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The longitndinal electrastriction tensor companent £ in polarization sotation and M|, in electrie field notation for
sadinm trsilicate plass and sodinm aluminesilicate glass has been measured by the comverse method, e by measering (he
slape of the uninxial stress dependence of the dieleciric constant al varous frequencics, For sodium trisilicate glass, the 0,
coefficient strongly depends on the frequency al which the capacitance was measured and shows o maximum nesr 1he
frequency al 150 He, which is the lonic relaxation frequency of the glass. For sodium aluminosilicate glass, the relative change
in the diclectrie constant in respense o 8 uniaxial stress was, however, found 1o be much smaller. We constrect a sodivm ion

hopping medel o expluin gualitatively the results,

1. Introduction

The quadratic electrostriction effect is the basic
electromechanical coupling effect in centric crystals
and isolropic glasses. There are two alternative ex-
perimental approaches to the measurement of elec-
trostriction; the direct method, which is to measure
directly the elastic strain induced by a high electrical
field and the converse method, in which the thermo-
dynamically equivalent change in dielectric stiffness
under mechanical stress is measured, Both methods
are very difficult. In the direct method, the electro-
strictive strain levels which can be induced at a real-
izable high electric field on low-permittivity centric
crystals are only of the order of 10710, So that an
ultradilatometer or interferometer of the sensitivity
of 10-1* m is the only possible instrument to mea-
sure the minete strain, For the converse methed, the
need for high sensitivity is transferred to the diglec-
tric measurement. Modern measuring systems like
the General Radio 1620 capacitance bridge do have
the sensitivity and stability required, but there is
now also need for very precise temperature control
and the establishment of a truly uniaxial stress upon
the sample,

S0 far, hydrostatic electrostriction coefficients
have been measured for several insulator crystals
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with simple centric structures, but except for high-
permittivity perovskiie structure oxides, reliable
values of the separated tensor components of electro-
striction are rare in the litesature [1]. In the case of
the simple alkali halides, even the signs of the coefli-
cients are in doubt [2,3] and there is considerable
uncertainty as to the influence of the defect strue-
Lure upon the measured values [4].

Glass is interesting because of the amorphous
structure and metastability. We can picture the silica
plags, from Zacharigsen, to be a random but contin-
uous, network of (Si05)*~ Letrahedra, Thermody-
namically, the glass state is metastable, i.e, there is
always a crystalline assembly with a lower Gibbs
free energy. The measurement of the longitudinal
electrostriction coefficient of glass is of interese,
because taken in conjunclion with hydrostatic mea-
suremenls, the complete electrostriction tensor can
b defined.

It has been supggested that clectrostriction is re-
sponsible for the unusual effects of electric feld
upon crack propagation in glass samples, but hereto-
fore, reliable experimental electrostriction data an
representative glasses have not been available.

In this work, the converse methad for the elec-
trastriction measurement was performed on sodinm
trisilicate glass and sodium aluminosilicate glass. The
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two plasses are chosen as the samples for this study
because the ionic relaxation (requency of these glass-
esare close to 150 He at room temperature, within
the range of the General Radio 1620 capacitance
measurement system used lor the converse electro-
striction measurements,

2. Basic principles

Mgy and Qg the electrostrictive coefficients in
electric Held and polarization notations, respective-

ly, are defined by the relations:

Mgy = 3 (0% 08 85y ()
Borr = 4 (02x,, 0P, 38y (2)
I:"'”-k‘l bed x;_.r.l k 14X

and by applying Maowell™s relations 1o eqgs. (1) and
(2),
Mg = 3 (38 /X0 (3)

Qipr = —3 @xppf0X5)p ()

where x;,; and &y; are the components of the diclee-
tric stiffness and dielectric susceptibility, respective-
ly. It may be noted for materials of central symmetry
that

Xier = 1.'15,&1' = l.l'lfuff.::{ 1), (3)

where gy is the permittivity of {ree space and ey
the compaonents of the relative permittivity tensor,
Thus

Mije = 3 €0 (Dext/3X)p (6)
Qyirr = Leglegy — D2 Mgy (7)
= [2eq (e — 17171 (Degf0X)p - (8)

We used a thin circular disk of the specimen lor
the canverse method of measurement. So the capa-
citance 15 given by
C=eyedfd. )
The change of permittivity under the mechanical

stress is related to the change in the capacitance and
the geometry change under stress:

BefX = e(C-1ACAX — 8), . (10)
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where & is the appropriate combination of the com-
ponents of the compliance tensor.

Class is isofropic, so its dielectric constant tensor
and fourth-rank tensor in Voigl notation have the
form:

e 00
e={0e 0|, (11)
00 e

My My My, 0 0 i}
My My My 0 0 0
Myy Mjy My © 0 0

0

M=[0 0 0 My, 0 . ()
0 0 0 0 Myo0 |
0 0 0 0 0 My

whaere

Maq =aMyg12 =4 X 3 (M| —M3) =20 —M);).

(13)

For the longitudinal electrostriction effect, §in eq.
(10} iz

5= —(s7) — 285) = (LK) — () (31))

= ((ICE)) — (C10G) (14)

wliere sg is the component of the compliance tensor
in Voigt notation, & and g are the bulk and shear
elastic moduli, respectively [3].

3. Experimental procedures

The elastic data and dielectric data for sodium
trisilicate plass can be found in refs, [6.7].

We measured the sodium aluminosilicate glass.
The elastic data can be obtained by the measurement
of the density and the longitudinal and transverse
sound speeds in the ultrasonic wave pulse superposi-
tion {echnique; The specimen of thickness 1.393 om
was measured at 20 MHz with an accuracy of one
partin 10%, The elastic data are summarized in
table 1. For the dielectric measurement of sodium
aluminosilicate glass, we used a sample in the form
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Pengity, sound speeds, and elastic data of the sodium trisilicate gliss and sodivm aluminoslicite glass
Material i L Oy
tepfdm®)  (mis) {my's)
M 03500, 4 — 5374 3z

soddium aluminosilicate 24z 5529 3329

B 7]
(10 Nfm?)  (10% Njm?)  (10° Njm?)
614 365 252 0.219

RE] 383 269 0.216

M Data taken from ref, [6].

of a civeular plate 23 mom acress and 1.5 mm thick.,
We evaporated sluminum electrodes on the two
planes of less than 1 pm roughness, with a suard
gap 0,1 mm o wide and 16 mun across made on the
“low™ electrode,

The dicleclric constant and dizlectric loss of the
glass was measured from 0.1 Hz to 10 MHz, 10 k=
to 10 MHz was covered vsing a Hewlett—Packard
4274 A multi-frequency LCR meter and 100 Lz to
100 kHz using a Hewletl—Packard 4275A multi-fre-
quency LOR meter,

The frequency range of 0.1 e lo 100 He was cov-
ered by a Sawyer—Tower circuit with added compen-

sation cirouil, We adjust to a horizontal line in the
oscilloscope display of Fand £ when the capaci-
tance and conductance is exactly matched by the
paraliel combination of a real capacitor and resistor,
Such measurement can give a good resolution of |
pFand 1 ME2 in capacitance and resistance, respec-
tively.

K', K" and o (the effective conductivity) as func-
tlons of frequency for sodium aluminosilicate glass
at room temperature (22°C) are plotted in fig. 1.
At low frequencies K is expected to level off at a
value K. But the electrode polarization effect be-
comes dominant with decreasing frequency starting
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Fig. 1. The real and imaginary parts of the dielectric constants and the effective conductivity of the sodiun aluminosilicste plass

asa function of frequency,
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Fig, 2. The real and imaginary parts of the inverse dielectic constunts of the sedium aluminosilicate glass and Nag O-38i05 glass.
*1 data taken from ref, [6],
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Fig. 3. Cole—Cole plot of the caomplex inverse dielectric constant of the sodium aluminasilicate aluss,
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from =20 Hz, We can eliminate the electrode polar-
ization effect by using the regime of the complex
inverse diclectric constant or electrical modulus, M¥,
which is defined as

M* =K = 1K —iK")
= KM+ (K] + KK+ (K]

=M+ M. (15)

M and M" as functions of frequency are shown in
fig, 2. They just show relaxation spectra. The M"
curve exhibits a clear peak near 150 Hz, which is
the so-called relaxation frequency. The plot of 3"
is asymmetric with respect to the peak maximum,
and is considerably broader on both sides of the
maximum than would be for a single dipole relaxa-
tion time. A Cole—Cole plot of M' and 3" is shown
in fig. 3.

The de compressometer designed and built by
Meng and Cross [1] was used for the converse meth-
od of electrostdetion measurement. The capacitance
decreases in response to the uniaxial stress in sodium
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trisilicate glass and sodium aluminosilicate glass. The
Ma,0-3510, plass was measured at 10V, various fre-
quencies (fig. 4); the sodium aluminosilicate glass at
10°%, 100 He; 300W, 100 He (Ag. 53, The data for
vitreous silica plass for hydrostatic pressure were ob-
tained by taking the slope —e~! (3¢/aP); from
Reitzel [B].

Adl data are summarized in table 2,

4. Discussion

We see from table 2 that though sodium trisilicate
glass and sodium aluminosilicate glass respond dielec-
trically to ac electric field in a quite similar manner,
they respond to uniaxial stress rather differently.
C1aCfaX is large in sodium trisilicate and the @4
of the glass strongly depends on the frequency at which
the capacitance was measured (fig. 6). €1 aC/aX
of sodium aluminosilicate glass was, however, found
to be smaller and the 04, of sodium aluminosilicate
glass does not change so much with frequency. We be-
lieve that the difference between the sodium trisilicate
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Fig. 4. Uniaxial stress dependence of the relative change of capacitanes of Nag 043510, glass.
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Fig, 5. Uniaxial stress dependence of the relative change of capacitance of the sodium aluminosilicate glass.

Tabie 2

Electrostrictive cocfficients for silica glasses and quarts

Material

Nag 03510

sedium aluminozilicate

Mot quarts

witreous silica

f
(1)
1%
2w 102
4 x5 10%
0%
104
4% 108
102
1n?
I
(Hz)
2.5 % 102
255107

s o laclax M1y Qi
{10711 pa—ty (0 mE vy {m* %)
15.5 8.1 1.40 0851
13.8 17.1 1.19 0.923
12.13 13.5 a4 0874
113 10,3 0.631 0.765
9.36 4.42 0.297 0.541
852 2.95 0.207 0,430
15.7 12.4 1.01 0.599
10.2 5.43 .34 RIT
4,34 = —0,06 + 0,02 (.69 1 0,23
{Leaxis)
K — taclap My, & T
(ot opaty (1020 m* vy fmt 0% 0y
a8 1.62 B} 00272 43 0
18 1.35 W 0.0227 0.370 138

al Data taken from tef, [97] using the direct method,

B} Data resd from ref, [8].
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Fig. 6. Longitudinal electrostrictive coetficients of Mag O-38i0, glass and the sodium aluminosilicate ghass a5 a function of fre-

qUEnCy,

and the sodivm aluminoesilicate may be accounted for
gualitatively in the following manner,

In the sodium silicate glass, the extra oxypen intro-
duced by the Na, O is non-bridging in the silicate struc-
ture. The addition of alumina reduces the number of
these non-brideing oxygens so that at the AlfNa = |
ratio all have been eHminated, Earlier literature on the
conduction [10] shows that the activation energy for
conduction decreases with the reduction in non-bridg-
ing oxygen content and is a minimum at the Al/Na =1
ratio. In these papers, the effect is attributed to the
expansion of the coordination shell in the silicate
Frum-::wrlrrk about the Na™ ion, with the reduction in
non-bridging oxypen contant.,

It was proposed that this change in volume of the
coordination shell could be electrostatic in orgin, or
could be due to the modification in the adjustment of
orbitals interacting with the sodium ion between bridg-
ing and non-bridging oxygens.

Whatever the origin, it is elear that if the Na™ jon is
in an expanded cage, hopping of the Nat ion may be
accomplished with less effect on the geometry of the
cage structure so that in the aluminosilicate the Na

polarizability contributes less strongly to electrostric-
tion.

When the sodium ions become immobilized at very
high frequency, the electrostriction reponse must be
largely that of the unmodified network, and it is in-
teresting to note thal in vitreous silica Oy, == 0.443 m?
C %, rather close to the highest frequency value of
2y for the Lrisilicate glass.

Since there iz in these measurements a rather clear
evidence of the role of the network maodifier in chang-
ing the electrostrictive response, it will be most inter-
esting to explore the role of alternative but very dif-
ferent netwaork modifiers such as boron, and these
studies are now underway.
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