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Abstract 

The crystallization process of poly(ethylene oxide) (PEO) and PEO/poly(methyl methacrylate) 
(PMMA) blends in the low molecular weight region of PEO was studied by differential scanning 
calorimetry (DSC) and polarized optical microscopy (POM). The half-time of the crystallization 
tl12, the time at which crystallinity X(t) = 112, was inversely proportional to the linear growth rate 
G of spherulite, i.e. rl,2-1 = G. The value of E characterizes the temperature dependence of the 
activation energy for the formation of a secondary nucleus on the growing side surface of the 
crystal lamella and was evaluated from the tlj2 measured by DSC. The value of E of PEO was not 
affected by blending PMMA. However, the slightly increasing tendency of E was observed for 
PEO and PEO/PMMA blends with increasing molecular weight of PEO, MPEo. This tendency may 
correspond to the crossover of E from low molecular weight material to polymer. 

Keywords: Crystallization; DSC; Polarized optical microscopy; Poly(ethylene oxide); Poly- 
(ethylene oxide)/poly(methyl methacrylate) blends 

1. Introduction 

The heat of crystallization AH(t) measured by differential scanning calorimetry (DSC) 
in the crystallization process of polymer yields the evolution of crystallinity, X(f), as a 
function of time by the relation [ 11: 
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j;(dAH(t)/dr)dt 

x(t) = j; (dAH(t) / dt) dt 
(1) 

X(t) thus obtained is usually analyzed according to the Avrami equation 

X(t) = 1 - exp(-kf) (2) 

in order to evaluate the rate constant k and the Avrami exponent n [2]. 
On the other hand, the crystallization process of a polymer is often studied by polar- 

ized optical microscopy (POM) to evaluate the crystallization rate, e.g. the linear growth 
rate G of spherulite, the lateral growth rate V of single crystal lamella, etc. [3-71. 

The rate constant k obtained by DSC is related to the growth rate G obtained by POM 
by the relation 

k=Gd (3) 

where d represents the dimensionality of the crystal formed in the system and has the 
value 1, 2 or 3 depending on the crystallization mechanism [2]. Most studies on the 
crystallization of polymers are based on experimental results obtained by just one of 
these two procedures, i.e. DSC or POM. Although the rate constant k is thus related di- 
rectly to the crystallization rate G, the validity of Eq. (3) has not yet been proved experi- 
mentally by comparing DSC and POM measurements. 

In this study, isothermal crystallization of poly(ethylene oxide) (PEO) and PEO/poly- 
(methyl methacrylate) (PMMA) blends in a low molecular weight region of PEO was 
measured by DSC and POM. PEO/PMMA blend is the compatible polymer blend with a 
negative value of the interaction parameter x [8,9]. Therefore, we can investigate the 
crystallization process of polymer blend without the influence of the liquid-liquid phase 
separation. The aims of this study are (1) the experimental verification of the relation of 
Eq. (3); (2) the exploration of the PEO molecular weight dependence of the crystalliza- 
tion of PEO and PEO/PMMA blends and (3) the examination of the effect of blended 
PMMA on the crystallization of PEO. 

2. Experimental 

PEOs were products of Wako Pure Chemical Ind. Ltd. with nominal average molecu- 
lar weights MpEo = 4 x lo3 and 5 X lo4 and of Scientific Polymer Products, Inc. with 
nominal weight average molecular weight MpEo = 6.8 X 103. PMMA was the product of 
Scientific Polymer Products, Inc. The weight average molecular weight MwPMMA and the 
index of the molecular weight distribution (Mw/Mn)rMMA were determined as 1.7 X lo3 
and 1.7, respectively, by gel permeation chromatography (GPC) using polystyrenes as 
the standards. 

Sample films were obtained by casting from chloroform solutions. Namely, homoge- 
neous solutions with a concentration of about 5 wt% were cast on a teflon sheet at 35°C. 
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Table 1 

Equilibrium melting temperature Tm” for various PEOs and PEO/PMMA blends 

PEO PEOIPMMA 

4x 103 333.9 331.8 
6.8 x 103 343.4 338.4 
5 x 104 346.5 341.2 

The film thus obtained was kept under a vacuum at room temperature for 24 h, then 
heated to 80°C and dried further for 10 h under a vacuum. The blends contained 20 wt% 
of PMMA. 

DSC measurements were carried out using a Seiko DSC200 instrument. About 10 mg 
of specimen were sealed in an Al pan. The isothermal crystallization process was induced 
by melting the specimen at about 90°C annealing for 40-50 min, quenching to the crys- 
tallization temperature T, at 20°C min-‘, and then recording the DSC curve. The DSC 
melting curve of the crystallized specimen was measured at a heating rate of 10°C mint 
after cooling the specimen to -5°C at 10°C mini and holding the specimen for 5 min in 
order to stabilize the base line. The melting temperature T, was evaluated as the peak 
temperature of the DSC melting curve. According to the method proposed by Hoffman 
and Weeks, the equilibrium melting temperature Tmo was determined by extrapolating 
linearly the plot of T, against T, to the T,,, = T, line (Hoffman-Weeks plot) [lo]. Hoff- 
man-weeks plots of these systems measured here were previously reported [ 111. The 
values of T,,,O are listed in Table 1. 

POM measurements were carried out using an Olympus BHS-751-P. After being 
melted at 80°C and annealed for 30 mitt, the specimen was quenched to the crystalliza- 
tion temperature T, by inserting the specimen into an originally designed hot stage, which 
was installed on the sample stage of the POM and controlled at T,. The isothermal crys- 
tallization process thus initiated was measured by a CCD camera mounted on the POM. 
The POM image taken by the CCD camera was transferred to a computer digital image 
analysis system (PIAS Co. LA525), and the time dependent growth of the radius of 
spherulite was measured. 

3. Results and discussion 

Fig. 1 shows the Avrami plots of PEO (/&no = 5 x 104) at the crystallization tempera- 
ture T, = 320, 325 and 327 K. The Avrami exponent n takes 1.9-2.3 for PEO 
(MPEO = 5 x 104) and 2.1-2.3 for PEO (M rEO = 5 x 104)/PMMA blend. The maximum, 
minimum and average values of n for PEOs and PEO/PMMA blends are listed in Table 
2. As easily understood from Table 2, the value of n was not affected by blending 
PMMA and was independent of the molecular weight of PEO MPEO. Theoretically, the 
Avrami exponent n depends on the morphology of the crystal and the nucleation mecha- 
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Table 2 
Maximum, minimum and average values of Avrami exponent n for various PEOs and PEO/PMMA blends 

MPEO nmax 

PEO PEOI 
PMMA 

hh 

PEO PEOI 
PMMA 

naverage 

PEO PEOI 
PMMA 

4x 103 2.2 2.4 1.7 1.9 1.9 2.3 
6.8 x 103 2.4 2.2 1.8 1.6 2.1 2.0 
5x 104 2.3 2.3 1.9 2.1 2.1 2.2 

nism, i.e. homogenous nucleation or inhomogenous nucleation [2]. The value of n ob- 
served here shows that the morphology of the crystal and the nucleation mechanism are 
not affected by blending PMMA. In POM measurements, the growth of spherulite was 
observed with the progress of time. Time evolution of the radius of spherulite r is shown 
in Fig. 2. Spherulite radius r increases linearly with time t. Linear growth rate G was 
evaluated from the slope of the straight lines. For the growth of a three-dimensional 
spherical crystal, the Avrami exponent n takes 4 or 3 for homogeneous or inhomogenous 
nucleation, respectively [2]. The results of Figs. 1 and 2 show that the PEO and 
PEO/PMMA blends crystallize spherically by inhomogenous nucleation. Actually, the 
crystallization took place by inhomogenous nucleation as seen from Fig. 3. Here, X’(t) is 
the apparent crystallinity defined as the fraction of the region occupied by the crystal 
domain in the field of POM. N is the number of nuclei formed in the field of POM. Fig. 3 
shows that the number of nuclei was already saturated in the very early stage of crystalli- 
zation. Similar values of the Avrami exponent n were obtained for other polymers form- 
ing spherulites by inhomogenous nucleation [6,7,12]. The reason why the exponent n 
observed here took a fractal value, which is smaller than the theoretically predicted value 
n = 3, is not explained at the present stage. However, since the spherulite of polymer is 
not perfectly spherical, but a three-dimensional spherical assembly of two-dimensional 
lamellar crystals, a slightly smaller value of n may be observed. Since the values of n are 
equal to the dimensionality d of the crystal for the crystallization induced by inhomoge- 
nous nucleation, the following relation is derived from Eqs. (2) and (3): 

between the half-time tlj2, the time at which the crystallinity X(t) = l/2, and the linear 
growth rate G. The half-time tin and the linear growth rate G evaluated from Figs. 1 and 2 
are plotted against crystallization temperature T, in a double-logarithmic scale in Fig. 4. 
G and t,,-’ can be superposed by shifting the data along the ordinate, and hence, Eq. (4) 
is experimentally verified. Therefore, for inhomogenous nucleation, DSC and POM 
measurements yield essentially the same information about the crystallization rate. It is 
generally difficult to obtain the reproducible value of G in POM measurements because 
of the difficulties such as temperature control and others, as shown in Fig. 4. On the other 
hand, t1,2 can be precisely determined by DSC. Therefore, although it is difficult to de- 
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Fig. 1, Avrami plots for PEO (Mp~o = 5 X 104) at crystallization temperature TC = 320 (0). 325 (0) and 
327 K (0). 

termine the absolute value of G from DSC compared with POM measurements, the rela- 
tive value is obtained precisely. Therefore, DSC measurements can be a strong means to 
determine the relative value of G, e.g. in determination of the temperature dependence of 
G. Such a case is shown below. 

A number of studies on the crystallization process of polymer show that G follows 

200 300 400 

tlsec 

Fig. 2. Time evolutions of radii of spherulite r for PEO (Mp~o - - 5 X 104) at Tc = 320.5 (W), 321.2 (0). 323.2 
(o), 323.4 (+), 323.5 (0) and 324.6 K (0). 
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Fig. 3. Time evolutions of apparent ccystallinity X’ (0) and the number of nucleus N (0) for PEO 
(MP~o = 5 x 104) at T, = 326.0 K. 

G = G&T,) exp(-E/AT,,,) (5) 

where GO is a constant [3,4] and q(T,) the viscosity term which represents the tempera- 
ture dependence of the mobility of segments of crystalline polymer [13-151. The WLF 
equation, which is used in polymer rheology as the function representing the temperature 
dependence of the shift factor, is usually used as q(T,) [ 161. However, since the tempera- 
ture dependence of q(T,) is very small compared with the temperature dependence of the 
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Fig. 4. Plots of log G (0) and log tl,l’ (0) for PEO (I%&0 = 5 X 104) versus TC. 
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ATm ~lO/K’ 

Fig. 5. Arrhenius plots of G (0) and t ,,1’ (0) for PEO (MPEO = 5 x 104). 

exponential term in the usual temperature region (AT,,, = 1 Tmo - Td - 10 K) as measured 
here, q(T,) can be regarded as a constant. The T,-dependence of q(T,) is necessary in 
consideration of crystallization over a wide range of crystallization temperature T,, i.e. 
crystallization from both melt (melt crystallization) and glassy state (cold crystallization). 
E is regarded as a constant representing the temperature dependence of G. Eq. (5) differs 
from the usual Arrhenius type equation 

G = Go exp(-E$T,) (6) 

In Eq. (5) the temperature variable AT,,, representing the temperature difference of T, 
from Tmo is used in the exponential term instead of the crystallization temperature T,. The 
activation energy E, for the formation of a secondary nucleus on the growing side surface 
of the crystal is inversely proportional to AT, (E, = k/AT,, k a constant). The variation 
of AT,-’ is much larger than that of T,-’ in the temperature region usually observed in 
the melt crystallization. Therefore, k/T, (= E in Eq. (5)) is usually regarded as constant, 
and hence the temperature dependence of G is represented by Eq. (5). Exactly, E in Eq. 
(5) is the constant characterizing the temperature dependence of the activation energy 
(=E/AT,,,) for the formation of a secondary nucleus on the growing side surface of crys- 
tal. Thus, the temperature dependence of G is mainly determined by the exponential term 
in Eq. (5). Fig. 5 shows Arrhenius plots of In trj2-l and In G versus AT,-‘. As reasonably 
expected from Fig. 4, the values of the slopes of In tllZ-l and In G are the same within 
experimental error, and yield E = 160 and 129 for In t& and In G, respectively. It 
should be noted that an enormous number of data points are needed to obtain good re- 
sults in POM measurements, but a relatively small number of data can yield good results 
in DSC measurements. When the temperature dependence of G is required rather than the 
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-1 

Fig. 6. Arrhenius plots of tl,z-’ for PEO (MPEO = 4 X 103) (A) and PEO (4 X 103)/PMMA (A). 

absolute value of G, DSC measurements yield better results rather than POM measure- 
ments. 

In order to verify Eq. (4) we examine below whether the results obtained by DSC and 
POM measurements for PEOs and PEO/PMMA blends with different molecular weight 
of PEO yield consistent results. Fig. 6 shows the Arrhenius plots of ttn-’ obtained by 
DSC for PEO (&no = 4 X 103) and PEO (A4rno = 4 X 103)/PMMA blend. Fig. 7 shows 
the Arrhenius plots of G obtained by POM for the same samples. In POM measurements, 

.2 .3 .4 .5 .6 .7 .a .9 
ATm-l=lO/K 

Fig. 7. Arrhenius plots of G for PEO (MPEO = 4 X 103) (A) and PEO (4 X 103)1pMMA (A). 
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Table 3 

Values of E obtained by DSC and POM for various PEOs and PEO/PMMA blends 

MPEO ‘hc’~ 

PEO PEOIPMMA 

EPOMIK 

PEO PEO/PMMA 

4x 103 117 104 16 71 
6.8 x 103 112 112 110 104 
5 x 104 160 163 129 163 

data points show some scatter because of the relatively low accuracy. Therefore, E also 
shows some scatter taking the value around the DSC value. However, E approached the 
DSC value by repeating the measurements. The slopes of the plots for PEO and PEO/ 
PMMA blend in Figs. 6 and 7 show that the value of E characterizing the temperature 
dependence of the activation energy for formation of a secondary nucleus is not affected 
by blending PMMA. The values of E are listed in Table 3. The values of E for PEO 

WPEO = 4 x 103) and PEO (MPEO = 4 X 103)/PMMA blend determined by POM are 
slightly smaller than those determined by DSC. In POM measurements of these systems, 
the crystallization rate was l-2 orders of magnitude faster than that of other systems. 
Therefore, in the low temperature region, crystallization took place in the cooling process 
before reaching the isothermal state. This fact makes the measured value of G smaller 
than the true value. Smaller values of E for PEO (MpEo = 4 x 103) and PEO 

WPEO = 4 X 103)/PMMA blend were thus obtained in the low temperature region. The 
disagreement between E values determined by DSC and POM seems to be due to the 
underestimation of G in POM measurements in the low temperature region. Therefore, 
the disagreement of E was not responsible for the invalidity of Eq. (4) but the limitation 
of measurements by POM. E values listed in Table 3 may show an increasing tendency 
with increasing molecular weight of PEO. Generally, the activation energy of polymers is 
much higher than that of low molecular weight materials. The difference in activation 
energy between polymers and low molecular weight materials can be easily understood 
by their difference in crystallization behavior. That is, polymer can crystallize only in the 
large AT, region, while low molecular weight materials can easily crystallize even in the 
small AT, region. The variation of the activation energy E in Table 3 may correspond to 
the crossover of E from low molecular weight material to polymer. 

4. Conclusion 

The following conclusion was obtained from the measurements of isothermal crystal- 
lization of PEO and PEO/PMMA blends in low molecular weight region of PEO. (1) Eq. 
(4) holds in the crystallization process of polymer induced by inhomogenous nucleation. 
(2) Therefore, the temperature dependence of the activation energy for the formation of a 
secondary nucleus can be evaluated from the ru2 value measured by DSC. (3) The value 
of E characterizing the temperature dependence of the activation energy is not affected 
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by blending PMMA. (4) The increasing tendency of E with molecular weight of PEO 
may correspond to the crossover of E from low molecular weight material to polymer. 
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