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Abstract

The influence of metal–polymer interaction on dielectric relaxation properties of polyurethane (PU), prepared from poly(oxypropylene)-
diol and hexamethylendiisocyanate, was investigated by means of dielectric relaxation spectroscopy in the frequency domain on the
dependence of the thickness of the PU layer and electrode material (gold and steel). Strong electrostatic part of an adhesion interaction
between steel substrate and PU results in changes of thea -, b -, g- and Maxwell–Wagner–Sillars relaxation of the PU, as compared to a gold
substrate. The effect of the metal–polymer double layer results in the complication of the cooperative and local motions in the polymer. The
influence of metal–polymer interaction on the relaxation parameters becomes pronounced at a thickness of less than 60mm for the steel
substrate. For the gold substrate the relaxation characteristics hardly depend on the thickness.q 1999 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Formation of an electrostatic double layer at the metal–
polymer interface is an important part of the adhesion
strength [1–4]. The influence of the electrostatic attraction
on the adhesion is valuable when there is enough high
concentration of charge carriers, at least 1% per monolayer
[5].

Magnitude of the electric field of the double layer
depends on the distance from the interface. It was measured
by scanning the interface with electron pencils [6], laser and
acoustic probes [7,8]. More accurate results were obtained
with the method of thermally stimulated depolarization [9].
For example, the double layer of the system poly(tetrafluor-
ethylene vinilidenfluoride) copolymer/steel has been
characterized by the maximum width 1023 cm and the
magnitude of the charge density which changes within the
double layer from 5× 1016 cm23 nearby the interface to 5×
1013 cm23 on the border of the double layer (1–10mm).
These charge concentrations correspond to the electric
field values 107–104 V/cm.

Thus, we can suppose that sometimes in the interface
region of the metal–polymer system the macromolecular

chains are under the influence of rather strong electric
field of the metal–polymer double layer. When the influence
of chemical and physico-chemical bonding on the stability
of metal–polymer system is localized at the interface, the
electric field of double layer may distribute its influence to a
considerable distance into the bulk polymer. It can result in
the changes of a number of physical characteristics of the
coating. There are experimental evidences that dielectric
properties of polymers are changed under the influence of
the external electrical field of 2, 5–7 kV/cm [10], this value
is comparable with the magnitude of the electric field along
the border of the double layer mentioned earlier.

In this work we tried to apply the dielectric relaxation
spectroscopic (DRS) technique in order to study the possible
influence of the double layer on molecular motions in poly-
urethane (PU) on the dependence of the thickness of the
polymer layer, substrate material and the presence of the
adhesion interaction.

2. Experimental

Linear PU, used as a coating, was prepared from poly-
(oxy-propylene)diol of molecular weight 425 and hexa-
metylendiizocyanate. The solution of PU in tetrahydrofuran
(5%) was used for the preparation of the coatings of
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Fig. 1. DRS spectra of the PU for the M–PU–M system, thickness of the PU layer 10mm.

Fig. 2. Dependence of : (a) thea -relaxation time; (b)e∞ on the thickness of the PU layer at 273 K.



different thickness (10–150mm) on steel or gold substrates.
The disk sample geometry was used for the DRS measure-
ments: the sample material placed into a sample cell consist-
ing of two parallel capacitor plates (diameter 40 mm). In
order to have the adhesion contact of the PU layer with
both the electrode surfaces, the coated electrodes were
joined together by coated sides after 24 h exposition at
608C in a vacuum box. When the polymer bicame viscous
after heating, the electrodes containing the sample were
pressed between two parallel plates using guard spacers in
order to reach needed sample thickness. After cooling, the

thickness was measured by digimatic micrometer with an
accuracy of 1mm. For the measurement samples with a
minimum difference of thicknesŝ 3 mm were taken. The
sample cell with adhesion contact at only one electrode is
also used. In this case, the PU layer is not adhered to the
second electrode. Before covering, the gold electrodes were
carefully washed in ethanol, the steel electrodes were addi-
tionally polished with diamond powder on a porous paper.

DRS measurements were made with Broadband Dielec-
tric Spectrometer (Novocontrol GmbH) in the frequency
range 0.1 Hz–10 MHz at temperatures from2120 to
508C, the temperature was controlled by a temperature
controller (Quatro, Novocontrol), using a gas stream of
nitrogen, with an accuracy of̂ 0.18C.

In order to quantify the mean relaxation time in the range
of the present interest the frequency domain impedance
analysis is the method of choice. As a function of sample
temperature we obtain the complex dielectric function:

e* �v� � e 0�v�2 ie 00�v�:

Experimental dielectric spectrume 00(v ) is fitted by the
Havriliak–Negami (HN) function [11] and an optional
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Fig. 3. Dependence of: (a) the capacitance; (b) DC conductivity on the thickness of the PU layer at 273 K.

Table 1
Sdiff andRa data for the steel and gold electrode surfaces estimated on the
area 0.7; 7 and 70mm2

Electrode Tested space (mm2) Ra (nm2) Sdiff (%)

Steel 0.7 5̂ 1 1.7
7 30^ 2 1

70 55^ 3 0.75
Gold 0.7 3^ 1 1.7

7 19^ 2 1.9
70 105^ 3 0.6



conductivity term as shown later:

e* �v� � e∞ 1 s0v
N 1

De

�1 1 �iv=vO�a�b
;

wherev � 2p f; e∞ denotes the vacuum permitivity;s0 the
DC conductivity;N the exponential factor, in most cases is
equal to 1;De is the difference between the low and high
frequency limits ofe 0 over the relaxation to which the HN
function applies,De is also proportional to the area below
the e 00 relaxation peak;e∞ is the unrelaxed value of per-
mittivity; a and b-shape parameters. Fitting of the
experimental dielectric spectrae*(v ) were made with
WinFit 2.4 (1996) software of Novocontrol GmbH [12].

The surfaces of both gold and steel electrodes were
investigated by atomic force microscopy (AFM). Topo-
graphy of the surfaces was evaluated by Nanoscop III,
digital instruments. To judge the roughness, the values of
mean roughness (Ra) and surface area ratio (Sdiff) were
evaluated.Ra is the mean value of the surface relative to
the central plane and is calculated using:

Ra � 1
LxLy

ZLy

0

ZLx

0
uf �x; y�udx dy;

wheref �x; y� is the surface relative to the central plane and
Lx and Ly are the dimensions of the surface.Sdiff is the
percentage of the three-dimensional surface area to the
two-dimensional surface area produced by projecting
surface onto the threshold plane:

Sdiff �
P�surface area�iP�projected area�i 2 1

� �
× 100%:

3. Results and discussion

Four types of the dielectric relaxation are common for
PUs [13,14]: a (cooperative motions)b and g (local
motions), and MWS (Maxwell–Wagner–Sillars) or
interfacial polarization effect.

Thea relaxation is associated with glass–rubber transi-
tion. The glass-transition temperatureTg is usually taken as
the temperature at which thea -relaxation peak in the dielec-
tric spectrum is at 0.01 Hz (Ta ) [15–17]. Usually, in TSDC
measurements for the glass transition band the electrode
material and polymer thickness play a considerable role
[9,18] and the origins of this influence has not been clearly
defined. The evolution of thea -relaxation peak with
temperature for the PU is shown in Fig. 1. As compared
to the gold electrodes, for the steel ones this peak shifts to
lower frequencies and are of less intensity. Using HN fit
data the dependencies of the relaxation time (ta) and e∞
on the thickness are obtained (Fig. 2 (a) and (b), is an
example taken at 293 K). Besides, the values of capacitance
(C) ands0 for the samples with different thickness of the PU
layer are obtained at 1 kHz (Fig. 3 (a) and (b)). Each data
point represents an averaged value from three experiments.

From Fig. 2(a), we can see a rising of theta for the steel
electrodes, when the thickness of the PU decreases starting
from 60mm. In the case of gold–PU–gold (G–PU–G)
system we can notice the increasing of theta at smaller
thickness, but not so significant than for steel–PU–steel
(S–PU–S) system. The capacitance-thickness dependencies
(Fig. 3(a)) shows a similar character. On contrary, the values
of the permittivity of the PU at infinite frequency and of the
specific resistance decrease with the thickness. Particularly,
for the S–PU–S system the values of bothe∞ ands0 are
smaller than for the G–PU–G system. Hence, we can say
that the macromolecular segments become less flexible
when the PU layer between the electrodes decreases. This
effect is much more pronounced for the steel electrodes.

To discuss the influence of the electrode material on the
properties metal–polymer interface it is very important to
resolve the following methodical question. We make the
measurements of thin polymer layer (starting from 10mm)
between two electrodes. In this case the roughness can play
a role. As we can see fromSdiff and Ra data obtained by
means of AFM (Table 1) there is no considerable difference
between the surfaces of gold and steel electrodes. For the
gold electrodeRa is less than that for the steel one at the
sameSdiff value, so that the gold electrode surface has higher
fractal dimensions than the steel one. As compared to the
polymer thickness (10̂ 3 mm) and the expected maximum
width of the metal–polymer electric double layer
(1–10mm), the local roughness 2–7 nm (for the area
0.7mm) is much smaller. Thus, the contribution of chemi-
cally transformed polymer fragments at the interface on the
dielectric relaxation properties of the polymer can hardly be
expected.

It is important to notice that with the decreasing thickness
of PU layers the values ofe∞ and s0 decrease; for the
S–PU–S system, this is more significant. As a rule, the
concentration of the charge carriers should increase in thin
layer, specially for the steel–PU interface [9], giving rise to
conductivity and dielectric loss. We suppose that, in this
case, for the symmetrical system with the adhesion contacts
on both sides of the PU film, an interaction of the electric
fields of the same polarity in the middle of the polymer layer
can shield the charge transfer between two electrodes. This
explanation has been given for the TSDC data obtained for
the nonohmic contact in the metal/polyparaphenylene/metal
system [18]. Similar effect was observed for the thermally
stimulated relaxation of the potential in Teflon films [19].
Therefore, we find it very fruitful to consider two systems:
both side and one side adhesion layer, we shall mark it
M–PU–M and M–PUuM, respectively.

a -relaxation parameters were obtained by fitting the
dielectric spectra with HN function, and the activation
energy of the relaxation process was calculated using
Vogel–Fulcher–Tamman–Hesse equation [20–22]:

t�T� � t0 exp
Ea

kb�T 2 TV�
� �

;
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whereEa is constant being related to the activation energy,
to is the relaxation time at infinite temperature, kb is
Boltzmann constant andTV is the Vogel Fulcher tempera-
ture (T at infinite relaxation time). Fitted data of the
a -relaxation are presented in Table 2. We can see, that
dielectric relaxation characteristics depend not only on the
thickness of the PU layer and electrode material, but on
presence of the adhesion contact with the second electrode
as well. For the S–PU–S system the increasing of the
relaxation time andEa is more considerable, and the char-
acteristics of dielectric loss (De and e∞) and specific
conductivity have smaller values, as compared to S–PUuS
system. For the gold electrodes difference of the relaxation
characteristics with the thickness of the PU and between the
two electrode systems is relatively small. Very low values of
De , e∞, ands0 for G–PUuG system are probably connected
with very small interface interaction in the case of non-
adhesion contact of the gold and PU surface. Changes of
the shape parameters of thea -relaxation band (a andb ) are
not considerable.

The g andb -relaxation correspond to the local motions
in the glassy state polymer [15,16]. The dielectric relaxation
spectra for the PU used by us which illustrate theg andb
peaks are shown in Fig. 4. The mechanisms of these relaxa-
tion processes are not systematically studied [14]. Theg
mechanism is associated with motions of (–CH2–)n units
[16,13] whereas in theb mechanism the polar groups are
probably involved [14,16]. There is a strong dependence of
the b peak on water content in the PU, but it does not
completely disappear in dried samples. According to Illers
[24] this mechanism can be connected with the motions of
the carbonyl groups to which water molecules are attached
by hydrogen bonds, but there are other interpretations
[14,16]. In our case, there is a strong dependence of the

relaxation time and the intensity of theg andb peaks on
thickness and electrode material (Table 3). The Arrhenius
plots for the b - and g -relaxation were fitted by the
Arrhenius equation, to obtainEa:

ln�t� � ln�t0�1
Ea

kbT
:

From Table 3, we can see thatb-relaxation time andDe
are strongly dependent on the thickness and the electrode
system, and in spite of this difference,Ea is practically the
same in all cases. The parametera is less for the steel
electrodes and decreases with the thickness of the PU
layer (parameterb depends on the position of theg -relaxa-
tion band). Thus, theb -relaxation band is more broad and
less intense (according toDe) when the thickness of the PU
layer is less and steel electrodes being used. We can try to
consider our data in the frames of the conception [24]
according to which theb -relaxation is associated with
local motions of CyO groups bonded with adsorbed
water. In our case for the equal exposition time of the
samples in the vacuum at 608C, removing of the water is
more considerable for the small thickness. Besides, the
substrate material probably plays a role in holding back
the adsorbed water. As in the case of S–PU–S system, the
value of the relaxation strength (De) is smaller than for G–
PU–G one (Table 3). It can mean that in the case of the steel
substrate, water is easily removed from the thin PU film.
The S–PUuS system in comparison with G–PUuG one
displays a more pronounced relaxation strength. In this
case, the influence of humidity on the noncovered electrode
can be significant. Unfortunately, we are not able to give
more detailed explanation of the interface influence on
b -relaxation because of the lack of knowledge about the
nature of this relaxation in PUs.
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Fig. 4. DRS spectra of the PU at 193 K: (1) G–PU–G, thickness 10mm; (2) S–PU–S, thickness 10mm; (3) G–PU–G, thickness 70mm.
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Fig. 5. DRS spectra in tand representation of the S–PU–S system, thickness of the PU layer 10mm.

Fig. 6. DRS spectra in tand representation, thickness of the PU layer 10mm. The lines are to guide the eye.

Table 4
The parameters of the MWS relaxation of the PU (thickness 10mm) between steel and gold electrodes

Electrode system t .(s) (at 363 K) De (at 363 K) a (at 363 K) b (at 363 K) s0, V cm Ea. eV

S–PU–S 0.14 3.8× 1013 1 1 2.74× 1018 0.17
G–PU–G 0.43 8.2× 1014 1 1 2.93× 1018 0.23



For the g -relaxation process the relaxation parameters
and Ea as well are strongly dependent on the thickness of
the PU layer and the electrode system. In comparison witha
or b-relaxation, for theg-relaxation the magnitude ofEa is
lower in the cases of the steel electrodes, M–PUuM
electrode systems, and for the more thick PU layer. It is
hard to give an appropriate explanation for the behavior of
the g -relaxation in the terms of the conception [15,23],
where g -relaxation mechanism is connected with the
motions of (–CH2–)n groups. We have to take into
account that the PU we use contains oxybutanol groups
–O–CH2–CH(CH3)–. In this case the interaction of the
ether oxygen with electric field of the double layer can
be suspected.

Usually, thea -relaxation is accompanied with the MWS
relaxation process [25]. The latter was described for PUs as
related to ionic polarization in the diffuse interface bound-
ary region between hard and soft segment phase, based on
the DRS and TSDC measurements [14,26,27]. On thee 00-
frequency dependence the MWS relaxation is related to an
increase of permittivity in low frequency region. Presenting
the data in the tand formalism (Fig. 5) the peak of the MWS
dielectric loss becomes better defined and suitable for
fitting. As we can see in Fig. 6, the MWS relaxation depends
on the electrode material, in the case of steel the intensity is
less and with heating, the shift in high frequency region is
more pronounced. Moreover, we can see the appearance of a
second peak at temperatures higher than 323 K (Figs. 5 and
6), which is less intensive than the first one, but which is
absent in the case of the gold electrodes.

The HN function was also applied to obtain the para-
meters of the MWS relaxation, presented in tand formal-
ism. From Arrhenius plots (Fig. 7) we can see, that the

MWS relaxation has a transition point. At temperatures
above this point the plot can be considered linear and can
be fitted by Arrhenius equation. From the Table 4 we can
see, that it is practically Debye process (a � b � 1), in the
case of the steel electrodes the relaxation time andEa are
less than for the gold electrodes. This fact probably certifies
that the polarized layer of the PU at the interface forms
easily at the steel substrate. The smaller values ofDe and
specific resistance for the S–PU–S system can testify to the
shielding effect of the PU–M interface layers for the charge
transfer, as it is supposed earlier. The appearance of the
second band for the S–PU–S system also presents the parti-
cularities of the influence of the steel/PU interface, but its
origin and mechanism are outside of this work.

4. Conclusions

As a result of the strong interfacial interaction of the PU
with the steel substrate, macromolecules are under the influ-
ence of the electric field of the metal–polymer double layer.
This influence becomes more considerable for the small
thickness of the PU layer (, 60mm) and is manifested in
the changes of the dielectric relaxation characteristics:
a-relaxation time and activation energy increase as
compared to the gold electrodes, localb - andg -relaxation
mechanisms also change. In the case of adhesion interaction
of the PU with both the electrodes the effect of double layer
is more pronounced. In this case the shielding effect for the
DC conductivity is observed. For the steel electrodes the
peak of dielectric relaxation associated with interfacial
polarization appears at lower temperatures as compared to
the gold electrodes.
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