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Abstract

We report in this work the results of dielectric studies on microphase separation in blends of thermoplastic
polyurethanes (TPUs) and styrene±acrylonitrile (SAN) copolymers with 0, 25, 50, 90 and 100% SAN (w/w). The

dielectric techniques used include broadband ac dielectric relaxation spectroscopy (DRS), in the frequency range of
10ÿ2 to 107 Hz and a temperature range of 20±2008C, and thermally stimulated depolarization currents (TSDC)
techniques in the temperature range of ÿ170±308C. These techniques enable us to observe the primary a relaxations
and the secondary g and b relaxations of TPU and SAN in the pure components and in the blends and to follow

the dependence of their characteristic parameters on composition. DRS proves to be very sensitive in monitoring the
melting of the crystalline soft segments of TPU in the blends. In addition the investigation of dc conductivity e�ects
in the blends provides information on the morphology of the blends at mesoscopic level. The results suggest that the

extent of partial miscibility of the two components is very limited, whereas the addition of SAN in TPU promotes
the separation of hard and soft segments in TPU. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Recently scienti®c interest in polymer blends has

intensi®ed [1±3]. Polymer blends give the possibility to

combine contrary properties of di�erent polymeric ma-

terials, the range of behaviour combinations being

higher than that achieved by copolymerization. Thus,

blending of polymers is an e�ective way of producing

advanced multicomponent polymeric systems with new

property pro®les [3, 4]. From the fundamental point of

view, polymer blends are interesting systems for study-

ing polymer interactions and phase separation at

microscopic and mesoscopic levels [1±4].

Polyurethane-based blends generally have an added

thermoplastic hard component to improve their mech-

anical properties [5]. These blends are widely used for

many technological applications and their properties

are being intensively investigated. The blending of ther-

moplastic polyurethane (TPU) with polystyrene-co-

acrylonitrile (SAN) results in many property variations

due to the numerous combinations of di�erent poly-

urethane types (hard and soft segment character,

domain separation, etc.) with di�erent SAN copoly-

mers (weight % of acrylonitrile and di�erent distri-

butions of styrene and acrylonitrile) that are

possible [6±9]. The chemical structure of TPU/SAN

blends is, in general, very complex [6, 9].

The present work deals with the investigation of

molecular mobility and microphase separation in TPU/

SAN blends by means of dielectric methods. The com-

position of the blends studied was varied in a broad

range from pure TPU to pure SAN. The dielectric

methods used included broadband a.c. dielectric relax-
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ation spectroscopy (DRS) in wide ranges of frequency,
10ÿ2±107 Hz, and temperature, 20±2008C, and ther-

mally stimulated depolarization currents (TSDC) tech-
niques in the temperature range of ÿ170±308C. DRS
and TSDC have proved very e�ective in investigations

of molecular mobility and structure±properties re-
lationships in polymeric blends [2±4, 10, 11]. They
make it possible for primary a relaxations and the sec-

ondary g and b relaxations of TPU and SAN to be
studied and changes in their dynamics induced by
blending followed.

The results of DRS measurements are analysed
within the complex permittivity e* and the complex
modulus M* formalism [12]. For ion conducting sys-
tems the M* formalism o�ers several advantages: the

space charge e�ects often do not mask the features of
the spectra (highly capacitive phenomena are sup-
pressed in the frequency plots of the imaginary part of

M*, M0 ( f)); the M0 ( f) spectra show peaks which are
related to the ionic conductivity and their peak fre-
quencies show the same temperature dependence as the

dc conductivity (conductivity current relaxation [13]).
Depending on temperature and frequency of DRS
measurements, charge carriers move over distances of

variable length. Thus, detailed investigations of con-
ductivity e�ects are carried out within this work to
obtain information on the morphology at the meso-
scopic level. Finally, temperature plots of the real per-

mittivity e 0 at a suitably ®xed frequency are employed
to monitor phase transitions involving dipolar com-
ponents, such as the melting of the crystalline soft seg-

ments of TPU and the glass to rubber transition of the
hard segments of TPU in the blends.

2. Experimental

2.1. Materials

The TPU/SAN samples were a gift from the
University of Maribor. TPUs were synthesized from
poly(caprolactone) (CAPA) Mn=2000, 4,4 0-methyle-

nediphenyl diisocyanate (MDI) and 1,2-propanediol by
a standard prepolymer process. Commercial SAN
(Luran 388 S, BASF, acrylonitrile content 32.9 wt%)
was used for blending with TPU. Polymers were

blended in solution: TPU and SAN in ratios of 100/0,
75/25, 50/50, 10/90 and 0/100 were dissolved in
dimethylformamide (DMF) at room temperature in 15

wt% concentration. From the solution, ®lms were cast
and dried in a vacuum at 408C for 6 h. The tempera-
ture of drying was limited to 408C because of melting

of the crystalline soft segments of TPU at higher
temperatures [9]. The thickness of the ®lms was ap-
proximately 30 mm.

For comparison, some measurements were per-
formed with a second blend, labelled PUR/SAN, the

main di�erence to TPU/SAN being that in PUR/SAN
the SAN copolymer was synthesized in the laboratory.
Cross-linked polyurethanes were prepared by the one-

shot technique from a polypropylene glycol with 15%
ethylene oxide termination (Mn=3500, functionality
2.8), MDI and 1,4-butanediol. SAN was synthesized in

the polyol from styrene, acrylonitrile and azoisobutyr-
onitrile as an initiator. Blends with 10 and 20 wt%
SAN were prepared. For details of preparation refer to

ref. [14].

2.1.1. Dielectric relaxation spectroscopy (DRS)

measurements
For a.c. dielectric relaxation spectroscopy measure-

ments two di�erent experimental set-ups were used. In

the frequency range 102±107 Hz and the temperature
range of 20±2008C a Hewlett±Packard HP4192A
Impedance Analyser combined with the Ando type
TO-19 thermostatic oven and the Ando SE-70 dielec-

tric cell, with nickel-coated stainless steel electrodes,
were used. A Schlumberger Frequency Response
Analyser (FRA 1260), supplemented by a bu�er ampli-

®er of variable gain and a Novocontrol sample holder
with gold-coated electrodes (BDS 1300) were used for
measurements in frequency in the region 10ÿ2±106 Hz

at 308C. Complex admittance measurements were per-
formed in a two-terminal electrode con®guration. In
addition, d.c. conductivity was measured by means of
a Hewlett±Packard HP4339 High resistance meter.

2.1.2. Thermally stimulated depolarization current

(TSDC) measurements
The TSDC method consists of recording the ther-

mally activated release of frozen-in polarization and
corresponds to measuring dielectric losses vs tempera-

ture at low frequencies in the range 10ÿ4±10ÿ2 Hz [15].
A brief description of the technique is given in the fol-
lowing. The sample is inserted between the plates of a

capacitor, made of brass, and polarized by the appli-
cation of a ®eld Ep at a temperature Tp for a time tp
which is large compared with the relaxation time at Tp

of the dispersion under consideration. With the electric
®eld still applied the sample is cooled down to a tem-
perature T0 su�ciently low enough to prevent depolar-
ization by thermal agitation. Next it is short-circuited

and reheated at a constant rate b. A discharge current
is generated as a function of temperature which is
measured with a sensitive electrometer. The resultant

TSDC spectrum often consists of several peaks whose
shape and location are characteristic of the relaxation
mechanisms of the sample. The analysis of the shape

of the TSDC curve makes it possible to obtain the ac-
tivation energy E, the pre-exponential factor t0 and the
contribution De of a peak to the static permittivity.

A. Kanapitsas et al. / European Polymer Journal 35 (1999) 923±937924



We used a home made experimental apparatus for
TSDC measurements in the temperature range of

ÿ170±308C [16]. For details of TSDC measurements
and analysis refer to refs [16, 17].

3. Results and discussion

3.1. TSDC measurements

Fig. 1 displays the TSDC thermogram measured on

a TPU/SAN blend with 50% SAN. The TSDC spectra
from all the samples exhibit the structure shown in
Fig. 1. Three dispersion regions are well discerned g,
b, a in the order of increasing temperature. Fig. 2
shows the low temperature region of the TSDC ther-
mograms with the g and b dispersions for the pure

components and the 50/50 TPU/SAN. In pure TPU
the g peak is located at about ÿ1558C and the b peak
at about ÿ1108C. The g peak, which has also been
observed in mechanical relaxation spectroscopy on

polyurethanes [18], has been associated with local
motion of (CH2)n sequences [18, 19]. The b peak is
attributed to the motion of the polar carbonyl

groups [20]. This peak has been found to shift to
higher temperatures and to increase in magnitude with
moisture, suggesting an association of the adsorbed

water molecules with the carbonyl groups [20]. The
mechanical b peak, which shows the same moisture
dependence, is located at higher temperatures [20]. In
pure SAN the g peak is located at about ÿ1658C and

the b peak at about ÿ1358C. Consistent with results
obtained with many polymeric systems [18, 19] and
with respect to the structure of SAN [21, 22], we attri-

bute the g peak to local motions of (CH2)n sequences
and the b peak to motions of the highly polar -CN
side group attached to -C in the main chain of SAN.

In the blends the g and b peaks were found to be
located at temperatures between those of the corre-

sponding peaks in the pure components and to system-
atically shift to lower temperatures with increasing

SAN content, (at about ÿ160 and ÿ1208C in 50/50
TPU/SAN blend in Fig. 2). The magnitude of the

peaks was found to be between those of the pure com-
ponents and to increase, in general, with increasing

SAN content. These results suggest that the secondary
mechanisms of SAN are antiplasticized in the blends

(i.e. they shift to higher temperatures), whereas those
of the TPU are plasticized (i.e. they shift to lower tem-
peratures).

The double peak in Fig. 1 at about ÿ208C was

observed in pure TPU and in the blends. In agreement
with the results of measurements in many polyurethane

systems the double peak is associated with the glass±
rubber transition of the TPU rich phase and the

Maxwell±Wagner±Sillars (MWS) interfacial peak,
which appears as a shoulder on the high temperature

side of the a peak [10, 20]. The a relaxation peak is due
to the reorientation of the polar soft segments of the

chain during the glass transition of the TPU, whereas
the MWS peak is due to the polarization at the inter-
faces between soft and hard segments of the

sample [10, 20]. In our blends the double peak was
found to shift slightly but systematically to lower tem-

peratures with increasing SAN content. The a peak
shifts from ÿ188C for pure TPU to ÿ338C for the 10/

90 TPU/SAN blend (Fig. 3). The peak temperature of
the TSDC peak associated to the glass transition has

been found to be a good measure of the calorimetric
glass transition temperature Tg [10, 20]. Thus, the

results in Fig. 3 indicate that the glass transition tem-
perature Tg of the TPU rich phase is slightly plasti-

cized in the blends. These results are in excellent
agreement with those of DSC measurements on the

same blends [23]. The normalized magnitude, In, of the
double peak decreases systematically with increasing

SAN content (Fig. 3). The normalized magnitude of a
TSDC peak, de®ned as the current maximum (current

Fig. 1. TSDC thermogram measured on a 50/50% TPU/SAN

sample.

Fig. 2. Low temperature TSDC spectra of pure SAN, pure

TPU and 50/50 TPU/SAN blend.
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at peak temperature, divided by heating rate b, surface

area of sample and polarizing ®eld Ep, is proportional

to the number of relaxing units contributing to the

peak [15±17]. Thus, the decrease of In with increasing

SAN content is in agreement with our interpretation

for the origin of the double peak in TPU and in

blends.

The plasticization of the g, b and a relaxations of

TPU and the antiplasticization of the g and b relax-

ations of SAN (as well as of the a relaxation in the

DRS measurements to be reported in the next section)

cannot be explained based on phase composition [6±9]

(and even if they were miscible SAN should be plasti-

cized, not TPU). A plausible explanation for the

observed behaviour is that these e�ects are produced

by redistribution of low molecular weight oligomers

contained in the commercial SAN used. These oligo-

mers act as plasticizers for the SAN used. When the

blend is prepared by melt blending or casting from a

common solvent a part of these oligomers moves to

the second component of the blend (TPU phase here)

with the result that the transition temperatures for

both the secondary and the primary (a) mechanisms

decrease. At the same time due to the smaller amount

of plasticizer in the SAN phase the transition tempera-

tures for the primary (a) and the secondary (g, b)
mechanisms increase. Similar e�ects were observed on

other systems based on commercial SAN, e.g. on

blends of polycarbonate with acrylonitrile±butadiene±

styrene materials [21] and on acrylonitrile±butadiene±

styrene graft copolymers [22]. The styrene and acrylo-

nitrile oligomers were isolated and characterized [21]

and the explanation for the observed e�ects was tested

by repeating the experiments with puri®ed SAN

materials [21, 22]. In several commercial SAN samples

analysed the total amount of oligomers was found to

be 1±2 wt% [22]. The oligomers were found to be

mostly trimers containing two acrylonitrile units and

one styrene unit [21]. We may assume that similar

holds for the commercial SAN used in this work.

In order to check the hypothesis that the observed

plasticization of TPU and antiplasticization of SAN

in the TPU/SAN blends is due to migration of

oligomers present in the commercial SAN used,

TSDC (and DRS) measurements were performed on

the PUR/SAN system based on synthesized SAN.

Unpolymerized monomers were removed from that

system via a rotary evaporation [14]. Fig. 4 shows

Fig. 3. Position in the TSDC spectrum (maximum current temperature Tm) and strength (normalized maximum current, In) of the

a-relaxation peak of TPU rich phase, as a function of composition in blends.

Fig. 4. TSDC thermograms measured on PUR (-) and on

PUR/SAN with 10 wt% SAN (- - -).
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TSDC thermograms measured on a PUR sample and

a PUR/SAN sample with 10 wt% SAN. We observe

that both secondary (g, b) and the primary (a) tran-

sitions of PUR are slightly shifted to higher tempera-

tures (antiplasticized) and that only the interfacial

MWS relaxation is signi®cantly in¯uenced by addition

of SAN. Similar results were obtained with a sample

of 20 wt% SAN. These results (to be con®rmed by

DRS measurements in the next section) suggest that

the extent of partial miscibility is very limited and con-

®rm that the large transition temperature shifts
observed with the TPU/SAN blends result from parti-

tioning between the phases of oligomers in the com-
mercial SAN copolymer.

3.2. DRS measurements

In Fig. 5 we show results on TPU/SAN blends from
dielectric relaxation spectroscopy (DRS) measure-

ments. Fig. 5(a) shows frequency spectra of the real

Fig. 5. Dielectric permittivity e 0 (a) and dielectric loss tangent tand (b) as a function of frequency f for the TPU/SAN blends

measured at T=308C.
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part e 0 of the complex dielectric function e* ( f,

T)= e 0 ÿ ie0 for pure TPU, pure SAN and TPU/SAN
blends at T=308C. In Fig. 5(b) we show spectra of
the dielectric loss tangent (tan d= e0/e 0, e0 the imagin-

ary part of e*) for the same samples as in (a). The dis-
persion in the high frequency region of the spectra
( f1104 Hz) for the pure TPU sample and the blends

is due to the glass±rubber transition of the TPU soft
segments phase. This is the dispersion we studied in
detail by means of TSDC techniques (Figs. 1 and 3).

At temperature T=308C the TPU phase is in the rub-
bery state while SAN is in the glassy state. The calori-
metric glass transition Tg of pure SAN is at 1148C [14],

so the corresponding relaxation peak will enter into
our frequency window at higher temperatures (Fig. 6).
At the temperature of 308C the secondary g and b
relaxations (Figs. 1 and 2) are located at frequencies
higher than 1 MHz and, thus, are not observed in
Fig. 5. The dispersion we observe at low frequencies

is due to the interfacial MWS polarization
mechanism [19]. The motion of space charges within
the sample and their trapping at the boundaries (inter-

faces) in the heterogeneous sample gives rise to this
loss peak. This is the mechanism giving rise to the
shoulder on the high temperature side of the a TSDC

peak in Fig. 1. The slow processes appear at high tem-
peratures in the isochronal plots (TSDC) and at low

frequencies in the isothermal plots (DRS). We will dis-
cuss the MWS dispersion in more detail below.
Fig. 6 shows e0 ( f) spectra for a 10/90% TPU/SAN

sample at di�erent temperatures. These results show a
main dielectric dispersion whose position and magni-
tude allows us to relate it to the main glass±rubber

transition (a-relaxation) of the SAN rich phase.
Support for this interpretation comes from the fact
that this peak was observed on pure SAN and on all

the blends but not on pure TPU. With increasing tem-
perature the a-relaxation peak shifts to higher frequen-

cies. At high temperatures and low frequencies the
high values of e0 (and e 0, not shown here) do not refer

to the bulk of the material. They indicate the existence
of space charge polarization and free charge motion
within the material [24] and are also related to the so-
called conductivity current relaxation [13].

By using the modulus formalism, introduced by
Macedo and co-workers [25], we can suppress the large
contribution of conductivity to the e0 ( f) plots in

Fig. 6. The electric modulus M*, introduced by ana-
logy to mechanical modulus, is [25]:

M� � 1

e� �M0 � iM00 � e 0

e 02 � e02
� i

e0
e 02 � e02

: �1�

In Fig. 7 we show M0 ( f) spectra obtained by trans-

forming the data of Fig. 6 to the M* formalism
(Eq. (1). At the temperature T=1458C we observe
only the primary a relaxation of the SAN rich phase
of the blend (at f=104±105 Hz), which shifts to higher

frequencies with increasing temperature. At tempera-
tures higher than T=1608C a new peak appears at
low frequencies in Fig. 7 and shifts to higher frequen-

cies with increasing temperature (from about 100 Hz
to 2 kHz). This peak corresponds to the contribution
of conductivity in e0 ( f) plots in Fig. 6 at low frequen-

cies. The shift of the frequency of maximum M0 with
temperature corresponds to the conductivity current
relaxation mentioned above [26, 27]. At each tempera-
ture the region to the left of the conductivity current

relaxation peak is where the charge carriers are mobile
over long distances, whereas the region to the right is
where the charge carriers are spatially con®ned to their

potential wells. Thus, in the peak region occurs the
transition from long range to short range mobility [28].
We will come back to this point later in discussing the

ac conductivity plots.
To investigate the e�ects of blending on the SAN a

relaxation we show in Fig. 8, in the more familiar

Fig. 6. Dielectric loss e0 against frequency f, for 10/90%

TPU/SAN blend measured at temperatures from T=130 to

1908C in steps of 58C.

Fig. 7. Imaginary part M0 of the electric modulus M*, vs fre-

quency f for 10/90% TPU/SAN blend measured at several

temperatures in steps of 58C.
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form of isochronal plots, e0 (T) for pure SAN and for
10/90% TPU/SAN at a ®xed frequency of 100 Hz. The
points are experimental data obtained from isothermal

measurements while the lines are to guide the eye. In
agreement with isothermal measurements not shown
here we observe that the loss peak associated with the

glass±rubber transition of the SAN rich phase shifts to
higher temperatures with increasing TPU content, i.e.
it is antiplasticized. This result agrees with and com-

pletes those shown in Fig. 2 for the secondary g and b
relaxations and is also explained by partitioning
between the phases of oligomers in the commercial
SAN copolymer.

In order to further analyse quantitatively the data
with respect to the temperature dependence and the
shape of the response of the a relaxation of the SAN

rich phase, the following expression was ®tted to the
data [29].

e � �o� ÿ e1 � De

�1� �iot�1ÿa�b ÿ iAoÿs: �2�

In this equation De is the relaxation strength,

De= esÿe1, where es and e1 the low and high fre-
quency limits of e 0, respectively, o the angular fre-
quency (o=2pf), t=1/2pfHN, where fHN is the

characteristic Havriliak±Negami (HN) frequency, clo-
sely related to the loss peak frequency, fmax, a, b the
shape parameters describing the shape of e0 ( f) curve
below and above the frequency of the peak (0< aE1,

0< bE1), A is a constant related to dc conductivity
and the exponent s is usually E1 [30, 31]. In Eq. (2)
the ®rst term on the right side is the HN function that

describes the dipolar a peak while the second term
describes the contribution of conductivity to the spec-
tra. (In the case of more than one dipolar peak a sum

of HN functions has to be used. As an example we
have shown in Fig. 9 in an e0 plot the experimental
data for the pure SAN sample at T=1358C and the

best least squares ®t of Eq. (2) to the data. The shape
parameters are a=0.37 and b=0.56, i.e. the slopes in

a log±log plot [29] are m=(1ÿ a)=0.63 on the low-
frequency side and n=(1ÿ a) b=0.35 on the high-

frequency side. These results suggest a broad and
asymmetric distribution of relaxation times. The shape

of the a response of the SAN rich phase does not
change much with composition. As an example we

have shown in Fig. 10 the scaled plot of the a-relax-
ation peak for pure SAN and two TPU/SAN blends.

The shape of the peak does not change much with
composition. Bearing in mind that the loss peak

becomes broader in miscible polymer blends [32, 33],
these results con®rm the limited extent of partial misci-
bility of TPU/SAN blends. The exponent s was found

Fig. 8. Dielectric loss e0 against temperature T at frequency

f=100 Hz of pure SAN and 10/90% TPU/SAN blend in the

region of the SAN a-peak.
Fig. 9. Dielectric loss e0 vs frequency f measured at

T=1358C for pure SAN sample. The points are experimental

results, the lines HN ®t [Eq. (2)].

Fig. 10. Scaled plot for the a-relaxation peak for pure SAN

and 50% and 90% SAN blends at T=1558C.
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to be 1.0, suggesting pure dc conductivity. From the
®tting parameter A of the conductivity term we

calculate s=1.41�10ÿ8 S/m, which is in good
agreement with the conductivity determined from the
plateau values of the a.c. conductivity spectra

(sac=1.48�10ÿ8 S/m at f=102 Hz).
The temperature dependence of fme0, and the peak

frequency in e0 ( f) plots, of the cooperative molecular

motions responsible for the primary a-relaxation mech-
anism is usually described by the Vogel±Tamman±
Fulcher (VTF) equation [31]:

fme0 � A � exp�ÿB=�Tÿ T0��: �3�

In this equation T is the absolute temperature and T0

the Vogel or ideal glass transition temperature, A and
B are constants. Lnfme0 (1/T) plots (Arrhenius plots)

con®rm the VTF-character of the relaxation assigned
to the glass transition of the SAN-rich phase and its
antiplasticization in the blends. An example is shown
in Fig. 11. Extrapolation of the VTF lines to t=100 s

(t=1/2pfm) should give temperatures very close to the
calorimetric glass transition temperature [24]. In fact,
the values obtained, 758C for the commercial SAN

and 838C for 10/90% TPU/SAN, are in close agree-
ment with those obtained by DSC [23] and con®rm
that the a relaxation associated with the glass tran-

sition of the SAN-rich phase becomes slower in the
blends (Fig. 8).

Results similar to those shown in Figs. 6±11 for the
a relaxation of the SAN-rich phase were obtained also
with the a relaxation of the TPU-rich phase which is

plasticized in the TPU/SAN blends, in agreement with
the TSDC results (Fig. 3). To test (also with DRS
measurements) the hypothesis that polyurethane and

SAN are practically immiscible we show in Fig. 12
Arrhenius plots for the PUR±SAN blends, i.e. the sys-
tem based on SAN synthesized in the laboratory. In

agreement with the TSDC results shown in Fig. 4, we
observe that the a relaxation, a well as the secondary g
and b relaxations (the latter less clearly), are slightly
antiplasticized in the blend. The ®ts in Fig. 12 are

VTF for the a relaxation and Arrhenius for the sec-
ondary relaxations,

fme0 � f0 exp�ÿE=kT�; �4�

where f0, k and E are a constant, Boltzmann's constant
and the apparent activation energy, respectively. In ad-
dition, scaled plots at di�erent temperatures show that

the shape of the SAN a peak does not change much
with temperature in the temperature range 130±
2008C [33].

Fig. 11. Arrhenius plots of the e0 peak frequency fe0max for pure SAN and 10/90% TPU/SAN. The lines are VTF ®ts.
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Arrhenius diagrams of the peak frequency of the
imaginary part of the modulus fmM0, for the peak

related to conductivity, can provide information on
charge transport mechanisms within the
material [24, 25]. Fig. 13 shows the Arrhenius plots of
the fmM0 conductivity relaxation peak (a) and of the

d.c. conductivity sdc (b), for pure SAN, pure TPU and
TPU/SAN blends. The d.c. conductivity values were
determined as the values of a.c. conductivity at low

frequencies where the ac conductivity becomes fre-
quency independent [24]. For the pure TPU the solid
lines in Fig. 13 are the best least square ®ttings of the

VTF equations:

fmM0 � A � exp�ÿB=�Tÿ T0��; �5�

sdc � s0 � exp�ÿB=�Tÿ T0��; �6�
respectively, with A, B, T0 and s0 being constants. The
good ®ts suggest that the charge carrier transport

mechanism is governed by the cooperative motion of
polymer chain segments. The parameters estimated
from the ®tting procedure are listed in Table 1.

In terms of the strong±fragile classi®cation scheme,
proposed by Angell [34], we used the modi®ed VTF
equations to ®t our experimental data,

fmM0 � A0 � exp�ÿDT 00=�Tÿ T 00��; �7�

sdc � s 00 � exp�ÿDT 00=�Tÿ T 00��; �8�
respectively. In these equations D is the strength par-
ameter from which we can de®ne also the `fragility' m
parameter: m=17+580/D. The parameters D and m

describe the deviations from the Arrhenius
behaviour [34]. The values of D and m are listed in
Table 1. They suggest that the pure TPU is a fragile
system.

Contrary to the VTF temperature dependence of
fmM0 and sdc in pure TPU, Arrhenius behaviour has

Fig. 12. Arrhenius plots of the e0 peak frequency fe0 max for PUR/SAN blends with 0 (o) and 20% () SAN. The lines VTF

(a relaxation) and Arrhenius ®t (b, g relaxations).

Table 1

Parameters estimated from the ®tting procedure of the VTF

equation to the conductivity relaxation peak [eqn (5)] and to

the dc conductivity values [eqn (6)] for pure TPU

VTF, fragility parameters M0 sdc

A (Hz) 1.02�107 s0=7.9�10ÿ4 S/m

B (K) 843 618

To (K) 157 181

D 5.4 3.4

m 124 188
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been observed in the blends and in pure SAN,

described by

fmM0 � f0 � exp�ÿE=kT�; �9�

sdc � s0 � exp�ÿE=kT�; �10�
respectively (straight lines in Fig. 12). In these
equations f0 and s0 are constants, k is the Boltzmann

constant and E the apparent activation energy. The

results in Fig. 13 suggest a change of the charge carrier

transport mechanism in pure SAN and in the blends

compared to pure TPU. The values of activation

energy of the conductivity mechanism obtained from

the ®tting procedure are listed in Table 2. At each

composition the values of E obtained within the two

formalisms agree fairly well with each other. This

Fig. 13. Arrhenius plots of peak frequency fM0max of the M0 ( f) peaks related to conductivity (a) and of dc conductivity sdc values
for TPU/SAN blends (b). The lines for VTF ®t for pure TPU and Arrhenius ®ts for pure SAN and TPU/SAN blends.
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suggests that the M0 peak arises from the dc conduc-
tivity mechanism. Within each formalism E is much

lower for the 50/50 and the 75/25 TPU/SAN blends
than for the 10/90 and the 0/100 samples. We come
back to this point later in discussing the implications

of our results with respect to the morphology of the
blends.

In Fig. 14 we show the frequency dependence of ac
conductivity for pure SAN, TPU and three TPU/SAN
blends at temperature T=308C. Similar measurements

were performed at several temperatures and were used
to obtain the dc conductivity values for constructing

the Arrhenius plots in Fig. 13(b). At 308C the pure
TPU phase exhibits a plateau conductivity behaviour
in relation to frequency. The blends of 75% and 50%

TPU have the same conductivity behaviour indicating
similarities in morphology of the blends in this compo-

sition range from the point of view of the conductivity
mechanism. The shoulder in the frequency range 1±

10 Hz, which is observed in TPU and in the blends but
not in pure SAN and which increases in magnitude
with increasing TPU content, indicates the existence of

an additional mechanism. This mechanism is that of
the interfacial MWS polarization observed in Fig. 5.

To further analyse and discuss the conductivity cur-
rent relaxation and the MWS polarization we used the
modulus formalism. Fig. 15(a) shows the imaginary

part M0, against a frequency for TPU/SAN blends
measured at T=308C. For pure TPU two peaks are

observed, located at about 0.1 and 2 Hz, respectively.
The low frequency peak at about 0.1 Hz is due to the
conductivity current relaxation and is located in the

frequency region of transition from frequency indepen-
dent to frequency dependent conductivity (Fig. 14).

The higher frequency peak, at about 2 Hz, is attributed
to interfacial MWS polarization (Fig. 5), due to ac-

cumulation of charge carriers at the interface between
hard and soft segments phase [10]. In the blends 75/25,
50/50, 10/90 TPU/SAN we observe only the MWS

peak, due to the interfacial polarization mechanism.
The magnitude of the peak (which is absent in pure

SAN) is lower in the blends, whereas its frequency pos-
ition does not change much with composition. These

results show that it is the inhomogeneous nature of the
TPU component (separation into hard and soft seg-
ments phase) which causes the MWS polarization. The

low frequency peak at about 0.1 Hz is not present in
the blends. It has obviously shifted to lower frequen-
cies outside the range of measurements, in agreement

with the results shown in Fig. 13(a) (antiplasticization
of the M0 peak in the blends compared to TPU) and
in Fig. 14 (no dc conductivity plateau at this tempera-

ture).
In order to investigate the shape of the MWS peak

in TPU and in the blends and of the conductivity cur-
rent relaxation in TPU we have ®tted the HN ex-

pression for a single peak:

M � ÿM1 � DM

�1� �iot�1ÿa�b ; �11�

to the data obtained with the blends and a sum of two
HN terms to the data obtained with TPU. In Eq. (11)

DM= M1ÿM0, where M1 and M0 are the high and
low frequency limits of M 0, respectively, o the angular
frequency (o=2pf) and a and b shape parameters

describing the shape of M0 ( f) curve below and above
the frequency of the peak (0< aE1, 0< bE1). The
results of ®tting the TPU data are shown in Fig. 15(b)

and the corresponding HN parameters are listed in
Table 3. The shape parameters a and b are similar for
the two peaks, re¯ecting the fact that the same micro-

scopic mechanism, namely charge transport, gives rise
to the two peaks. We would like to note here that at
higher temperatures the conductivity current relaxation
peak dominates and only one peak is observed in the

M0 plots.
In the blends, the results of ®tting show that the

MWS peak is broader than in TPU indicating a

broader distribution of relaxation times of the inter-

Table 2

The values of activation energy E of the conductivity mechan-

ism obtained from the ®tting procedure of the Arrhenius

equation to the conductivity relaxation peak [eqn (8)] and to

the dc conductivity values [eqn (10)] of pure SAN and TPU/

SAN blends

E (eV)

TPU/SAN M0 sdc
75/25 0.30 0.35

50/50 0.60 0.70

10/90 1.40 1.40

SAN 1.20 1.30

Fig. 14. ac conductivity sac as a function of frequency f

measured at T=308C for TPU/SAN blends.
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Table 3

Havriliak±Negami parameters of the conductivity current

relaxation M0 ( f) peak and of the MWS peak in TPU esti-

mated from ®tting procedure of the HN Eq. (11) to the data

Conductivity relaxation

HN parameters peak MWS peak

D M 0 0.24 0.18

a 0.12 0.10

b 0.70 0.67

f0 (Hz) 0.06 1.6

Fig. 15. (a) Imaginary part M0 of electric modulus M* for TPU/SAN blends measured at T=308C (b) HN ®t to the M0 (f) spectra
for TPU (solid line) and the two components (single HN peaks) of the whole spectra ®t (dashed lines).

facial polarization mechanism. With respect to mor-
phology these results suggest a diversity in the top-

ology of conducting paths and of interfaces in the
blends. For the blends 75/25 and 50/50 TPU/SAN the
shape parameters have practically the same values, in-

dicating similar morphology in these two blends.
Fig. 16 shows the static dielectric permittivity es,

obtained as the value of e 0 at f=100 Hz, as a function
of composition measured at three di�erent tempera-

tures. As expected, at each temperature es increases
with increasing TPU content. At the temperatures of
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measurements in Fig. 16, SAN is in the glassy phase

whereas TPU is rubbery. A striking feature in Fig. 16
is the signi®cant increase of es at 508C compared to

258C observed in TPU and in TPU rich blends. This

increase can be explained by the melting of the CAPA

crystalline phase at 408C observed by DSC in our
samples [23] and in poly( g-caprolactone)-g-poly(methyl

methacrylate) co-polyurethanes [35].

To further investigate changes in the morphology

induced by blending and by temperature increases we

have shown in Fig. 17 the dielectric permittivity e 0

measured at f=104 Hz as a function of temperature

for the di�erent compositions studied. The frequency

of measurements, 104 Hz, should be low enough to

include in e 0 all the polarization mechanisms and high
enough to exclude e�ects due to dc conductivity. At

about 408C we observe a step in e 0 for the samples

with TPU content more than 50%. As discussed above

on the basis of Fig. 16 we attribute this step to melting
of the crystalline soft segments phase of TPU [23, 35].

This step is very steep, indicating that DRS is a sensi-

tive tool to investigate such e�ects in complex poly-

meric systems. For comparison, the melting of the
crystalline soft segments phase in poly( g-caprolac-

tone)-g-poly(methyl methacrylate) co-polyurethanes at
408C (DSC) is observed in dynamic mechanical ther-
mal analysis measurements as a gradual decrease of

the shear modulus between 0 and 508C [35]. The step
in e 0 at about 408C is not observed with the 10/90
TPU/SAN blend and it is rather small in the 50/50

and 75/25 TPU/SAN blends compared to pure TPU.
It follows that the degree of crystallinity of the soft
segments TPU phase is greatly reduced in the blends.

In the samples with 50 and 75% TPU we observe a
gradual increase of e 0 with temperature and a step in
e 0 at about 60±708C, respectively. We attribute these
changes, which are not observed with the 100% TPU

sample, to the glass±rubber transition of the hard seg-
ments of TPU, in agreement with DSC results in
ref. [23] and in similar [35] samples. This transition is

not observed with the pure TPU component, in agree-
ment with DSC results [23]. It follows that the addition
of SAN to TPU promotes phase separation into a

hard segments phase and a soft segments phase of
TPU. These results are in agreement with those of
wide angle X-ray di�raction (WAXD) and scanning

electron microscopy (SEM) measurements on TPU/
SAN blends [9] and of dynamic mechanical analysis
(DMA) on PUR/SAN blends [14]. The increase in e 0

in the temperature region of 120±1508C, which

becomes less pronounced with decreasing SAN content
of the blends, is attributed to the glass to rubber tran-
sition of the SAN rich phase. The increase in e 0 at tem-

peratures higher than about 1508C is di�cult to
attribute to speci®c morphological changes. In the
TPU containing blends they may be at least partly due

to the break-up of hard-segment domains of TPU [35].
Conductivity e�ects are also likely to contribute to e 0

at these high temperatures.
In Fig. 18 we show the composition dependence of

the dc conductivity values of the TPU/SAN blends at

Fig. 16. Static dielectric permittivity es as a function of TPU/

SAN blends composition measured at di�erent temperatures.

Fig. 17. Dielectric permittivity e 0 measured at frequency

f=104 Hz vs temperature T for the di�erent TPU/SAN com-

positions studied.

Fig. 18. Dc conductivity values sdc against composition for

the TPU/SAN blends measured at di�erent temperatures.
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di�erent temperatures. The values were obtained from
the frequency independent limits of the sac values (at

f=0.01 Hz for T=308C and f=100 Hz for the other
temperatures). It is observed that the pure TPU sample
is more conductive than SAN at 308C. At this tem-

perature the TPU phase is in the rubbery state whereas
the SAN phase is in the glassy state. In the blends the
dc conductivity becomes lower compared with that of

the pure TPU phase. The dc conductivity has similar
values for the 75/25 TPU/SAN and 50/50 TPU/SAN,
which is by a factor of about 25 lower than in TPU,

suggesting similar morphology in these blends. It is
interesting to note that the same conclusion was drawn
from the investigation of the MWS interfacial polariz-
ation peak in Fig. 15. Moreover, the results in Fig. 13

suggested a change of the conductivity mechanism
from a VTF type one in TPU to an Arrhenius-type
one in the blends and in SAN. In view of this change

of mechanism and bearing in mind the well established
fact that VTF-type conductivity mechanisms are
characterized by signi®cantly higher values of dc con-

ductivity than expected for di�usion-controlled
ones [36], it is not surprising that sdc is by a factor of
about 25 lower in 75/25 and in 50/50 TPU/SAN blends

than in pure TPU. In addition, the values of activation
energy E of both d.c. conductivity and conductivity
current relaxation were found to be much lower for
the 75/25 and the 50/50 TPU/SAN blends than for the

10/90 and the 0/100 samples (Fig. 13 and Table 2).
These results suggest that TPU is the continuous phase
in the 75/25 and the 50/50 TPU/SAN blends and SAN

in the 10/90 blends. It is interesting to note that mech-
anical measurements on TPU/SAN blends indicate
that the phase inversion between continuous and dis-

continuous phase occurs at approximately 50 wt%
SAN in the blend [37]. Thus, the conductivity changes
in Fig. 18 are related to morphology changes. At
higher temperatures (Te1008C) the dc conductivity

composition re¯ects less clearly the morphology of the
material compared to the 308C measurements. This is
because at these temperatures both phases are in the

rubbery state, which is characterized by increased con-
ductivity as a result of increased chain mobility.

4. Conclusions

Summarizing, we have investigated the mechanisms
of molecular mobility in blends of thermoplastic poly-
urethanes (TPUs) and styrene±acrylonitrile (SAN)

copolymers by means of dielectric techniques in wide
ranges of frequency and temperature. For the prep-
aration of these blends commercial SAN was used,

which contains low molecular weight oligomers [21, 22].
For comparison, some measurements were performed
with a second blend, PUR/SAN, consisting of cross-

linked polyurethanes and SAN copolymers. In this sec-

ond blend SAN was synthesized in the polyol and was

free of oligomers [14]. In addition, the TPU/SAN

blends were cast from DMF solution, whereas the

PUR/SAN blends were prepared solvent free.

Our results show that the local secondary g and b
mechanisms of TPU are plasticized, whereas those of

SAN are antiplasticized in the TPU/SAN blends

(Fig. 2). In addition the a mechanism associated with

the glass transition of the soft segments phase of TPU

is plasticized in the blends (Fig. 3). The a mechanism

associated with the glass transition of SAN is antiplas-

ticized in the TPU/SAN blends (Figs. 8 and 11),

whereas the shape of the corresponding loss peak does

not change much with composition (Fig. 10). These

results cannot be explained based on phase mixing. A

plausible explanation consistent with all the results

obtained with the TPU/SAN blends and with literature

data [21, 22] is that the observed plasticizing e�ects on

TPU and the antiplasticizing ones on SAN result from

partitioning between the phases of oligomers in the

commercial SAN copolymer. Support for this expla-

nation comes from preliminary measurements on the

PUR/SAN blends (Figs. 4 and 12). They show that the

PUR g, b and a mechanisms are slightly antiplasti-

cized, whereas the a mechanism of SAN is not a�ected

much by blending (not shown here). The conclusion to

be drawn from all these results is that polyurethanes

and SAN are only to a limited extent miscible.

The investigation of conductivity e�ects provides sig-

ni®cant information on the morphology at the meso-

scopic level as conductivity is related to transport of

charges over microscopic to macroscopic distances,

depending on the frequency of measurements. In gen-

eral, the dc conductivity (Fig. 18) and the ac conduc-

tivity (Fig. 14) decrease with increasing SAN content

in the TPU/SAN blends. The temperature dependence

of dc conductivity and of the conductivity current

relaxation, studied in the modulus formalism, is

described by the VTF equation for the pure TPU com-

ponent (Fig. 13). Within the fragility scheme [26] TPU

is a fragile system (Table II±I).

The results in Fig. 16 show that DRS is a sensitive

tool to monitor the melting of the crystalline soft seg-

ments of TPU phase at about 408C. In addition, the

investigation of dielectric e�ects in the temperature

region of Tg of the hard segments phase of TPU (60±

708C) provides strong evidence that the addition of

SAN to TPU promotes the separation into hard and

soft segment phases of TPU (Fig. 17). In view of the

negligible e�ects of SAN on Tg of the soft segments

phase of PUR in the PUR/SAN blends (Figs. 4 and

12), this promotion of phase separation should arise

from interaction of SAN with the hard segments of

polyurethanes. According to ref. [9], interaction is pre-
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dominantly determined by polarity and mobility of the
SAN chains.
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