were heated from room temperature 10°G00 regpectively. In general, the spherulite growth rate of the
(except pure aPS, 200) at a heating rate of 2B min "t0  ¢rystallizable polymer, at a give, is dependent on two
obtain thermograms of aged samples, held at this temperagnergetic ternié-*2 the activation free energy required for
ture for 5 min, and then quenched to room temperature. Thethe transport process through the liquid—solid interfade,
samples were immediately reheated to “EQexcept pure  and the free energy for the formation of a nucleus of critical
aPS, 200C) at a heating rate of 2@ min~. For a size, A¢*. For a miscible crystalline/amorphous polymer
completely amorphous polymer, the enthalpy difference, piend, the amorphous polymer, as a diluent, might influence
AH(t,, To) resulting from ageing, has been conventionally poth the transport termy@*) and the thermodynamic term
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Figure 1 Representative DSC thermograms of pure sPS aged@tf8o
various ageing times. Thick and thin lines represent the first and second Figure 2 Plots of spherulite growth rateersuscrystallization tempera-
scans, respectively ture for sPS/aPS blends
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(Ag*). The effect of a diluent oAF* may be accounted for  as shown irFigure 3 it is observed that the addition of aPS
by considering the difference between the glass transition to sPS, at a givefii,, causes a decreasetif}, which is very
temperature of the blend and that of the crystallizable similar to the behaviour ofigure 2 These results may
component: wheily (blend) is higher thail (crystallizable provide evidence that sPS is miscible with aPS, since it is
component)AF* (blend) may be higher thaaF* (crystal- generally known that for a miscible crystalline/amorphous
lizable component), resulting in a decrease in spherulite polymer blend, the crystallization rate of the crystalline
growth rate of the blend; conversely, whég (blend) is polymer in blends depends upon the amount of amorphous
lower than T, (crystallizable component)AF* (blend) polymer.

becomes lower thanAF* (crystallizable component), )

implying an increase in spherulite growth rate of the Enthalpy relaxation

blend. For sPS/aPS blends, the variation Tf with To gain further insight into the miscibility of sPS/aPS
composition is not discernible because of the proximity of blends, the behaviour of enthalpy relaxation of sPS/aPS
Tgs of two component polymers. Therefore, itis evident that blends was investigatefigure 1shows d.s.c. thermograms
the growth rate reduction of sPS/aPS blends is not related toof pure sPS aged at 80 for the indicated ageing times,
changes in transport process that may be of importance inFor the first scan after ageing, the aged samples usually
blend systems showing a wide variation of with blend show three peaks: an endothermic overshoot peak affigear
compositiorf®. Thus, the decrease in spherulite growth rate which results from enthalpy recovery; a crystallization
of sPS/aPS blends is due to an increasagf which may exothermic peak at 15C; a melting endothermic peak at
arise from a dilution effect associated with a diminished 271°C. As the ageing time increases, the maximum of the
concentration of crystallizable components at the crystal enthalpy recovery peak Tf,) shifts towards higher

growth fronf*, temperatures and the magnitude of the peak area increases,
The kinetics of isothermal crystallization from the melt of which is typical of enthalpy relaxation phenomé&nz® For
sPS is analysed by the well-known Avrami equatin the second scan, the enthalpy recovery peaks and crystal-
1— X, = exp(— kt") 1) lization peaks comp_letel_y disappear, indicati_ng that _the
t enthalpy lost on ageing is fully recovered during the first
whereX; is the weight fraction of crystallinity at timg k is scan and that the crystallinity of the second scan sample is
the overall kinetic rate constant, ands the Avrami expo- much larger than that of the first scan sample. It is also
nent related to the nucleation mechanism and growth observed that the melting enthalpy of sPS is slightly larger
dimensions. equation (1) is rewritten as than the crystallization enthalpy and that a small exotherm
log[ — In(1 — X.)] =log k+nlogt ) appears just before melting. This implies that recrystalliza-

tion of sPS occurs during heating scan, as also observed by
A plot of the left-hand side of equation (2) versus tog other worker®. Figure 4 shows representative d.s.c.
should yield a straight line from which the Avrami exponent thermograms of sPS/aPS blends aged 4C8or 4 h. As

and logk can be determined. The values of Avrami expo- mentioned in the Introduction, a miscible blend generally
nent of sPS/aPS blends, contrary to the theoretical shows a single peak where its ageing kinetics is intermediate
prediction, are not integers and range between 2 and 3,between those of component polymers, whereas an immis-
indicating mixed nucleation mechanisms which are similar cible blend exhibits two ageing peaks corresponding to each
to those of sSPS/PPO blerfdsThe inverse of half-time of  of the component polymers. IRigure 4 sPS/aPS blends
crystallization, t;;, can be used as a measure of overall show a single overshoot peak intermediate between those of
crystallization rate of sPS. From the plot g versus | the two component polymers, suggesting that the blends are
miscible. When 4 is plotted against the logarithm tffor
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Figure 3 Plots of overall crystallization ratesersus crystallization Temperature[ C]

temperature for sPS/aPS blends. The overall crystallization rate is Figure 4 Representative DSC thermograms of sPS/aPS blends aged at
represented by the reciprocal crystallization half-time 80°C for 4 h: (a) 100/0; (b) 70/30; (c) 50/50; (d) 30/70; (e) 0/100
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sPS/aPS blends, as shownFigure 53 it is revealed that 6

Tmax IS approximately proportional to lag for all samples.

The linear relationship betweem, ., and logt, is well sPS/aPS
established for aged glass when the thermodynamic state of 51 100/0

70/30
50/50
30/70
0/100

aged glass is not too close to equilibritfnWhen Ty is
plotted against the concentration of aPS in blends as shown
in Figure 5h T, gradually increases with the concentra- 4
tion of aPS at a givenh, suggesting that the sPS/aPS blends
are miscible becausk,, could be used as a measure of the
glass transition temperature of the blends. According to the
model of Cowie and Fergusdh® the relaxation of
enthalpy toward an equilibrium state can be described by
the following equation: 2

AH(ty, Ta) = AH (.., To)[1 — $(ta)] ®)

where AH(t,, T,) and AH(t., T,) represent the enthalpy
lost on ageing fot, at T, and on reaching the equilibrium
structure afT,, respectively. In equation (3), the relaxation
function ®(t;) is often expressed by the Kohlrausch— 0 1 5 3 4 5 5
Williams—Watts (KWW) form:

¢4 no

AH(t,,T,) [J/d]
|

N log t, [min]
d(t) =exp| — 2 4) Figure 6 Plots of AH(t,, T,) versudog t,for sSPS/aPS blends aged at80
te Symbols and lines represent the experimental data and the non-linear curve-

fitting by equation (3) and equation (4), respectively
where 8 is the non-exponentiality parameter, ahdis a
relaxation time. The relaxation function describes the
kinetics of the approach of the system to the equi-

librium state. The three parametersi(t., T,), 8 andt,
are determined by fitting experimental data to equations
(3) and (4).Figure 6 shows the enthalpy difference of sPS/aPS
. L Ok ; ® 100/0
sPS/aPS blends as a function of ageing time. It is observed 08 |- 7030
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v 30170
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Figure 7 Plots of ®(t,) versuslogt, for sPS/aPS blends aged at’80
Symbols and lines represent the experimental data and the non-linear curve-
110 fitting by equation (3) and equation (4), respectively
__ 105 that AH(t,, T,) increases with logarithm of, and that it
o decreases with increasing the amount of aPS in blends at a
‘—,L givent, The corresponding plots df(t,) as a function of
}_g I log t,for sSPS/aPS blends are showrFigure 7. The relaxa-

100 tion of sSPS/aPS blends becomes slower as the amount of
aPsS increases, indicating that the blends are miscible over
entire composition. The fitting values aH(t.., T,), 8 and
log t. are listed inTable 1 It is shown that both values of

95 AH(t.., T,) andt. increase with the amount of aPS in blends
owing to an increase of the temperature difference between
aPS [wt%] the glass transition and the ageing temperatufg-Ty),
Figure 5 Variation of Tna, With (a) logt, and (b) the concentration of while the parameta@_ls approximately constanF(O.383)
aPS, when the samples are aged 4€80 for all samples examined here. When the relaxation times of
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Table 1 Parameters in equations (3) and (4), and error limits determined by non-linear least-squares curve fit for sPS/aPS blends

sPS/aPS AH(t., T2)(J 9) B log t. (min)
100/0 4533+ 0.115 0.408+ 0.024 2.858+ 0.067
70/30 4.844+ 0.333 0.364+ 0.041 3.091+ 0.188
50/50 5.049+ 0.163 0.367+ 0.020 3.386+ 0.087
30/70 5.350+ 0.267 0.396+ 0.022 3.536+ 0.115
0/100 5.559+ 0.376 0.382+ 0.022 3.975+ 0.157
5 3 Vittoria, V., de Candia, F., lannelli, P. and Immirzi, Makromol.
Chem. Rapid Commuri1988,9, 765.
4.  Wang, Y. K., Savage, J. D., Yang, D. and Hsu, S.Macromole-
N cules 1992,25, 3659.
5. Hong, B. K., Jo, W. H., Lee, S. C. and Kim, Polymer 1997, in
press.
4L 6 Greis, O., Xu, Y., Asano, T. and PetermannPalymer 1989,30,
= 590.
c
é 7. Sun, Z. and Millar, R. L.Polymer 1963,1993 34.
= L 8 De Rosa, C., Rapacciuolo, M., Guerra, G., Petraccone, V. and Cor-
+° radini, P.,Polymer 1992,33, 1423.
8’ 9. Chatani, Y., Shimane, Y., Inoue, Y., Inagaki, T., Ishioka, T., ljitsu,
= 3L T. and Yukinari, T.Polymer 1992,33, 488.
10. Chatani, Y., Shimane, Y., Inagaki, T., ljitsu, T., Yukinari, T. and
Shikuma, H.Polymer, 1993,34, 1620.
| 11. Roels, T., Deberdt, F. and Berghmans,Macromolecules 1994,
27, 6216.
12. Kellar, E. J. C., Galiotis, C. and Andrews, E. Macromolecules
2 1 | 1 ] 1 1 1 1 1 1996,29, 3515.
0 20 40 60 80 100 13. de Candia, F., Russo, R. and Vittoria, V.Balym. Sci.: Part C:
Polym. Lett, 1990,28, 47.
aPS [wt %] 14.  Stoelinting, J., Karasz, F. E. and Macknight, WPalym. Eng. Sci.

Figure 8 Composition dependence of logfor sPS/aPS blends aged at 15

80°C

16.

sPS/aPS blends are plotted against the concentration of aPs”
as shown irFigure 8 it is clear that the relaxation times are 13,

composition-dependent. Consequently, it is suggested that

sPS/aPS blends are completely miscible over the entirel9

composition examined.

CONCLUSIONS 2L

The miscibility of sSPS/aPS blends was investigated by two 22:
methods, the crystallization kinetics and enthalpy relaxa- ,4

tion. It is observed from crystallization kinetics experiment
that both the spherulite growth rate and the overall

crystallization rate of sPSin blends decrease with increasing24:

the amount of aPS, indicating that sPS is miscible with aPS.
For enthalpy relaxation, the enthalpy recovery of sPS/aPS

blends shows a single peak where the relaxation time is2e.
intermediate between those of SPS and aPS. It is observed?.

that both the enthalpy recovery pedk,t,) andAH(T.,, T,)
increase with the amount of aPS in the blends. It is also 29
observed that the relaxation times of sPS/aPS blends

gradually increase with the amount of aPS. From these 30.
results, it is concluded that sPS/aPS blends are completely3!-

miscible over the entire composition.

32.

33.

34.
REFERENCES

35.
1.  Ishihara, N., Seimiya, T., Kuramoto, M. and Uoi, Macromole- 36.

cules 1986,19, 2464.

2. Guerra, G., Vitagliano, V. M., De Rosa, C., Petraccone, V. and 37.
Corradini, P.Macromolecules1990,23, 1539. 38.

20.

28.

1970,10, 133.

Bank, M., Leffingwell, J. and Thies, Qlacromolecules1971,4,
43.

Plans, J., Macknight, W. J. and Karasz, F. Macromolecules
1984,17, 810.

Yeh, G. S. Y. and Lambert, S. lJ,Polym. Sci., Part A21972,10,
1183.

Amelino, L., Martuscelli, E., Sellitti, C. and Silvestre, €glymer
1990,31, 1051.

Cimmino, S., Di Pace, E., Martuscelli, E. and Silvestre Folym.
Commun.1991,32, 251.

Cimmino, S., Di Pace, E., Martuscelli, E., Silvestre, C., Rice, D. M.
and Karasz, F. ERolymer 1993,34, 214.

Cimmino, S., Di Pace, E., Martuscelli, E. and SilvestrePGlymer
1993,34, 2799.

Guerra, G., De Rosa, C., Vitagliano, V. M., Petraccone, V., Corra-
dini, P. and Karasz, F. ERolym. Commun1991,32, 30.

Guerra, G., De Rosa, C., Vitagliano, V. M., Petraccone, V.
and Corradini, P. JPolym. Sci.: Part B: Polym Phys1991,29,
265.

Sasaki, H., Bala, P. K., Yoshida, H. and Ito, Bolymer 1995,36,
4805.

Struik, L. C. E.Physical Aging in Amorphous Polymers and Other
Materials Elsevier, Amsterdam, 1978.

Hodge, I. M. and Berens, A. RMacromolecules1981,14, 1599.
Bosma, M., ten Brinke, G. and Ellis, T. 8acromolecules1988,
21, 1465.

Grooten, R. and ten Brinke, Gdacromolecules1989,22, 1761.
Oudhuis, A. A. C. M. and ten Brinke, GVlacromolecules1992,
25, 698.

Ellis, T. S.,Macromolecules1990,23, 1494.

Wunderlich, B.Macromolecular Physigs/ol. Il. Academic Press,
New York, 1976.

Martuscelli, E.Polym. Eng. Scj.1984,24, 563.

Wang, T. T. and Nishi, TMacromolecules1977,10, 421.

Boon, J. and Azcue, J. ML, Polym. Sci., Polym. Phys. EA968,6,
885.

Avrami, M. J. J.Chem. Phys.1939,7, 1103.

de Candia, F., Russo, R. and Vittoria, Macromol. Chem. Phys.
1994,195, 735.

Cowie, J. M. G. and Ferguson, Rlacromolecules1989,22, 2307.
Cowie, J. M. G. and Ferguson, Rlacromolecules1989,22, 2312.

POLYMER Volume 39 Number 16 1998 3757



