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Abstract

We report on thermal properties and the phase behaviour of polymer blends comprisirggagisglactone) (PCL) and poly(vinyl methyl
ether) (PVME). The blends were subjected to different thermal histories. In all cases, the fraction of PCL, that crystallizes in the blends,
increases slightly up to 30% content of PVME. Crystallization rates of PCL are found markedly reduced in blends as compared to neat PCL.
Ring-banded spherulites develop during isothermal crystallization. Radial growth rates of spherulites decrease exponentially with increasing
PVME content up to approximately 40% of PVME. At higher PVME contents non-exponential decrease was observed. Melting points of
PCL in blends were determined applying a step-wise annealing procedure. The glass transition temperatures of the blends reveal formation of
PVME-rich phases even after rapid quenching of the homogeneous melt owing to crystallization of PCL. Lower critical solution temperature
behaviour of the melts could be determined tentatively by optical inspection. The homogeneous melt phase-separates above approximately
19C°C. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction observes intra- as well as interspherulitic segregation of
the amorphous phase.
Polymer blends, comprising as one constituent poly( The presence of an amorphous component strongly influ-

caprolactone) (PCL), have been studied extensively in ences the crystallization behaviour of PCL and the resulting
recent years. It turned out that PCL is miscible on a mole- morphology [9,10]. Near the growing crystallites, the amor-
cular scale in the melt with various polymers, e.g., with phous phase locally depletes of PCL. The resulting concen-
poly(vinyl chloride) [1,2], chlorinated polyethylenes [3], tration gradient causes diffusion of PCL chains towards the
poly(styrene-co-acrylonitrile) (SAN) [4,5], poly(vinyl  growing front of the crystallites. This diffusion, however, is
methyl ether) (PVME) [6,7]. In some cases, LCST (lower hindered by the amorphous component leading to a slowing
critical solution temperature) behaviour was observed. Also down of the overall rate of crystallization with increasing
at sufficiently low temperatures, the blends start to phase content of the amorphous component in the blend. More-
separate owing to crystallization of PCL. Moreover, there is over, the difference between crystallization temperaflye,
experimental evidence that in PCL/SAN blends a virtual and glass transition temperatuig, of the amorphous phase
UCST (upper critical solution temperature) exists where affects the crystallization process. If the amorphous compo-
liquid—liquid phase separation advances prior to crystalliza- nent has arf, higher thanT,, depletion of PCL near the
tion [8]. In any case, neat PCL lamellae are growing below growing crystallites leads locally to an increasing glass tran-
the melting temperature of PCL and the blend separates intosition temperature of the amorphous phase which affects
different phases, the crystalline phase comprising only PCL also the diffusion of the PCL chains and results in less
and an amorphous mixture of both constituents. Usually, the perfectly crystallized domains with increasing content of
morphologies that develop are rather complex. One amorphous polymer in the blend. For a blend comprising
an amorphous polymer with a glass transition temperature
situated in between th&; of PCL and its crystallization
* Corresponding author. Tel.:+60-4-6577888-4032; fax:+60-4- temper'atur.e, we have again a local mcreasé'glrdurlng
6574854, crystallization, however, as long @g < T, the amorphous
E-mail addresshwk@usm.my (H.W. Kammer) regions remain mobile and may not strongly affect the
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Table 1

Characteristics of the polymers

Polymer My (kg/mol) Mw/M, T (°C) Tw? (°C)
PCL 65 1.53 - 64 73
PCL® 40.4 2.61

PVME 81.8 1.71 - 25 —

@ Glass transition temperature.
® Melting temperature.
¢ Only for radial growth rates of spherulites.

perfectness of the crystallites. The latter situation, is met
with in blends of PCL and PVME. Then, it might be inter-
esting to crystallize PCL at a temperature intermediate

between the glass transition temperatures of the constitu-

ents. PCL is still mobile but, PVME is not. This should
result in a PVME rich amorphous phase.
In order to study crystallization and melting behaviour of
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of spherulites, PCLs with two different molecular masses
were applied. Molecular weight data are listed in Table 1.

2.2. Blend preparation

Stock solutions of the individual polymers were prepared
by dissolving them in toluene at a polymer concentration of
5% by weight. For formation of PCL/PVME blends, appro-
priate amounts of the stock solutions were mixed and cast on
glass plates. The solvent was evaporated under vacuum at
80°C for several days.

2.3. Techniques

Melting and crystallization behaviour as well as the glass
transition temperature of the blends were studied by DSC
using a Perkin-Elmer DSC-7. Optical microscopy, using a

these blends, samples were isothermally crystallized atZeiss polarizing microscope equipped with a Linkam heat-
different temperatures. Moreover, the blends were subjecteding/cooling unit (Linkam TM 600/s), was employed for

to different thermal histories. The resulting glass transition
temperatures were determined by differential scanning
calorimetry. Morphologies and phase behaviour of the
blends were studied by optical microscopy.

2. Experimental
2.1. Polymers
PCL and PVME were commercial products provided by

Aldrich and BASF, respectively. The polymers were used as
received. Only for determination of the radial growth rates
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Fig. 1. Crystallinity X* of PCL, that developed during different thermal
procedures, versus blend compositia) thermal historyl, T, = 40°C, (A)
thermal histonyil, (®) thermal historyill .

studies of blend morphologies and tentative phase beha-
viour in the melt.
The samples were exposed to different thermal histories:

I. Isothermal crystallization experiments

Samples were annealed for 10 min at®@5ollowed by
rapid cooling at a rate of~200°C/min to the respective
crystallization temperatures near °@0 Then, samples
were crystallized af, for a period of timet, = 5ty 5 with

tos being the corresponding half-time of crystallization
where 50% of the material was crystallized. In the isother-
mal crystallization experiments, crystallinity was expressed
as the ratio of peak areas at tinhdo that at the end of
crystallization. Afterwards, the corresponding melting
temperatures were determined by heating the blends with
a rate of 20C/min to 20 K above the melting temperature.

Il. Rapid quenching from the melt

The blends were annealed at’@5for 10 min, then rapidly
cooled (rate—200°C/min) to —75°C. Afterwards, the DSC
scan was carried out with a rate of°@dmin.

lll. Annealing at—40°C

After annealing at 9% for 10 min, the blends were rapidly
cooled to—40°C, there annealed for 1 h followed by rapid
cooling to —75°C and again, the DSC scan was taken with
20°C/min.

The degree of crystallinity of PCL in the blends at low
temperatures (at around75°C), X*, was estimated from
the difference in the experimentally determined melting
and cold crystallization enthalpieAH, and the reference
melting enthalpy of 100% crystalline PCLAH,y, via
X* = AH/(Wpc AH,¢f) Where wpe, is the weight fraction
of PCL andAH,¢ = 136.1 J/g [1].

The inflection points of the heat flow curves were taken as
the glass transitions.
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Fig. 2. DSC traces of reheating cycles for the PCL/PVME 60/40 blend after exposing it to the thermal histtiriés- dashed curvél, = 42°C, Il — solid
curve,lll — dash-dotted curve.

2.4. Measurement of spherulite growth rates crystallinity is significantly lowered (37%). The crystalli-

3 ] nity X* increases up to a PVME content of about 30 wt%.
Each sample was heated up to°80This temperature |5 plends with PVME in excess, PCL crystallization is

was held for 5min, and then the samples were cooled pingered. The PCL crystallinity does not change signifi-

with 50°C/min to the crystallization temperature of"@ cantly when PCL is crystallized isothermally at different
The spherulite diameters were determined photographically temperatures (regim.
as a function of time. In blends with 40 wt% PVME and more, cold crystalliza-

tion peaks during reheating of samples after thermal
histories Il and Il can be observed in the DSC scans. A

The phase separation temperatures were detected by optigyp'cal example is shown in Fig. 2 for the PCL/PVME 60/

cal microscopy. The blends were heated abové@8(ath a 40 blend. Only one melting peak at 58%can be seen after

rate of £C/min under nitrogen atmosphere to avoid thermal Eftgﬁr?;;uirygéwzgjﬁ:II‘ tﬁfI}sgi(hh;?gsalac(ir):/sstslllli“zr;:i)gn
degradation. g y

process. Crystallization is nearly impeded in PCL/PVME
60/40 blends during rapid quenching from the mél).(

2.5. Determination of LCST

3. Results and discussion After quenching, the reheating trace shows a cold crystal-
lization peak with an enthalpy approximately equal to that
3.1. Crystallization and melting behaviour of the following melting peak. The heating sdéinobtained

after annealing the 60/40 blend a40°C displays a cold

The PCL/PVME blends were exposed to different thermal crystallization peak and a remarkable larger melting peak.
procedures: | — isothermal crystallization at temperatures This suggests that most of the crystallinity developed during
from 37°C—-48C, Il — quenching from the melt, and Ill — annealing at-40°C. The glass transitions indicated in Fig. 2
annealing at-40°C, a temperature between the glass transi- will be discussed later.
tion temperatures of the blend components. The PCL crys-
tallinities, X*, that developed in the course of the different
thermal procedures, are shown in Fig. 1 as a function of
PVME content in the blend. The crystallinity of pure PCL  Qverall kinetics of crystallization was analysed in terms
reaches a value of about 57% during isothermal crystalliza- of Ayrami equation [11]
tion as well as during the annealing process 46°C. Rapid
guenching cannot prevent crystallization of PCL, but, the X(t) = 1 — exp[—Ka(t — to)™]

3.2. Kinetics of isothermal crystallization
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Fig. 5. Crystallinity versus reduced time ty)/tys for PCL in blends of
PCL/PVME, T, = 40°C. Markers as in Fig. 3.
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Te/°C temperature. In a certain range of crystallization tempera-
tures, the half-times increase exponentially with tempera-
ture. At sufficiently high crystallization temperatures,
deviations from exponential behaviour may occur. The
half-times also increase with ascending content of PVME
in the blends.

The blends were treated according to the procedure |
described in the experimental section 2. Fig. 4 shows the
The quantitiesK, and n, are the overall rate constant of normalized crystallinityX, as a function of timet(— t,) for
crystallization and the Avrami exponent, respectivety; PCL blends crystallized at 40. The growing rate slows
represents the induction period which was determined down with increasing PVME content. The different curves
experimentally and defined as the time where approximately coincide and form a master curve to a good approximation
1% of crystallinity was measured. whenX is plotted against the reduced tinte(ty)/ty 5 (Fig.

In order to impose comparable thermal histories to semi- 5). This indicates that overall features of crystallization do
crystalline blends, isothermal crystallization experiments not significantly change with composition in PCL/PVME
require determination of the half-time of crystallization,
tos, defined as the time taken for half of the crystallinity

Fig. 3. Half-time of crystallization versus crystallization temperature for
PCL in PCL/PVME blends, £) 100/0, @) 90/10, ©) 70/30.

whereX(t) is defined as the ratio of degree of crystallinity at
timet and the final degree of crystalliniti(t), ratio of peak
areas(t)/a(co),was normalized so as to take unitytad co.

to develop. Quantitiety s were estimated from the area of 20
the crystallization peak at the respective crystallization
temperature, T.. Fig. 3 shows semilogarithmic plots of 10 ,(‘
half-times of crystallization versus the crystallization u /‘ i.
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Fig. 4. Normalized crystallinityX, versus crystallization time for PCL in

PCL/PVME blends at 4C. Markers as in Fig. 3.

3.

Fig. 6. Avrami plots for PCL/PVME blend3, = 40°C. Markers as in Fig.
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Table 2 more pronounced in blends with PCL of the lower
Avrami parameters for the kinetics of crystallization in PCL/PVME blends  mglecular mass.

at40c It might be interesting to compare qualitatively the radial
Blend n 10%K, (MIn™)  to(min)  tos(min) 2 growth rates in PCL/PVME (PCLM,, = 40 400) with
previous results on growth rates in blends of PCL and poly(-

100/0 201 102 0.25 2.40 0.998 o .
%0110 275 043 075 8.48 0.997 styrene—ran-acrylpmtrlIe) (SAM: x denotes the AN content
80/20 269  0.096 568 .02 0999  Of the copolymer in wt%) [12]. In 50/50 blends of PCL with
70/30 293  0.036 4.08 11.19 0.998 SAN-22.7 and SAN-12.9, the growth rates amount to 0.23
and 1.24um/min, respectively, al. = 40°C, whereas the
* Correlation coefficient. PCL/PVME 50/50 blend exhibits a growth rate of .81/

min. These results suggest that two effects influence the
blends. Fig. 6 gives examples of Avrami plots. Linear rela- radial growth rate of PCL spherulites from a mixed melt:
tionships can be seen up to high degrees of conversion.the thermodynamic stability of the mixture and the differ-
Parameters estimated from the plots are summarized inence in glass transition temperature of the amorphous
Table 2. Avrami exponents are relatively close to 3 and constituents and the crystallization temperature. The glass
there are only minor changes of the Avrami exponent with transition temperature of the SAN copolymers is much

blend composition. higher than the crystallization temperature of PCL while
in blends with PVME, the glass transition temperatures of
3.3. Spherulite growth rates both the amorphous mixture and PVME are lower tfign

Therefore, the rates are lower in the PCL/SANlends than

The radial growth rate of PCL spherulites was determined in the PCL/PVME blend. On the contrary, the remarkable
by optical microscopy at a crystallization temperature of difference in the growing rates between blends with SAN-
40°C. Two different PCLs with molecular masses of 22.7 and SAN-12.9 results from the different thermody-
40 400 and 65 000 were used as blend components. Thenamic stability of the mixtures. The PCL/SAN-12.9 blend
spherulite radii increase strictly linearly with time for all is situated at the edge of the miscibility window while the
blends. The radial growth rates, plotted in Fig. 7 as a func- blend with SAN-22.9 is almost in the centre of that window
tion of blend composition, were calculated from the slope of [5].
radius versus time plots. As expected, the radial growth rate ) _
decreases with increasing molecular mass of PCL. More- 3-4. Melting behaviour
over if PCL is in excess, the radial growth rate decreases

exponentially with increasing PVYME content in the blend. . I )
At sufficienty high PVME content, however, non- Weeks [13] was employed to estimate the equilibrium melt

. ing temperatures of the blends under discussion. The blends
exponential decrease of the growth rate can be seen. ) . X
o . : were treated according to the procedure | described in the
These deviations from exponential behaviour become ; . . )
experimental section (Section 2). After isothermal crystal-
lization, melting points were detected by heating the
samples with a speed of 20 K/min. The DSC scans of all
. samples displayed only one endotherm. Hoffman—Weeks
w O plots of PCL/PVME blends are presented in Fig. 8, and
D the results of linear regressions are summarized in Table
RN 3. There is no systematic variation of the melting point
Sal o with blend composition.

A step-wise annealing procedure after Hoffman and
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. e 3.5. Glass transition temperatures

The PCL/PVME blends were exposed to the procedures
Il and Ill, described in the experimental section (Section 2),
in order to determine the glass transition temperatufgs,
and to study the influence of crystallization on them. Results
are shown in Figs. 9 and 10. As discussed before, rapid
guenching of the blends from the melt cannot prevent crys-
0.2 ‘ | ‘ tallization of PCL, however, the final degree of crystallinity

0.00 0.20 0.40 0.60 0.80 1.00 is reduced as compared to isothermal crystallization and
annealing (see Fig. 1). The glass transition temperatures
of the quenched blends decrease with decreasing PVYME
Fig. 7. Radial growth rate of PCL spherulites versus blend composition, content. One recognizes, however, that the decrea3g in
T, = 40°C. (O) PCL M,, = 40 400, &) PCL M,, = 65 000. with descending content of PVME is not as large as one

TTTTT

radial growth rate / pmmin’'

weight fraction of PVME
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Fig. 8. Hoffman—Weeks plots for PCL in PCL/PVME blends. Markers asin Fig. 9. MidpointTy as a function of PVME content in blends of PCL and
Fig. 3. 70/30 blend — original position; 90/10 and 100/0 displaceeH®/C PVME. Blends were subjected to thermal history Il (cf. text). The solid
and — 10°C, respectively. curve was calculated according to Fox equation.

expects for a completely miscible system. This indicates between 95 and 50 wt%, change only slightly with blend
that a PVME-rich phase exists even in blends comprising composition. One may conclude that a PVME-rich phase
30 wt % and less PVME. Fig. 1 shows that the degree of develops during the annealing process. The glass transition
crystallinity in 60/40 and 50/50 PCL/PVME blends is very temperatures of that phase indicate a composition of 50—
low after rapid cooling. Crystallization in these blends 70wt% PVME according to the Fox equation. Similar
started only above-25°C (cf. Fig. 2). It is likely that the effects might be recognized in blends crystallized isother-
glass transition temperatures for these blends, shown in Fig.mally near 40C. Glass transitions of the PCL/PVME 60/40
9, are attributed to PCL-rich phases. blend are indicated in Fig. 2. THEy's of the isothermally
The situation changes for thermal history Ill, Fig. 10. crystallized sample (1) and of the sample annealed4d"C
Similar glass transitions as for the quenched blends can be(lll) appear in the same region. This indicates again the
found only for blends with more than approximately 60 wt% formation of a PVME-rich amorphous phase during

PVME, as in that range, the applied annealing temperature,
—40°C, is lower than the glass transition of the amorphous
mixture. Therefore, crystallization of PCL cannot proceed
during annealing at-40°C. For blends with less than 60%
PVME, the annealing temperature is higher than the glass
transition. The chains are mobile enough and crystallization
continues during annealing time. This leads to higher crys-
tallinity of PCL in the blend as shown in Figs. 1 and 2.
Concomitantly, one observes large deviations of the glass
transition temperature from the Fox equation. The glass
transition temperatures of blends with high PCL content,

Table 3

Apparent equilibrium melting point$% and correlation coefficients of the
Tm Vvs. T¢ relationships in the range #Z0-48C for the crystallization
temperaturel,

Blend PCL/PVME

Tn (C)

r

100/0
90/10
80/20
70/30

73
75
78
75

0.998
0.998
0.997
0.993

T4/°C

-20

-70
0.00 0.20 0.40 0.60 0.80

1 l
| | 1

weight fraction of PVME

1.00

Fig. 10. As Fig. 9 for thermal history Ill (cf. text). The open triangles
represent data points of Fig. 9, for comparison.
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Fig. 11. Spherulite morphology of PCL/PVME blends, crystallized from
the melt at 40C, obtained by optical microscopy with crossed polars. (a)
90/10, (b) 50/50. Bars correspond to 10.

isothermal crystallization at temperatures well above the
glass transition.

From the T, data presented, one may conclude that
PVME-rich amorphous and PCL-rich semicrystalline

phases are formed in PCL/PVME blends when the blends
are allowed to crystallize at temperatures above the glass

transition of the amorphous melt. The extent of miscibility
of PVME and PCL in amorphous regions is strongly influ-
enced by the crystallization conditions.

3.6. Blend morphologies and phase behaviour

Fig. 11 shows selected examples of spherulite morphologies

that developed in blends of PCL and PVME after isothermal
crystallization at 48C. Afibrillar fine texture of the spherulites
as well as distinct ring-shaped structures can be seen
Spherulites exhibiting ring-banded patterns have been
observed in various miscible PCL-based blends, e.g. in
PCL/PVC [1,2,14-17] or in PCL/SAN blends [9,12,18].
The ring-banded spherulites in PCL/PVME blends are
very similar to those observed in PCL/SAN blends [12].

Fig. 12. Optical micrograph of spinodal decomposition patterns for a 50/50
PCL/PVME blend at 19Z. The blend was heated with a rate 6€1min
from 180°C—193C. Bar corresponds to 1G0m.

The phase behaviour of PCL/PVME blends in the molten
state was estimated tentatively by optical inspection in the
hot stage. Samples were heated above’@88y a rate of
1°C/min. The temperatures, where regular spinodal decom-
position patterns occurred, were taken as the phase separa-
tion temperatures. One typical example is shown in Fig. 12.
In that way, we could succeed only with three blends to
detect the phase separation temperatures (Fig. 13). The
experimental data points were used to estimate the free-
energy parametex given by [19]

~1/3 ~1/3
_ VA oy o VAT T o
VI3 17 T (43) - V1R 8
240
o sl
220 - | f
9 | \\ //
- \\ //
200 .
180 I | | |
0.10 0.30 0.50 0.70 0.90

weight fraction of PCL

Fig. 13. Binodal for the system PCL/PVME. Markers indicate experimen-
tal data points. The curve was calculated according to Flory—Huggins
theory (see text).
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