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Dielectric characterization of the water-matrix interaction in porous materials
by thermal depolarization spectroscopy
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We investigate the dielectric behavior of sandstone, which consists of a porous matrix with a small amount
of inherent humidity, by the thermal-stimulated depolarization current technique. Nine different relaxation
mechanisms are detected by the thermal sampling scheme, and are characterized. The activation energy dis-
tribution and the pre-exponential factor are obtained by analyzing the signals under the constraint of a normal
distribution in the activation energy. The drying of the specimen at elevated temperature under dynamic
vacuum affects some of the relaxation mechanisms. The model of freely rotating dipoles may not account for
all the drying-sensitive mechanisms. It is probable that water molecules are organized in a way that provide
either conductive layers over the surface of the grains or for conductive inclusions inside the bulk. Long-
distance charge-transport mechanisms are also affected by the removal of the humidity.

[. INTRODUCTION appropriate experimental conditions, in combination with the
elimination of the undesirable contributions, may vyield the
During the last decade, there has been considerable intefletection of a particular single mechanism. Analyses of the
est in the dielectric properties of multiphase porous materiTSDC signals lead directly to an evaluation of the relaxation
als, which are either partially filled or saturated with parameters, which are the activation energy distribution and
fluids}~” Sandstone has been employed widely as the porou&ie pre-exponential factor. _
matrix (hosh material in such investigatiorts'®>~’It was ob- In the present work, the elementary responses, which are
served that the dielectric behavior of the muIticomponenfeSpO”s'bl‘? for the dielectric behavior of as-received sand-
rock-water system exhibits a polarization phenomenor?tone' are identified. Characterlzatlon is attained py_dﬁferent
which is probably due to the electrochemical interaction of SDC modes. The removal of the inherent humidity from

the humidity with the grains’ surface. A dispersion, which the pores’ network affects the dielectric spectrum, and there-

appears in the low-frequency region of the dielectric Specfore, the relationship between the specific types of relaxation

trum, is related to the humidity that coats the solid grains an(fl:\?egl'ggr?rr;]tehé’grtzﬁz'tli'gns;aetsh:an\slgﬁggeofpt%?lﬁ;g(giﬂlal ';_
provides diffusion path$®®The current assertion is that this ' b

low-frequency response is a “bulk” solid-liquid interfacial :ﬁ;nn?;?r;ﬁeorggnaendde;l?besr;mﬁztna;lIgotmoﬂt%rr] glr]:faelresre]:tse)'(l%eer;\c-
phenomenon, rather than an electrode effect. N P yses.

To the best of our knowledge, the vast majority of dielec_nvatlon energy is related to the height of the potential barrier

tric experiments has been performed in the frequency dot—hat has to be overcome by the migrating free or bound

main. In this sense, the formulation of the complex dielectricCharges’ the broadening parametaepresents the perturba-

. x_ 1 o * " tion caused in the potential barriers, and the pre-exponential
constant is employed:* =¢' —ie”, wheree*, &', ande : o
denote the complex dielectric constant, and its real an&actor To Yields the migration entropy.
imaginary parts, respectively. Most researchers work with
¢, so as to investigate the solid-liquid interaction Il. THEORY
phenomend3#®’0n the other hand, the imaginary parft
of the dielectric constant, when plotted as a function of fre-
guency, may reveal relaxation mechanisms. Unfortunatel)}

despite the broad working frequency, the standard imIoedf_ree-charge carriers from obstacles existing in the matrix

ance spectroscopy is a low-resolution technique, and is urﬂ'e" dis!ocgtions,_grain boundaries, interfaces separatir_lg the
able to resolve the spectrum to its constituting individualconduc'[Ive inclusions from the matjand the non-Ohmic

relaxation mechanisms. Therefore it is hard to characteriz ample-elgectrode_ mterfgce, Wh'qh Igads o the §pace-charge
the particular dispersiorig.e., to distinguish between dipole ormation” The dielectric relaxation is characterized by the

rotation, interfacial polarization, or long-distance chargerelaxatIon timer. The temperature dependence of the relax-

transport and evaluate the relaxation parameters of each relfi\'lsn time is usually described by an exponential Arrhenius

sponse accurately.

In the present work, we employ the thermal-stimulated
depolarization currenfTSDC) scheme, which operates in the (T)=roexd — 1)
time domain and is equivalent to the low-frequency spectros- T 70 kT
copy. TSDC spectroscopy is capable of detecting very weak
responses and resolving different overlapping relaxations. Mvhere E denotes the activation energyy is the pre-
also has the unique advantage of selectivity: the choice oéxponential factor, anHl is Boltzmann’s constant.

The dielectric relaxation of an insulator originates from
he rotation of inherent permanent dipoles, the impedance of
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In the TSDC method® the depolarization current emitted 1

by a previously polarized dielectric is recorded as a function (T)= mf
of the increasing temperature of the sample. Tikgealmode
is to polarize the specimen at a temperatligefor a time  whereT; is the final temperature of the peak where the cur-
intervalt,> 7(T,). Subsequently, while keeping the external rent becomes null. Equatiori$) and(3) leads to the evalu-
polarizing field on, the temperature is abruptly reduced to thetion of the activation enerdy and the factorr,, through a
liquid nitrogen temperaturé-NT), where the relaxation time In 7(1/T) plot. For the initial part of the curve, EQ) is well

is practically infinite. As a result, upon removing the electric approximated by

field, the dielectric remains polarized. Afterward, the sample

is heated at a constant rate. The tifequivalently, tempera- Sl E
I(T)=——exp — Pk

ture) variation of the polarization generates the depolariza- o
tion current, which is recorded by a sensitive electrometer., . .= ) .

y 'gpe initial rise of the In(1/T) data, when fitted to a straight
ne, yields the evaluation d&, via Eq.(4).

connected to the sample’s surfaces. As soon as the ther
energy is enough to drive the polarized dipoles to a rando L i . .

orientation state, a transient electric signal is recorded, whici]1 Th'e cont'rlbutlonAs of a specific relaxatlon mechanism to
is called a thermogram. Different types of dipol@s the e dielectric constant of the material is

Ty
1(T)dT, 3
T

4

dispersion of the frozen space-charge polarizatigmoduce 0
additional peaks. Ae=———, (5)
The depolarization current induced by the reorientation of £0SE
noninteracting dipoles is: whereQ is the total charge released as the polarization an-

nihilates, e, is the permittivity of free space, arif, is the
Sl E 1 (T E intensity of the polarizing electric fieldQ is identical to the
I(T)= ex ex T dT|, (2
To

area under thé(t) peak, and is readily obtained through
graphical integration of the thermogram.

whereIl, is the initial polarization of the dielectri§is the If the activation energy is not single valued but has a
sample’s surface area which is in contact with the electrodei>aussian distribution  aroundg,, with  distribution

T, coincides with the LNT, and denotes the heating rate. function'>*°

The activation energi is identical to the migration enthalpy

h™ of the migrating bound chargés. H(E) =

1 (E—Ep)?
i > . expg——5—o—
Transient electric signals are also obtained when the po- V2mo 20
larization mechanism is an interfacial or space-charge'dne.

The depolarization current originates from the annihilation ofWherea is the broadening parameter, the total depolarization
the polarization statévhich was achieved when the sample current can be written
was initially polarizedl, as temperature increases during the o
TSDC scan. It is assumed that the temperature dependence |(T)=f f(E)I(T,E)dE, (7
of the relaxation timer on temperature is described by Eq. 0

(1), but different curvegsimilar to the dipolar onefsee EQ.  \here the term (T,E) is the monoenergetic TSDC equation

(2)] are obtained, depending on the model assumed to dgzee Eq(2)]. The integral of Eq(2) can be approximated by
scribe the polarization mechanism. The interfacial polarizas},q analytical expression

tion is related to short-distance charge transport, and may be
approximated by a long-dipole relaxation. T E
exp ——=|dT
T kT

, (6)

_ Texp(—E/KT)(E/kT+3.0396 \T
~ (E/KT)*+5.0364E/kT)+4.1916_
0

The description of the space-charge polarization is quite
complicated. The free charge population undergoes differen
simultaneous processes, like space-charge-limited drift, dif- (8)
fusion, neutralization to the electrodes, creation and/or rewhile the integration of Eq(7) can be performed from 0 to
combination of charges, eté.It is also probable that the 3E,. 15
transferring charges are trapped by internal obstdtieps
distri_bpted in the bulk. The spaqe-charge .TSDC peaks are IIl. EXPERIMENTAL DETAILS
sensitive to the electrode material used, i.e., the blocking
degree of the sample-electrode interface. The polarization The experiments were performed in a vacuum cryostat,
state depends strongly upon the storage conditions and thvehich operates from the LNT to 420 K. The specimens were
electret’s prehistory® Although the competing mechanisms placed inside the standard sample holder of the apparatus,
make it impossible to construct an analytical equation for theéhat consists of two platinum electrodes. The depolarization
space charge TSDC signal, rough approaches have beenrrent was measured by a Keithley 617 electrometer. The
made, and several approximate space-charge TSDC equmperature was monitored via an Air Products temperature
tions have been derived. The different approximations coneontroller; a constant heating rate of 2 K/min was maintained
verge to the point that the initial edge of the space-chargeluring the heating stage. The electrometer and the tempera-
TSDC curve coincides to that of the non-interacting rotatingture controller were connected to a computer.
dipoles!* Sandstone is a representative silicate porous material. The

The relaxation timer can be evaluated from the relation term “as-received sample” defines a specimen containing an
(area method inherent quantity of humidity, which is in equilibrium with
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0 FIG. 2. Semilogarithmic plot of the signal obtained when the
100 sample is polarized al,=240K, so as to eliminate the high-

temperature contributions.

FIG. 1. Depolarization spectra of sandstone, when different typgjuced drastically and becomes a flat platé@ig. 1). There-
of electrodes are employed. The polarization conditions Wigre  fore, the latter peak is most probably related to the transport
=2_96 K,. Ep=1kV/mm, andt,=1 min. MISIM electrodes are de- ¢ charge through the thickness of the sample.
scribed in the text. In order to hinder the high-temperature contributions,

. - _ which likely originate from the space charge relaxation, we
the_ normal air hum|d|ty. Such specimens have never beeBoIarized the specimen at,=240K. By polarizing at suf-
dellperately hydra?ed, .e., by d|Iat||jg the matrix throughficiently low temperature, the relaxation time of the high-
heating and inserting water under high pressure. The Watetémperature mechanisms becomes so long that the corre-
content is definitely known through the reduction of the mas%ponding polarization state is negligible. In Fig. 2, we show
of the sample after drying. The composition of the sandstongy, thermograms, each one corresponding to a different
is: 40-wt% quartz, 10-wt% amphibolite and pyroxene, gectrode material. The high-temperature peak becomes no-
7-wt% glimmer mica, 16-wt% feldspars, and 27-wt% cal- . supressed. The semilogarithmic representation is in-
cite. The porosity, obtained by optical microscopy on th'”,dicative of different overlapping mechanisms. The appear-

sections, was about 0.11. Typical dimensions of the speciyce of the “knees” in the thermogram gives evidence of the

mens were 1 chx1mm. presence of neighboring overlapping mechanisms. The re-
producibility of the signal is moderate.
IV. RESULTS AND DISCUSSION Thermal samplingThe broad relaxation spectrum was de-

. N composed into its constituents by experimentally taking ad-
A couple of typical TSDC scans are presented in Fig. 1. " S . S
Our investigation starts with the intermediate- and high_vgantage of thg sglecﬂwty the T.SDC.: techmqge prowdes,

gferent polarization and depolarization combinations may

temperature regions, where strong dispersions appear th .
contribute considerably to the dielectric constant of the ma- € employed to detect the desired elementary responses

terial. The study of the weak low temperature mechanism§ o9 many overlgppmg dispersions. ;I'he procedure IS de-
Scribed in the literature as the “thermal sampling

follows in Sec. IVB. technique.”*"~1°
_ _ ) In the present work, we adopt an alternative thermal sam-
A. Dominant relaxation mechanisms pling technique®?! At the temperatureT,, which is se-

The thermogram depicted in Fig. 1 is dominated by twolected within the temperature range where a broad peak ap-
broad and intense peaks, which are located at 219 K angears, the sample is polarized for the time interygl
close to room temperature, when platinum electrodes are ensubsequently, the electric field is removed and the specimen
ployed. A somewhat similar signal appears when insulatings cooled immediately to the LNT. By polarizing &j,, the
(teflon) electrodes are used. We observe that the lowslow relaxation mechanisms, which active at much higher
temperature peak shft7 K toward lower temperatures, and temperatures thaii,, remain practically unpolarized. The
its amplitude is reduced to about 20% of the initial one. Thesubsequent discharge during the cooling results in the depo-
dependence on the type of electrodes indicates that there ebarization of the fast relaxation mechanisms, which activate
ist space-charge contributions: the increase of the blockingt temperatures much lower thdip. Consequently, only the
degree of the electrodes, when placing teflon spacers beechanisms activating in the immediate neighborhood of
tween the sample’s surfaces, and the metal electrodes of tlean reach a detectable polarization state. In the subsequent
apparatus[ metal-insulator-sample-insulator-met&¥1SIM) heating stage, a band, which corresponds to the polarized
structuré’] affects the discharge of the free-moving chargesmechanisms that survived the polarization procedure and
At the same time, the accumulation of charge near theepresents a portion of the initial dispersion, is recorded. The
sample surfaces reduces the electric-field intensity inside thiénermal sampling scheme is repeated for varibygempera-
sample. The intensity of the high-temperature peak is retures and a set of discrete responses is obtained.
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4 TABLE I. Components of the strong dispersions recorded in the
intermediate- and high-temperature regions of the TSDC spectrum.
The signals were obtained by applying the thermal sampling
scheme, as mentioned in the text. The data were analyzed assuming
3r c that the activation energy obeys a Gaussian distribution around a
central valueE,, with a broadening parametet
2 2F Tp (K) Tinax(K) Eo(eV) o (ev) 70 (S)
a
= b Y 180 199 0.571 0.021 6.8410° 1
185 202 0.592 0.018 3.4210 13
1l 189.5 203 0.579 0.001 7.xn0 %
a VI 195 214 0590 0019 2.4610 2
200 216 0.591 0.019  3.:010 *?
0 ' L ' 205 218 0.610 0.023  1.6510 *?
40
200 220 2 210 220 0.590 0.018  7.3010 2
T(K)
VI 215 226.5 0.603 0.028 1.2810°4
FIG. 3. A sample of thermal sampling responses, for different 220 227 0.611 0.021  7.3010 2
polarization temperaturék,= 205 K (@), 210 K (b), and 220 K(c). 225 227 0.612 0.020 5.4710 12
The electric-field intensity wak,=1 kV/mm and the polarization 230 226.5 0.619 0.019 2.%10 2
timet,=15s. 235 2265 0610 0021 4.090 2
. . . . - 14
The interpretation of the thermal sampling experiments il 240 241 0.743 0.038 8.1210_13
requires the construction of thB,,(T,) diagram. Provided 245 242 0.r42 0038 1.6010
the TSDC peak is a single ofsingle relaxation time model;  |x 250 259 5 0.781 0.044 223510~ 13
see Eq(2)], then the maximunT ., of the responses would 260 265.8 0.790 0.045 2.8310°13
be independent of the polarization temperatlire If the 270 275.5 0.792 0.032 9WI0 13
TSDC signal is the overlap of two single relaxation mecha- 280 270 0.784 0.038 8.4710°13
nisms (Wlth_out distribution in their relaxation pa_rametlars 205 200.5 0.813 0042 2301012
the T,,ax POiINts would accumulate around two distinct values. 300 208 0815 0041  4.8010 2

A random scatter of the experimental points is typical of
space-charge mechanisms. The reproducibility of the thermal
sampling peaks is representative of rotating dipoles. ConVIl, VIII, and IX, respectively(see Table)l We note that the
versely, space-charge components suffer from low reprodudbove labeling is deliberately selected, in order to have a
ibility. unified notation with the low-temperature mechanisms,
Some of the thermal sampling peaks are depicted in Fig\NhiCh will be presented in Sec. IV B. The peaks correspond-
3. In Fig. 4, the temperatur€,,,,, where the peak’s maxi- ing to the VII mechanism reach a maximum at a temperature
mum appears, versus thE, temperature is shown. The which is rather independent of the polarization temperature
maxima T4, distribute within certain intervals: 199-203, Tp. The same is valid for the VIII mechanism.
214-220, 226-227, 241-242, and 259.5-298 K. The result

is indicative of five relaxation mechanisms, labeled V, VI, 104 06108V
0=0.023 eV
1,71.648010% s
300+ P z
1X 3 =
So0.5
° o
o« ° 8
. —
& 250+
B oo Vil
L Vi
(XX XY 0.0
,o" T T T
\ 180 200 220 240
200{ o®*® TK
\Y
. : : FIG. 5. The theoretical curve that best matches(tieemalized
200 250 300 data points, obtained by the thermal sampling. The theoretical
T ® model assumes that the activation energy is not single valued, but is

distributed around a central valu&,. The experimental thermal
FIG. 4. The temperatur€,,, Where the current reaches a maxi- sampling response was obtained by polarizin@ &t 205 K for the
mum, as a function of the polarization temperaflige The signals  time intervaltp=15s. The specimen was subsequently cooled to
were obtained by the thermal sampling scheme. the LNT in the absence of an electric field.
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FIG. 7. Semilogarithmic plot of the spectrum obtained when the
1070 3 polarization temperature i§,=200K. The “knees” indicate the
] presence of overlapping peaks.

Vit

Table 1 lists the set ok, o, and =, for each relaxation
mechanism.

1072 4 *®
X
D 1 v . B. Low-temperature region
A ]
-

L ]
1072 5 @ The low-temperature spectrum, which is obtained by po-
] larizing atT,=200K, is depicted in Fig. 7. The depolariza-

077 3 v o ted the pre-exponential factat, vs the temperaturd@ ,a.

] vtk tion current is considerably lower than that recorded in the
1074 4 intermediate and high-temperature regions. The “knees” in
the semilogarithmic plot indicate the presence of multiple
overlapping mechanisms. The temperature region below 200
T T K is usually labeled as the low-temperature LT territory of
200 250 300 the dielectric relaxation spectrum. In a series of p&péf

(b) Trax 8 we showed that the polarization within the LT region can
hardly activate the undesirable high-temperature space-
charge contributions. The LT mechanisms are most probably
due to dipole relaxation.

At the temperaturd@ ,= 150 K, we polarized with an elec-
tric field of intensity E,=2.5kV/mm for the time interval
tp,~1s, and cooled to the LNT. The thermogram obtained is
depicted in Fig. 8). The signal consists of two overlapping

Evaluation of the relaxation parameter&ach thermal mechanisms, labeled | and Il, respectively, in accordance
sampling response was analyzed assuming that the activatigfith the notation employed for the labeling of the interme-
energy value is not single valued but follows a normal dis-diate and high temperature region. Dispersion | was traced
tribution around a central valug,. We employed a nonlin- by simply polarizing aff ,=125K. We repeated the experi-
ear least-squares fit program so as to obtain a theoreticatent under the aforementioned polarization conditions, but,
curve that best matches the experimental data. The result was the heating stage, we discharged up to 150 K and imme-
visually inspected to ensure a fine match of the initial risediately afterwards, we cooled once more to the LNT. A final
part of the theoretical curve to the experimental points, sinceun revealed a clear single maximum located at 155 K
the low-temperature region is less sensitive to the distribu¢mechanism . In Figs. 8b) and §c) we show the signals
tion function selected than the sensitive end tail of the thereorresponding to the | and Il mechanisms, respectively, to-
mogram. In Fig. 5, we show a representative signal obtainedether with the theoretical curves that best fits the experi-
by the thermal sampling technique, together with a theoretimental data points. The relaxation parameters are listed in
cal curve that best matches the experimental data points. Theable |I.
central values of the activation ener@y, which are ob- In Fig. 9, another relaxation mechanigitispersion 1),
tained by the full curve fitting, are displayed in Figafin  that exhibits a maximum at 174.5 K, is displayed. The po-
relation to the temperatui®, .y, where each signal exhibits a larization state was achieved by polarizingTgt= 160 K for
maximum. The broadening parametersire represented by the time intervalt,=1 min. An efficient cleaning from the
vertical bars of length @ We note that the activation energy lower-temperature mechanisms was achieved by discharging
values accumulate around five distinct regions, which correfrom the LNT up to 165 K. Figure 9 also shows the theoret-
spond to the five relaxation mechanisms initially identifiedical curve that best matches the experimental data points, and
via the T,(Tp) diagram(Fig. 4). In Fig. 6b) we have plot-  the relaxation parameters are included in Table II.

FIG. 6. (8 Temperature distribution of the activation energy
E,, obtained by full-curve fitting on the thermal sampling signals.
The vertical bars represent the broadening parametéb) Tem-
perature distribution of the pre-exponential factgr, obtained by
full-curve fitting on the thermal sampling signals.
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FIG. 9. The lll relaxation mechanisifdata points The polar-
1o} ization conditions were T,=160K, E,=1kV/mm, and t,
=1 min. The low-temperature neighboring relaxations were dis-
charged from the LNT to 165 K. The solid line is the theoretical
08y curve that best matches the experimental points.
'g 08} C. Effect of drying
g 04 The samples were placed inside a vacuum chamber and
== were dried at 373 K for 24 h. The vacuum, which was main-
tained by a turbomolecular vacuum pump, was about
o2r . 10~ 7 bar. The loss of weight of the specimens was 0.26%. In
".... Fig. 11, we display the thermogram obtained from an as-
08% 0 740 160 received specimen, together with that recorded immediately
(0) T(K) after the drying procedure. It is obvious that the signal is
significantly suppressed after drying the specimen.
In Table Ill, we display the percentage reduction of the
1or amplitude of each individual relaxation mechanism. The
charge released throughout the TSDC scan is given by the
08 integral fg*l(t)dt, where t* is the time duration of the
m TSDC scan.
£ 05T We found that the total charge released by the dried
g sample is 9% of that released by the as-received specimen.
S o4 By using Eq.(5), we evaluated the contribution of the entire
group of relaxation mechanisms detected by the TSDC spec-
0.2 troscopy, to the value of the dielectric constaft =38.6
for the as-received sandstone akd= 3.5 for the dry one.
0g3e Let us assume that the water molecules, which were ex-

tracted from the pore network, could rotate initially freely in

TABLE IlI. Information about the polarization and discharging
of undesirable components that lead to peak cleaning in the low-
temperature territory, together with the relaxation parameters. The

gdata were analyzed assuming a normal distribution in the activation
energy values.

FIG. 8. (a) The signal obtained by polarizing & =150 K, with
an electric field of intensitf,=2.5kV/mm for the time interval
tp~1s.(b) Theoretical curve fitted to the data points correspondin
to relaxation I, which was obtained by selective polarizati).
Theoretical curve fitted to the data poirilsrelaxation obtained by
selective polarization and partial discharge of the undesirable low-
temperature dispersion.

Peak cleaning scheme Relaxation parameters

By polarizing atT,= 180K for the time intervat,~1s, (L”) (tsp) Discharge T(E‘;‘X (eE\O/) o@V)  7o(s)
and discharging from the LNT to 180 K, the mechanism
depicted in Fig. 10 was isolated. In Table Il, we show the | 125 =~1 none 128 0.320 0.018 2.4mo 1
relaxation parameters obtained from the analysis of the sigyf 150 ~1 from LNT 155 0.406 0.022 6.9710 12

nal. It was hard to fit a theoretical curve to the entire set of to 150 K
the data points. The low-temperature part of the signalisles§] 160 60 from LNT 1745 0.446 0.015 1.9710
sensitive to the undesirable high-temperature contribution, so to 165 K
we emphasized an adequate visual match of the theoretical 180 ~1 from LNT 1885 0.535 0.009 7.0810 12
curve to the data points which are located below the maxi- to 180 K

mum temperaturd ., (Fig. 10.



16 520 ANTHONY N. PAPATHANASSIOU AND JOHN GRAMMATIKAKIS PRB 61

sublattice?>?>?° The activation energy value is about 1%
different from that reported in Table Il for the IV relaxation.
An order of magnitude difference in the pre-exponential fac-
tor is attributed to the error in determining its value, and to
the perturbation caused in the calcium carbonate lattice by
the mixing with the other constituents of sandstone. The de-
pendence of the peak amplitude upon thermal perturbation is
typical of point defect dipoles. Recalling that calcite contrib-
utes 27 wt.% to the composition of the sandstone, in combi-
nation with the above-mentioned observations about the peak
position and its relaxation parameters, it is reasonable to
. state that peak IV is produced by the calcium carbonate com-
160 180 0 ponent.

TK The intense responses V, VI, and VIl are dramatically
suppressed after the drying proced(ifable Ill). We specu-
late that they are related to the humidity extracted from the
pore network. Among the three aforementioned dispersions,
relaxation VIl has a maximunT ., Which is practically
independent of the polarization temperatlte The analy-
ses of the thermal sampling signals yield identical values of

| (arb. units)

FIG. 10. By polarizing afT,=180K for the time intervat,
~1s and discharging from the LNT to 180 K, we isolated the
mechanism IV(data points The solid line is the theoretical curve
that best matches the experimental points.

the matrix. From the reduction of the charge released, wi - ! e e
: . - o o and g, within the experimental errors. This situation is
obtained an estimate of the mass of humidity, which is teq

times smaller than the value calculated from the loss of masgIOICaI .Of mechamsms which are characterized by a single
relaxation time value. Therefore, the values of the broaden-

that was measured by the gravitometric method. The latter . ) )
ing parametersr results from the undesirable neighboring

estimation indicates that the model of freely rotating Waterrelaxations and do not inherently characterize the dominant

dipoles can hardly account for the entire set of the relaxatlorﬁqechanism. Tha na(T,) diagram and the full curve-fitting

mechanisms which are sensitive to the drying. It is prObableiamalyses indicate that the relaxation process which is related

that water molecules are organized in such way that condu%- S o . .
Lo ; : . o the VII hydrophilic dispersion is potentially different than
tive inclusions or conducting layers around the grains aret'hose corrgspogding topthe Vv ang VI mec):/hanisms. If the

formed inside the matrix. Then the polarization might bepolarizable entities of VIl mechanisms were freely rotating

characterized as a Maxwell-Wagner one. water dipoles, they would produce a TSDC signal within the
low-temperature region, but this is not the case. Therefore,
D. Attribution of the relaxation mechanisms one should seek different types of interfacial polarization.

In reference to Table lll, dispersion | is eliminated aImostTWO different types OT polarization may take 'placelwit'hin'the
completely by drying whereas dispersion Il reduces to 7008°" network:>*one is related to the immediate distribution
of its initial amplitude. The temperature region where theOf humidity over th_e solid frame, ar_ld the other involves the
latter mechanisms activate is typical of relaxation of dipolesSUbsequent hydration of the porosity. The first set of water

which are either water molecules or composed of hydroxyrn.Olecules is expected to be more strongly bound to the ma-
trix than the second one, and less easily removed from the

units®® The decrease of the polarizable entities on drying
strengthens the latter assertion. Relaxation Il is rather insen- s
sitive to the pore evacuation, and might be attributed to the —— Dried
rotation of permanent defect aggregates inside the matrix. =~ [-=---- As received i~
The height of peak IV decreases after the thermal anneal. 40|
However, we observed that relaxation 1V is not modified
when the specimen is outgassed at room temperature for
long period of time. Therefore, the modification of the band 30 |
results from merely the thermal perturbation. On the other
hand, comparative TSDC studies on calcite, dolomite, and
magnesite have led to the conclusion that a peak located a= L
188 K, with energy parameters=0.53eV andry=1.22
x 10" s 23 s related to the rotation of point defect agglom-
erates, which are favored by the calcium carbonate — g4l

Divide by 10

TABLE Ill. Percentage reduction of the peak amplitude, follow-

ing the extraction of the humidity from the pore network. 0 f
00 150 200 250 300

| v vV Ve VIL VL IX TK

e

AImaﬁ% 100 30 2 16 99 96 82 70 50 FIG. 11. The TSDC signal recorded in a dry sample of sand-
stone, together with the thermogram recorded from an as-received

specimen.
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porous material. Additionally, the relaxation time for the VII V. CONCLUSIONS

relaxation, which appears at higher temperature than the dis-

persions V and VI, |s'Iarger than that of the latter ones, laxation in multicomponent porous sandstone with inherent
assisting the hypothesis of a strqngly bound Igyer a}ttache umidity. We characterized the dielectric responses by cer-
directly to the surface of the grains. Hence dispersion Vllin experimental schemes and by estimating the profiles of
might be related to a polarization operating in the humidityne relaxation parameters, together with a thorough visual-
layer that is directly attached to the grains’ surface, while Vization of the physical aspects about the polarization phe-
and VI are related to relaxation processes occurring in addinomena. We found that humidity is responsible for the large
tional stratified humidity layers. value of the dielectric constant of as-received sandstone. The
Dispersions VIII and IX are well understood from the relative intensities of the low-temperature dipolar disper-
preliminary TSDC experiments. They are both strongly sensions, in relation to the relaxations operating at intermediate
sitive to the nature of the electrodes usedy. 1. In particu-  temperatures, indicate that the organization of the water mol-
lar, their amplitudes are drastically diminished when insulat-ecules is different than that of freely rotating dipoles, and
ing (teflon) electrodes are employed. Additionally the signalsthat they are organized in a way that might be described by
are irreproducible, even if the polarization conditions arethe interfacial polarization. We traced three different relax-
kept constant in different TSDC experiments. The behavio@tions, which might be related to three different modes of the
is typical for space charge mechanisms. Dispersions VIl andatter polarization. VIl relaxation is characterized by large
IX correspond to two different modes of long-distanceVvalues of the relaxation time and is less suppressed after
charge transport. It is difficult to find a firm relation between d'ying, in comparison to mechanisms V and V1. Hence we
the strength of the mechanisms and the role of humidity@ttribute the VIl dispersion, which is relatively strongly
because of the low reproducibility of the peaks. However,bound to the grains’ surface, to the polarization related with

Table Il indicates that both mechanisms are enhanced by t Ietd'(;eft SO|Id-|I§]UId |Tt?rfacef.hM§cr;gnlsr_:_15 VI and o\l'/ltare
humidity. It is more obvious that dispersion VIl is strength- related to secondary states of nydration. 1wo fong-distance

ened by the presence of water molecules. The energy distr'ij—h"’.“ge transport mechanisnidispersions V”.I .and DX, .
bution is narrower than that exhibited by dispersion IX, andWh'Ch are enhanced by the presence of humidity, operate in
its relaxation time is lower than that of the higher- the high-temperature region.

temperature one. It is probable that mechanism VIIl is re-
lated to a fast grain boundary diffusion, whereas humidity
provides additional charge carriers and additional migration A.N.P. would like to thank the State Scholarship Founda-

paths for mechanism IX. tion IKY, Greece, for financial support.

In the present work we experimentally investigated the

ACKNOWLEDGMENT

1B. Nettelblad and G. A. Niklasson, J. Phys.: Condens. Mdter
7049 (1996.

2B. Nettelblad, J. Appl. Phy9, 7106(1996.

3B. Nettelblad and G. A. Niklasson, J. Phys.: Condens. Matter
L619 (1995.

4R. Knight and A. Abad, Geophysi®&0, 431 (1995.

SA. L. Endres and R. Knight, J. Appl. Phy89, 1091(1991).

R. Knight and A. Endres, Geophysi6s, 586 (1990.

"R. Knight and A. Nur, Geophysics2, 644 (1987).

8W. C. Chew and P. N. Sen, J. Chem. Phyg. 4683(1982.

9A. K. JonscherDielectric Relaxation in SolidéChelsea Dielec-
trics Press, London, 1983

10¢c. Bucci and R. Fieschi, Phys. Rev. LetR, 16 (1964.

1p, A. Varotsos and K. D. Alexopoulos, iihermodynamics of
Point Defects and Their Relation with Bulk Propertiedited by
S. Amelinckx, R. Gevers, and J. Niho(North-Holland, Am-
sterdam, 1986

123, vanderschueren and J. GasiotTimermally Stimulated Relax-
ation in Solids edited by P. BraunlicliSpringer-Verlag, Berlin,
1979.

133, van Turnhout,Thermally Stimulated Discharge of Polymer
Electrets(Elsevier, Amsterdam 1975

14p. Muler, Phys. Status Solidi A7, 11 (1981).

18E. Laredo, M. Puma, N. Suarez, and D. R. Figueroa, Phys. Rev. B
23, 3009(1981).

173. van Turnhout, irElectrets edited by G. M. SessldiSpringer-
Verlag, Berlin, 1980

18T Nedetzka, M. Reichle, A. Mayer, and H. Vogel, J. Phys. Chem.
74, 2652(1970.

19M. Zielinski and X. Kryszewski, J. Electros8, 69 (1977.

205 schrder and H.-E. Carius, iRProceedings of the 7th Interna-
tional Symposium in Electrets ISE®dited by R. Gerhard-
Multhaupt, W. Kunstler, L. Brehmer, and R. DariBerlin,
1991, p. 581.

2IA. N. Papathanassiou, J. Grammatikakis, and N. Bogris, Phys.
Rev. B48, 17 715(1993.

227, N. Papathanassiou, J. Grammatikakis, V. Katsika, and A. B.
Vassilikou-Dova, Radiat. Eff. Defects Solid$84, 247 (1995.

23A. N. Papathanassiou and J. Grammatikakis, Phys. Re§3,B
16 252(1996.

24A. N. Papathanassiou and J. Grammatikakis, J. Phys. Chem. Sol-
ids 58, 1063(1997).

25A. N. Papathanassiou and J. Grammatikakis, Phys. ReS6,B
8590(1997).

26A. N. Papathanassiou, J. Phys. Chem. Saifls407 (1999.

153, p. Calame, J. J. Fontanella, M. C. Wintersgill, and C. Andeen?’N. Bogris, J. Grammatikakis, and A. N. Papathanassiou, Phys.

J. Appl. Phys58, 2811(1985.

Rev. B58, 10 319(1998.



