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The pressure dependence of the glass transition tempera-
ture ('T,) has been estimated from the pressure effect on
the activation energy of electric conductivity in alkaline
(albite, haplogranite), alkaline earth (anorthite) sili-
cate and SiO, glasses. The dc conductivity () has been
determined from the electrical impedance spectroscopy
in the frequency range 10°-107 Hz. The impedance
measurements have been performed in a controlled at-
mospheric furnace and in three types of high pressure
apparatuses: piston cylinder, belt and multi-anvil presses
in the pressure range 0-3—6 GPa. Below T,, the activa-
tion energy of © is less than that at T>T,. The inflection
point on the dependency of In(c) versus 1/T defines T,.
The T, in anorthite glass varies with pressure as
T,=848°C+5-3°/GPaP (P is in GPa), in albite as
T,=688°C-9-4°/GPaP, in haplogranitic glass as
T,=777°C-45°/GPaP and in SiO, glass as T,
=1050°C+50°/GPaP. The measured at T, dielectric re-
laxation times are several orders of magnitude smaller
than the structural relaxation times and become slower
with the increasing pressure. In Na bearing glasses, T,
estimated from the electrical conductivity is a ‘sodium
ion mobility’ T, corresponding to the temperature range
of the overlapped o~ and B-relaxation processes and is,
therefore, shifted to lower temperatures in comparison
with calorimetric and dilatometric T, The activation
energy of the dielectric relaxation in anorthite increases
with pressure having an activation volume of +10-5t5
cm®lmol, and in albite glass the activation volume is nega-
tive =6-512 cm*mol.
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Pressure dependence of viscosity and T,

The glass transition temperature 7, of silicates is the
isoviscous temperature at which melts are believed to
possess a viscosity ~10'*"* Pas, and a relaxation time
for shear stress of about 100 s.” Knowledge of the
glass transition temperature at high pressures provides
indirect information about the pressure dependent rhe-
ology and the effect of glass densification on relaxa-
tion processes. This is of special interest in geosciences
and in silicate melt physics, where the viscosity meas-
urements at high pressures and temperatures are tech-
nically difficult to carry out, while in situ rheological
measurements require x-ray radiography and synchro-
tron radiation techniques.”’

The pressure dependence of silicate melt viscosities
at high pressures plays a key role in the prediction of
partial melting in mid-oceanic regions and ascent of
magma to the earth's surface.”’ For decades, earth sci-
entists have sought a general equation to model the
viscosity of magmatic silicate melts as a function of
temperature, pressure and composition (see, for exam-
ple, Refs 4-8). In early viscosity models* the
Arrhenian temperature dependence of viscosity

logn=A+(AE/RT) (1)

was suggested, where AE, is the activation energy of
viscous flow, 4 the pre-exponential factor, R the univer-
sal gas constant. Equation (1) contains two parameters
both of which depend on melt composition. In Ref. 5
the number of fitting parameters in Equation (1) was
reduced to AE, (A was assumed equal to —3-5 for all
substances), making the use of this viscosity model
highly impractical. Recent experimental results demon-
strate that Equation (1) is not adequate for most silicate
melts over a wide temperature range.®” In recent years
some new models of viscosity have been applied to sili-
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cate melts by the use of VFT (Vogel-Fulcher—
Tammann) equation instead of the Arrhenius type’

logi=A+(BIT-T,) )

or on the basis of the WLF (Williams-Landel-Ferry)
equation, where the three constants 4, B and T, in
Equation (2) are replaced to A=logny,, B=B*(T,~T)
and T,=(T,—T%), respectively.® In Equations (1,2), nr
is the viscosity at temperature 7, and A4, B, T, are the
empirical constants. In a modified form of Equation
(2), lognyr, is the viscosity at the glass transition tem-
perature 7,. In contrast to the temperature depend-
ence, the pressure dependence of magmatic melt
viscosity is poorly described. There have been a few
attempts to generalise the viscosity dependence on pres-
sure: (1) either by introducing a pressure dependent
activation energy in Equation (1)® or (2) by applying
a modified form of Equation (2), a WLF type equa-
tion, and correcting the glass transition temperature
T,(P) for pressure.” One unclear point in the latter
approach concerns the type of glass transition tem-
perature to be used in 7, dependent constants B and
T,: rheological, calorimetric, dilatometric, etc?

A second unclear point in a WLF type of equation
is the dependence of T, on cooling rate ¢, which has to
be taken into account; 7, is measured by different prob-
ing methods. What method of 7, estimation is better,
cooling—heating temperature scans in a time domain
or dynamic measurements in a frequency domain? The
general dependence of 7, as a function of cooling rate
q, 1s as follows

dme_AE

d7,  RT;

3)

where AFE is the activation energy of the physical prop-
erty used for detecting 7,.*"'” Thus, for samples with
differing thermal histories, one may expect differing
unrelaxed states of the supercooled melt at 7, and the
uncertainty in viscosity estimations by applying the 7,
dependent constants in Equation (2) may be large. In
any case, the step in relating viscosity and pressure may
be the experimental or theoretical estimations of a glass
transition temperature as a function of pressure for
samples having the same g.

A general way to describe the pressure dependence
of T,(P) is to modify Equation (3) by correcting AE
at normal pressure (superscript index 1) for some pres-
sure—volume effect

PAV
T.(P)=T' 1+ 4
g( ) g|: AE1i| ()
or
dT, LAV
P hag ®

where AV is the activation volume of the physical prop-
erty used to determine 7, and index 1 refers to the
property at normal pressure.'”
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A different approach was suggested by considering the
glass transition as a second-order phase transition. In
this case, a Clayperon slope of 7, with pressure must obey

E&ZA&; (6)
dpP Aa,

and

d7., TVA«x

_&__ 7P (7)
dpP ACp

where AB; is the change of the isothermal compress-
ibilities, and Ae, is the change of isobaric expansivities,
and AC, is the difference in the isobaric heat capacity
between liquid and glass.">'® Combination of Equa-
tions (6) and (7) (two Ehrenfest equations) provides a
so-called Prigogine-Defay (PD) ratio, I1

L_AGAB:

= ®)

T,V Aap

A number of experiments have been done on poly-
mers, low temperature glass formers and silicates to
test the validity of Equations (6)—(8).(!>119 Usually,
the value of the PD-ratio, I, is much greater than 1
(IT~ varies from 2 to5). This violation has been attrib-
uted to to the nonequilibrium nature of the glass tran-
sition®” where one ‘ordering parameter’ does not
adequately describe a phase transformation. In some
works, this problem was solved by introducing an ad-
ditional ‘ordering parameter’ to generalise the
Ehrenfest equations for the case of the glass transition
(e.g. Refs 20, 21).

In many studies of the glass transition, it has been
demonstrated that the first Ehrenfest equation, Equa-
tion (6), may be satisfied automatically by a proper
calculation procedure of the volume derivatives in re-
spect to pressure and temperature."*'¥ In the deriva-
tion of the second Eherenfest equation the free Gibbs
energy AG must be corrected to the effect of the con-
figurational entropy —7.XAS..,r, Where 7.>T an effec-
tive temperature at which processes related to the
configurational entropy are ‘thermalised’." In this
way, the correctly calculated PD ratio may be very close
to 1 for some glass formers.

As an alternative to the thermodynamic approach
mentioned above, there has been an attempt to describe
the pressure dependence of the glass transition by use
of the VFT relation, Equation (2), replacing the tem-
perature 7 by a pressure variable P. If 7is the shear
stress relaxation time, which relates to the relaxed shear
viscosity as 7~1/G (G is unrelaxed shear modulus), then

1=1,exp(B/(P,—P)) at T=const 9)

derived from a free volume model (e.g. Ref. 22). By
analogy with temperature glass transition, the pres-
sure glass transition is characterised by a pressure P,,
at which the relaxation time is 10?> s and P, is an ideal
glass transition pressure at which the viscosity
exponentially diverges, (by analogy with 7, in Equa-
tion (2)), 7, denotes the relaxation time at normal pres-
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sure 0-1 MPa. In some isothermal experiments, this
behaviour of the viscosity was observed.®*

On the basis of the isothermal dielectric relaxation
time measurements on supercooled strong liquids, an-
other expression was suggested, where the parameter B
in Equation (9) is «<P.?” The general expression of the
relaxation time (or viscosity) can be considered in this
case to be of the form of Equation (2), where B and T,
are linear functions of pressure.*>*® Equation (2) or VFT
equation in this extended form has been tested on spe-
cific heat spectroscopic measurements (enthalpy relaxa-
tion) with unsatisfactory results for fragile glass formers.*”

The failure of the universal pressure—temperature
superposition principle is explained by the fact that the
glass transition is considered as a simple volume acti-
vated process (Int~1/V;and V;is free volume). The free
volume in this approach is believed to depend on pres-
sure and temperature in the same way through a con-
stant compressibility and thermal expansion coefficient.
This is not true for many classes of glass forming mate-
rials such organic glass formers, the free volume V; is
not a linear function of pressure. Contrary results were
obtained for the dielectric relaxation of epoxy resin,
where relaxation times are suitably described by the ex-
tended VFT equation, i.e. Equation (2) with the linear
dependence of the constants B and T, on pressure.®?
To construct an expression for viscosity of magmatic
silicate melts according to an extended form of Equa-
tion (2), taking into account a linear dependence of B
and T, on pressure, would require five fitting param-
eters (two constants for the linear pressure dependence
of B, two constants for pressure dependence 7, and a
constant A) obtained from a large number of relaxa-
tion experiments at different pressures and temperatures.
According to a modified Equation (2) in a form of the
WLF equation, we need only three fitting parameters
and independent data on T,(P).

Another important glass parameter needed for char-
acterisation of glass formers is the fragility index m,
which represents the extent of the liquid's deviation from
Arrhenian behaviour and can be defined as follows

.|t dinz | | dlog(n) (10)

2-303d(7,/T) d(7,/7) |

T=T, =T,

(e.g. Ref. 27). From Equations (2) and (10) it follows
that the fragility index m depends on 7, as

| T,B
m= 3
2:303(1, -1,

where 7,<T,. If a modified form of Equation (2), a
WLF equation, is used for the viscosity model, then

1| B*T,

m=——
2303 T*

The dependence of m on pressure is unknown. Ac-
cording to Equation (11) the positive dependence of

(11

(12)
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T, on pressure will result in decreasing m (denomina-
tor is a stronger function of 7, than numinator) and,
therefore, a liquid under pressure becomes stronger,
which was observed in dielectric relaxation experiments
with epoxy resin.*? If d7,/dP is negative, then m in-
creases with pressure and a liquid is more fragile. Con-
trary to conclusions obtained by using Equation (12),
the viscosity model described by a modified Equation
(2), predicts an increase or decrease of the fragility in-
dex m directly proportional to the pressure depend-
ence of T,. This simply means that the modified
Equation (2) (WLF equation) and Equation (12) may
only be applicable if the fragility parameter m is small,
i.e. for very strong liquids (7,>>T,) in which the diver-
gence temperature 7, is far away from 7.

The relaxation model of Avramov,®® based on the
entropy description of the glass transition, predicts vis-
cosity and structural relaxations as a function of pres-
sure and temperature. According to the configurational
entropy theory of Adam and Gibbs, transport proc-
esses in the liquid state occurs via rearrangements of
structural clusters or subunits. The entropy of these
units to rearrange is a minimum configurational en-
tropy. The rearrangement probability of structural
subunits is an exponentially decaying function of the
free energy barrier to rearrangement divided by a mini-
mum configurational entropy of the cooperatively re-
arranging cluster S..,(7) and absolute temperature 7.
Both of them, free energy barrier and configurational
entropy, can be, in principle, pressure dependent. The
model of Ref. 28 assumes a Poisson distribution of
the Adams-Gibbs energy barriers of jump frequen-
cies at T, with a dispersity factor exponentially pro-
portional to the excess of the configurational entropy
relative to a reference state.”® The temperature and
pressure dependence of the relaxation time 7 in the
frame of this phenomenological theory is as follows

T\ p\°
= <11+ 13
T =T, exp 8( j ( *) (13)

where e=AE/RT,is the dimensionless activation energy
at T,(~30-5 for silicate glasses), a plays a role of a frag-
ile parameter, b is the dimensionless constant which de-
pends on the coordination number Z of the liquid lattice,
P*is the pressure constant estimated from an empirical
relationship of the thermal expansion coefficient kupon
pressure k= kK,(1+(P/P*)"'.*® By introducing a pressure
dependence of the coordination number Z, Equation
(13) demonstrates a good agreement with experimental
results on some polymer glass formers. After a substi-
tution of Equation (13) in Equation (10) and neglect-
ing the pressure dependence of constants a, b and C,,
the fragility index m depends on pressure as follows

2-303 (P+P*)

_e(1+(P/P¥) bT, [d_P} y
ar Jy, |1

Thus, depending on the sign of pressure depend-
ence of T,, the fragility index m may increase or de-
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crease with pressure. In other words, the densification
of glass under pressure and fragility index m are cor-
related via Equation (14). In fact, such a correlation
simply reflects the sensitivity of 7,/7, variation in re-
spect to pressure P.

The main purpose of this paper is to examine the
pressure dependence of 7, obtained from dielectric
spectroscopy measurements at high pressures on sili-
cate glasses having differing fragility indices m, and
the coupling between viscous and dielectric relaxations.
In this work, estimates of 7, in some silicate glasses
have done by the use of bulk (dc) electric conductivi-
ties measured under pressure.

Estimation of T,from electrical impedance spectroscopy

The electrical conductivity was used as a probing tool
to detect 7, at high pressures. To estimate a glass tran-
sition temperature at high pressure, we have used a
method of defining the activation energy of bulk elec-
trical impedance (or conductivity) in the glass transi-
tion temperature range. Despite a ‘decoupling’ of the
macroscopic viscosity and its relaxation time from elec-
trical conductivity relaxation, the kink in a slope of
the dc electrical conductivity plotted as function of
1/T can be used as an indicator of 7;,.%"*" For glasses
with weakly coupled viscous and dielectric relaxation,
the Arrhenius dependence of the ac conductivity (meas-
urements of the electrical conductivity at a constant
frequency), shows two inflection points, below and at
T,.%” The inflection point below Ty is frequency de-
pendent and is due to a frequency effect when the ex-
perimental time approaching the Na hopping time. It
can be seen only for ac conductivity curves and mostly
for glasses with the weakly coupled viscous and dielec-
tric relaxations, for example a sodium trisilicate.***?
In fact, when dc conductivity data is used, the
Arrhenius plot has only one inflection point corre-
sponding to 7,.*”

For strongly coupled glasses, like SiO, and anorthite,
the first inflection point seen during heating is at 7,
the ‘instrumental’ inflection points on ac conductivity
curves are at 7>7, above glass transition. In Ref. 32
the author argued that the inflection point of electri-
cal conductivity and Na tracer diffusion data at 7, re-
sult from the duration of experiments approaching the
structural relaxation time. According to Ref. 33, the
electric transport processes in alkaline or weakly cou-
pled glasses consist of (1) a local charge separation or
dipole electric formation/reorientation (i.e. local dis-
placement of Na* in polar units near a nonbridging
oxygen), (2) a translation motion of Na between adja-
cent polar units and (3) a long range translational mo-
tion of Na between structural positions like a Frenkel
point defect. The first two processes occur around the
same or neighbour oxygens with a low activation en-
ergy giving a rise to dielectric losses and polarisation
and not correlating with a diffusion process of alkalis.
The third process occurs in a length scale between two
nonbridging oxygen/sodium sites and correlates with
an alkaline tracer diffusion in the case, when these sites
are the nearest and the cooperativity of the charge
transport is absent.®” In strongly coupled glasses (SiO-,
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anorthite) where alkalis are at the dilute limit, the con-
tribution to the electric conductivity is only from the
latter process. In the case of albite or in other alumino-
silicate glasses where there are no nonbridging oxygens,
the polar units are formed by a sodium ion and an
oxygen atom participating in AIOj units.

The interpretation of the inflection points on dc con-
ductivity curves at 7~T, is given in Refs 30, 35. Elec-
trical conductivity is always associated with a mobility
of ‘loose’ particles (alkaline atoms or impurities) whose
ability to self diffusion or polarisation is higher than
other species in the structure. The essential thing for
this mobility decoupling is that these ‘loose’ particles
always represent a small subset of the structure, i.e.
the transport of this particles does not influence the
structural relaxation (o-relaxation) at 7<7,. Thus, be-
low T,, the slope of conductivity is determined by a
free energy barrier for Na* and not for the oxygen or
Si atoms, in case of sodium silicates. At 7>T7, the ma-
trix itself starts to relax, the mean squared
displacements of oxygen atoms <r*> become signifi-
cant and this results in an increase of the energy bar-
rier for Na* transport (conductivity or diffusion). Such
a change is detected as an increase of slope of dc elec-
trical conductivity in an Arrhenian plot at 7~7,.0%*9
The detected 7T, is a ‘cation glass temperature’;®” it
depends on the relative abundance of nonbridging
oxygens, alkalis and Q, species.* Many recent papers
on the structure of Nasilicates and Na aluminosilicates
with varying ratio of Al,O3/Na,0,***® demonstrate a
nonhomogeneous distribution of alkalis nonbridging
oxygen pairs (channelling) and a clustering of AlO,
groups in three dimensional structures. The inflection
point at 7, on conductivity and diffusion curves, in
these microsegregated structures, can be understood
as a starting temperature for the smoothing out of
channel and cluster boundaries. The transport of al-
kalis below T, is believed to occur predominantly along
those pathways where alkalis, nonbridging oxygens
and/or AlO, groups are microsegregated; this serves
as a physical background for a non-Fickian diffusion
and a compositional dependence of a Haven coeffi-
cient accounting for a cross correlation effect of diffu-
sion at the nondilute limit of the diffusing species.®”

Experiments

Description of samples

The impedance measurements were performed on glass
samples of anorthite (CaAl,Si,Oy), albite (NaAlSi;Oy),
haplogranitic (HPGS8) composition glass and SiO..
Compositions of silicate glass samples that were used
in impedance spectroscopy experiments are listed in
Table 1. In the present study we have compared the
pressure dependence of 7, for four different glasses.
Their fragility index m calculated according to Equa-
tion (10) is shown in Figure 1. Besides the differing
fragility index m and plots of viscosity vs 7,/7T in the
spirit of the Angell classification (e. g. Reference 38),
these glasses have very different structures and mecha-
nisms of the electrical conductivity. They can be clas-
sified as ‘loose’ (albite and haplo-granitic glasses),
‘tight’ and ‘fragile’ (anorthite), and ‘tight” and ‘strong’”
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Figure 1. Angell plot of samples used in the electrical conductivity

study. The fragility index varies from 17 for SiO, to 42 for anorthite.*

Viscosity data for haplogranitic glass HPGS are from Ref. 39

—— strong liquid @ Si0, m=17 O Albite m=19

<& HPG8 m=21-5" A Anorthite m=42

(Si0,) conducting glasses,”” accordingly.

The samples of anorthite and albite glass were taken
from the glass collection of M. Rosenhauer (Gottingen),
HPGS8 was provided by D. Dingwell (Miinchen), and
SiO, glass is a commercial glass Suprasil 300 (Heraeus,
Germany), containing <1 ppm of OH". The haplogra-
nitic glass (HPGS) corresponds to the eutectic compo-
sition of Si0,.NaAlSi;O5.KAISi;Og at 0-1 GPa Py,o. The
interest in HPGS glass in the present study is also due
to the fact that many physical properties of this glass
have been measured in recent years.”

Impedance spectroscopy measurements

Electrical impedance measurements were carried out
using a Solartron 1260 phase-gain-analyser interfaced
with a PC. The device permits a single sine drive and
analysis of a system under test over the frequency range
10pn Hz to 32 MHz. In the high pressure experiments
we applied a 1 V sinusoidal signal over the frequency
range from 0-01 Hz to 100 kHz. Typically, the fre-
quency scan utilised logarithmic steps of 0-2-0-5. Sig-
nals at higher frequencies were affected by cable
impedance and at lower frequency signals became too
noisy. The estimation of the ‘bulk’ electrical conduc-
tivity from frequency scans provide ‘true’ dc conduc-
tivity data and, therefore, the artefact due to a
mismatch of the probe frequency and material relaxa-
tion times can be avoided.®**?

Measurements at 0-1 MPa

For measurements in the atmospheric furnace, Figure
2, glass samples (diameter D=6 mm, 8 mm for silica

Table 1. Composition of glass samples (wt%)

Oxide CaAl,Si;Oy NaAlSi;Oy HPGS
Starting After Starting After
composition experiment composition experiment
SiO, 42-63 42-62 67-76 67-53 77-9
ALO; 36-86 37-14 19-58 21-37 11-89
Na,O 12-:09 10-39 4-53
K,O 0-21 0-27 4-17
CaO 20-13 19-89 0-18 0-21
Sum: 99-62 99-65 99-82 99-71 98-48
Cooling rate, 20 0 300
K/h

Microprobe analysis JEOL JXA — 8900RL, 20 kV, sample current 20nA,
average of 3-5 points
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Figure 2. Scheme of the electrical conductivity experiments at 0-1
MPa: 1 Pt-wire furnace ROR Heraeus; 2 AlL,O; ceramic rods AL23
Frialit-Degussit; 3 insulating casting body; 4 inlet for inert gas ( Ar);
5 flat spring; 6 electrode contact of Pt-wire; 7 thermocouple S-type
Pt-PtRh; 8 sample of glass; 9 sputtered area of sample; 10 tephlon
guiding plug; 11 Pt-folio cemented to the surface of ALO; rods; 12
inner ALO; tube; 13 elongation gauge

glass) were drilled out of blocks of glass and cut into
discs with thickness L=1-1-5 mm. Flat surfaces were
polished with 0-05u alumina powder to optical quality
of the surface. The sample of silica glass was polished
down to 0-5 mm thickness. Pt electrodes (thickness=
5u) were sputtered onto both flat surfaces of the glass
discs (spot diameter 4-:85 mm). On the silica sample,
the electrodes were sputtered with a spot of 8§ mm in
diameter. The samples were mounted in the inductive
furnace (Heraeus, Hanau, Germany) with the heating
element made of Pt wire. During the measurements,
samples were fixed between alumina rods (Frialit-
Degussit with flat electrodes made from Pt foil. The
elongation of the sample was measured with a microm-
eter gauge having a precision of 0-001 mm. Electrical
contact between Pt foil and sputtered electrodes was
provided by a light flat spring acting axially through
one of the alumina rods. The heating rate of the fur-
nace was approximately 20°/h. A type S thermocouple
(Pt-PtRh,,) touched the Pt foil which was in direct con-
tact with the sample. Electrical impedance measurements
were done only once on each sample during the heating
cycle. The geometric factor of samples G=nD*/4L, for
albite, anorthite and HPGS ranged from 1 to 13 cm,
and for silica glass was approximately 10 cm. Tem-
perature was measured and controlled using a
Eurotherm 818P.

Measurements in piston cylinder apparatus

For the moderate pressure experiments (0-3—1 GPa), a
conventional piston cylinder apparatus with an end
load was used. The measurements of the electrical im-
pedance were performed at pressures up to 1 GPa and
temperatures up to 1200°C (see Ref. 41 for details).
The inner part of a high pressure cell is shown in Fig-
ure 3. The pressure calibration of the cell was deter-
mined using some standard point materials: at room
temperature the transformations Bi [-1I-III at 2-56 and
2-7 GPa were used; at high temperature, melting curves
of NaCl and CsCl and the o~f transition in LiNaSO,
were used as standard points.*"
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Figure 3. Principal scheme of a piston-cylinder cell used for electrical
impedance measurements:*" I inner cylindrical Pt-electrode; 2 outer
cylindrical Pt-electrode; 3 sample; 4 thermocouple S-type; 5 ALO;
ceramic; 6 graphite heater; 7 CaF, pressure transmitting medium,; 8
bornitride; 9 boron nitride ceramic; 10 hard metal core; 11 hard metal
piston; 12 plug of stainless steel; 13 unfired pyrophyllite; 14 copper-
ring; 15 ground

A cell for electrical impedance measurements in the
piston cylinder utilised a coaxial cylindrical capacitor
with a geometric factor of 7-8 cm. The exact geomet-
ric factor G of the cell was evaluated independently
from calibration measurements on NaCl solutions
(0-01-3 ™) at 22°C and atmospheric pressure. The
measured conductivity of NaCl solutions was com-
pared with table values. The calculated geometric fac-
tor of a cylindrical capacitor

L
—ar—E I
O (D1d) (>

was corrected according to the measured geometric fac-
tor in calibration experiments for 25%. In Equation
(15) D is the diameter of an outer electrode, d the di-
ameter of an inner electrode and L the length of the
cylinder. Measurements of the geometric factor of the
cell after high pressure experiments revealed that due
to the cell deformation under pressure L increases by
~3-4%, D increases by 1-2% and d remains constant.
Overall, these variations of the cell dimensions did not
affect the results of 7, or dielectric relaxation meas-
urements.

Experiments in belt apparatus and multianvil press

A detailed description of the belt apparatus can be
found elsewhere.“? The construction of the experi-
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Figure 4. Principal scheme of the electrical impedance measurement
in belt apparatus (height 16 mm): I sample (diameter 2-1 mm,
thickness 1 mm); 2 electrical shield from Pt-foil; 3 electrodes from
Pt-foil ; 4 AL, O; ceramics; 5 thermocouple S-type; 6 pyrophyllite; 7
graphite heater; 8 boron nitride

mental cells for belt (Figure 4) and multi-anvil appa-
ratus (Figure 5) has the same principle used in Ref.
43. The geometry of the cell was a parallel plate ca-
pacitor with a geometric factor approximately 0-3 cm.
Metallic electrodes were made from Mo foil. The cell
is protected from electrical noise of the graphite (belt
apparatus) or LaCrO; (multi-anvil press) heater by a
grounded shield of Mo foil. During the electrical im-
pedance measurements in both apparatus the auto-
matic temperature control was switched off. The
temperature was regulated manually through a power
thyristor.

©®© o N U s W N R

-
o

T 11
12

13
(@)

(b)

FigureS. (a) Principal scheme of electrical conductivity measurements
in multi-anvil press: ™ 1 MgO, 2 ZrO,; 3 LaCrOj; furnace; 4 MgO;
5 Mo shield; 6 AL, O;; 7 electrode wire; 8 Pt electrode; 9 sample; 10
thermocouple wire (electrode); 11 Mo; 12 Al,O; cement; 13
pyrophyllite. (b) Cross section of the cell with anorthite glass sample
after experiment. Thickness of the sample is 1 mm, diameter 2-1 mm
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Figure 6. Argand diagram of Suprasil 300 silica glass at 0-5 GPa.
The bulk resistance R, is estimated from fitting of the impedance scans
to Equation (16). R, also corresponds to the intersection Im(Z)-
plot with the Re(Z)-axes. The impedance arc represents a perfect
semicircle. With temperature increase the deviation from Debye
relaxation slightly increases, i.e. parameter n decreases. Thus, silica
glass belongs to a class of ‘tight’ and strong glassy conductors®’

DC electric conductivity from impedance scans

For each sample the electrical conductivity was meas-
ured only during a single heating cycle. In both con-
figurations, one of the thermocouple wires was
connected to one electrode of the cell with the ac bridge.
During the frequency scan the temperature indicator
was disconnected from the thermocouple in order to
avoid coupling of the two devices at low frequencies.
For each glass sample, the impedance has been
measured over the frequency range f from 0-01 to 10°
Hz. A bulk electrical conductivity of glasses has been
estimated from Argand plots generated from these
measurements or by fitting a procedure for impedance
spectra discussed below. The complex resistance Z
measured as a function of angular frequency w=2rf,
can be fitted to a sum of two relaxation functions

Rl R2
+
1+ ( jor,, )p 1+ (jor,, )"

7= (16)

where the first term in the right hand side of Equation
(16) (Ry, 7., and p) corresponds to the electrode po-
larisation process and the second term (R,, 74, and n)
stands for the bulk dielectric losses in the sample.*¥
The fitting of data to Equation (16) has been done
using Argand plots. The Argand diagram is a complex
plane locus in which the imaginary part of the com-
plex impedance Im[Z] is plotted against the real part
Re[Z] and each point is characteristic of one frequency
measurement. Figure 6 illustrates the Argand plots
measured for SiO, at 0-5 GPa. The intersection of the
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arc with the Re(Z) axes defines R,, the bulk resistance
of the sample. From R, and the geometric factor G
from Equation (15), the bulk electric conductivity has
been calculated, 0;.=1/(R,XG). In the case of SiO, and
anorthite, we compared the dc electric conductivity
with results measured at a constant frequency 10° Hz.
The electrical measurements of the bulk resistance were
measured covering a temperature range below and
above T,. The Arrhenius plots of In(oy,) versus 1/T
indicate a change in slope of the conductivity curve at
temperature 7~T7,. Measurements of dc conductivity
from Argand plots and isofrequency measurements
provide about the same T, for albite and haplogranite
glasses but result in significantly differing 7, values
for anorthite and silica glasses.

When the fitting of frequency scans of the electric
impedance does not permit a reliable estimation of R,
from fitting Equation (16), the dc conductivity oy has
been estimated from Argand plots as an intersection
of —Im(Z) graph with Re(Z) axes.*” On an Arrhenius
diagram the o4.data show two distinct slopes with dif-
fering activation energies

AE
O4c =00,dc exp[— R]f ) (17)

The kink point on plots In(oy.) versus 1/7 was used
as a characteristic temperature point to discriminate
glassy and liquid states only during the first heating
cycle (e.g. Refs 30, 31, 45, 46).

Results

Results of 0-1 M Pa experiments

The results of electrical conductivity measurements at
0-1 MPa on albite, haplogranitic, anorthite and silica
glasses are presented in Figure 7. Electrical conduc-
tivities of Na bearing glasses (haplogranite, albite) are
10* to 10° times higher than those of anorthite and
Si0, glasses at comparable temperatures. This differ-
ence is attributed to the easy dipole polarisation of
sodium bearing glasses. High conductivity in these
glasses associated with mobility of Na*ions which dif-
fusivity is higher than other species. Above 7, the ro-
tation and translation movement of Na cations around
nonbridging oxygen atoms contribute to the electrical
conductivity of Na" bearing glasses at high frequen-
cies (>10? Hz). The observed kink of the slope in an
Arrhenius plot In|Z| versus 1/T (where Z is the bulk
impedance and 7 the absolute temperature) or con-
ductivity Inog. versus 1/7, measured at high pressure
for Na bearing glasses is significantly lower (>50°C)
than 7, estimated from calorimetric and rheological
measurements at 0-1 MPa.“*>” For anorthite and silica
glasses the observed kink in the slope is slightly lower
than the calorimetric 7,.°"

As mentioned above, for glasses with alkalis, like
Na" in albite and haplogranitic glass, the activation
energy of oy depends on the mobility of Na” in the
structure. On cooling, at a certain temperature the mo-
bility of a translation motion of alkali ions is not cor-
related with the thermal structural modifications.®> In
the melt phase, structural elements may always be ar-
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Figure 7. Results of the bulk electrical resistance G,.measurements at
0-1 MPa. The kink in the slope of the Arrhenius dependence of the
bulk electrical conductivity indicated by arrows. The glass transition
temperature T, is a ‘mobile charge carriers (cations) T, in the
structure of Ab, HPG and An glasses. In SiO, glass the charge carriers
are impurities, like OH-species and alkalis at a dilute limit

ranged in an energetically favourable network, leaving
minimum space for mobile charged species like Na".
The experiments confirm that Na bearing silicates the
activation energy of oy above the glass transition tem-
perature is higher than below 7,. Below the glass tran-
sition the mobility of Na* remains rather high and is
decoupled from the structural relaxation of SiO,~AlO,

Table 2. Glass transition temperature T, (°C) at 0-1 MPa

matrix (¢ relaxation). This is a reason for the high fre-
quency relaxation processes in Na bearing silicates
which has the features of f relaxation. The inflection
point on the Arrhenius plot of dc conductivity versus
1/T is shifted toward lower temperatures relative to the
structural 7, of SiO,~AlO, matrix because of the in-
teraction of two relaxation processes, o and J relaxa-
tions. Thus, for alkali bearing systems the temperature
at which the kink point is observed in electrical con-
ductivity measurements is different from the glass tran-
sition temperature estimated from rheological, heat
capacity, or dilatometric experiments, see Table 2. In
previous estimations of E, from electrical measure-
ments above and below 7, the reported AE, values are
significantly different: for albite AE, is ~57 and ~60
kJ/mol below and above T,, respectively;“*? for
anorthite at 10 kHz, AE, is 118 and 9-3 kJ/mol.“® For
silica glass containing OH impurities the reported value
of AE, for o, at T<T, is ~97 kJ/mol.“*¥ Measurements
on silica glass films 7" << T, at 20-300°C in which alka-
lis and OH groups presented at a dilute limit, indicate
much smaller activation energy for oy.~39 kJ/mol®
which was identified as the hole like polaron hopping
energy.

Structure of glasses and electrical conductivity at 0-1 M Pa

The significant difference in electrical conductivity of
silica and feldspar glasses might be understood from
their differing structures. The structure of feldspar and
silica glasses has been determined by x-ray radial dis-
tribution analysis.®® Silica glass has a trydimite like
bonding topology based on stuffed six membered rings
of Si0, tetrahedra. Albite glass has the same structure
as silica with aluminium substituting for silicon in some
of the tetrahedral sites. In order to accommodate so-
dium cations such a structure has more ‘void spaces
and interstices’ between rings than Si0,.? In anorthite,
the glass structure is based on four membered rings of
Si0, and AlO, tetrahedra.

The mechanism of electrical conductivity in feldspar
and silica glasses may be described as a hopping of al-
kali ion (Na* in albite; Na* and K* in HPGS) or Ca*"
(in anorthite) from one near Al oxygen site to another.

Glass Cooling Viscosity Calorimetry Volume Electrical Light
rate (Kih) and DTA expansion conductivity scattering
SiO, slow(?) 115020 1180£70¢? 1100£20¢9 1050+10(t.s.) 1100£20%
slow(?) 1190254
100 1050£1069
CaAlSi,Oq 5 8396 865+3%%
8 840+307
20 845+367 820£5,49 844+4(t.s.)
12 878+55%
40 83760 875455
132 813969
600 8360
NaAlSi;Oy 5 705+55%
8 704£567
20 765+507 678+3,19 683+5(t.s)
slow(?) 76569 763+110%
12 76160 7374569
40 734+55%
132 763+110%
fast(?) 800+10¢"
HPG8 300 864+53% 856140 856+340 774%5(t.s.)

[t.s.]: this study, in Ref. 54 T, has been reported as corresponding to 10'*? Pas, in Ref. 60 T, is for quenched sample
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Figure 8. Imaginary component of electrical impedance of anorthite
at 0-3 GPa. The frequency scans of the electric impedance have been
fitted to Equation (16) for each temperature. With the temperature
increase the dielectric relaxation peak shifts toward high frequencies
as indicated by the arrow. The deviation from Debye peak increases
via decreasing parameter n (numbers in brackets). At T>T,n becomes
less than 1. Anorthite glass is a fragile and ‘tight’ glassy conductor
according to Ref. 36

The fraction of nonbridging oxygens in albite and HPGS8
structures is about zero. In silica glass, the electrical con-
ductivity mechanism is a hopping process of OH™ and
alkali impurities between defect [Al0,~M]° tetrahedra
(AlO, alkalie metal centres), as well as the intercon-
version of charged NBO sites by hopping of polarons
and electrons.“**? The relative effectiveness of a charge
transport mechanism in glasses will depend on the av-
erage distance and the energetic barriers between neigh-
bouring NBO sites or defected SiO, tetrahedra
(hopping activation energy). It will depend also on the
concentration of NBO sites and impurities and on the
relative size of the hopping electric charge carriers (Na*,
K", Ca** or OH").

The highest electrical conductivity was observed
in albite glass. In HPGS glass Na ions are partially
substituted by larger K ions, and the concentration
of alkali ions is also smaller than in albite, Table 1.
The least conductive of the feldspar glasses is anorth-
ite. In anorthite glass the structure is less open com-
pared to albite. Average interatomic distances are 1:63
and 1:66 A for T-O, and 3-12 and 3-15 A for T-T for
albite and anorthite, respectively.® In anorthite Al
and Si are the most ordered in comparison with other
feldspar glasses, i.e. substitution of Al to Si is less
random than in alkali aluminosilicates. Silica glass,
Suprasil 300, used in this study possesses the lowest
electrical conductivity due to much smaller concen-
tration of defects, OH groups and [AlO,~M]° tetra-
hedra. The lower values of oy for SiO, and anorthite
glasses in comparison with albite and haplogranitic
glasses is due to the greater distances between NBO
sites and other Si* and O™ defects in the glass struc-
ture. Effectively, the longer distance for hopping elec-
trical carriers results in fewer percolation paths for
conduction.®

Experiments in piston cylinder

For high pressure experiments with a piston cylinder,
samples of glasses were ground into powder and pressed
into the gap between two coaxial electrodes, see Figure
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Figure 9. Results of electrical resistance measurements in anorthite
glass at 0-3 (upper panel) and 0-7 GPa (lower panel). The
measurements of dc resistance at a fixed frequency are compared with
bulk resistance obtained from Argand plots and fitting parameter R,
in Equation (16). Bulk dc resistance measurements provide higher
values of T, (solid arrows) in comparison with measurements at fixed
frequency according to Ref. 35

3. The bulk electrical conductivity was measured with a
temperature step ca 10° and plotted on an Argand dia-
gram. The electrical impedance data were collected in a
scan with 0-17 log step of frequency from 107! to 10°
Hz. Imaginary component of Z for anorthite glass in
the glass transition temperature range is shown in Fig-
ure 8, which also demonstrates a low frequency peak
due to electrode polarisation. The data for bulk resist-
ance of anorthite presented on an Arrhenius plot dem-
onstrate a significant change in the activation energy
of Z4.=R,of anorthite glass below and above T, (see
Figure 9) allowing the determination of 7, with an
accuracy +5°. In albite and HPGS8 samples there is a
noticeable frequency dependence of Z at low frequen-
cies, Figure 10. Plotted in double log coordinates, the
frequency dependence of Z allows estimation of a
maximum frequency, F, at which the polarisation is
observed at each temperature. The temperature depend-
ence (Arrhenius plot) of the occurrence of this polari-
sation frequency F differs above and below T,
providing an alternative way to estimate 7, as it is
shown in Figure 11. Both methods, Arrhenius plots of
bulk resistance and polarisation frequency F, provide
about the same result for 7,. The albite glass possesses
a high electrical conductivity with a small activation
energy, it may be classified as a ‘loose’ conductor. This
class of conducting glasses has also a high polarisa-
tion (polarisation exponent n~0-5) and a broad dis-
persion range of dielectric properties.®® The estimation
of T, in albite at 0-5 and 1 GPa are shown in Figure

205

$ 10/06/04, 17:12



| NN T T ]

®

N.S. BAGDASSAROYV ET AL: PRESSURE DEPENDENCE OF T4 IN GLASSES FROM ELECTRICAL IMPEDANCE MEASUREMENTS

1000 +
t [2]Z] + Re[Z] 4 -Im[Z]]
[\
o 100 T=1036°C,
£ F P=0.6 GPa
E i
S i
N 10 L
E
ﬁ - polarisation
o> 1= frequency F
o 5
— - A
N [
04 1
1.E-01 1.E+01 1.E+03 1.E+05
f Hz
1000
¢ F,Hz
. Ea ~ 63 kJ/mol T<Tg
100 7,"&_‘ ------ Ea ~ 123 kJ/mol T>Tg

-
o
I

polarisation frequency F, Hz

0 Fren M AT K
0.0008 0.001 0.0012 0.0014

Figure 10. Method of estimation of the polarisation frequency F. The
intersection point of two derivatives dlog(Z’)ldlog(f) calculated at
f>>1 Hz and f<<1 Hz, corresponds to polarisation frequency F which
was used for determination of ‘mobile Na-ion T,s’ (left panel). At
0:6 GPa the data of polarisation frequency ¥ (Hz) are plotted as a
function of 1/T,K. Right panel is a polarisation frequency F,
determined from frequency scans at different temperatures. The kink
in the slope on the F-graph corresponds to the kink in the slope on the
electrical impedance curve Figure 11

12. For albite, as in the behaviour of viscosity versus
pressure, 7, decreases with increasing pressure. The
same effect of pressure is observed for the haplogra-
nitic glass. For anorthite and silica glasses, 7, increases
with pressure.

The data of electrical impedance Im(Z) for anorth-
ite glass at 0-3 GPa and the results of fitting the fre-
quency scan data to Equation (16) are shown in Figure
8. The temperature dependence of 73, determines the
activation energy of the dielectric loss peak ~110
kJ/mol. The parameter n in Equation (16) character-
ises the broadness of the dielectric loss peak in com-
parison with a Debye peak (n=1). As follows from
Figure 8, by crossing the glass transition temperature
n becomes less than 1 (n ~0-95). Thus, the anorthite is
fragile and ‘tight’ glassy conductor.”¥ Silica glass is
probably a strong and ‘tight” glass having low electri-
cal conductivity and polarisation exponent 7 is close
to 1 and slightly decreases with the rising temperature,
Figure 6. In the Argand diagram the bulk properties
of Si0, glass are marked by a perfect semicircle, Fig-
ure 6. Estimation of 7, at 0-6 GPa in Suprasil 300 is
shown in Figure 13. The difference in activation ener-
gies of oy for SiO, and albite are very small, 142 and
148 kJ/mol, resulting in a significant error of
T,~1080%£20°C, Figure 13.
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Figure 11. Estimations of glass transition temperature from electric
impedance measurements in HPGS glass at 0-3 and 0-6 GPa at fixed
frequency 10° Hz and dc resistivity

Experiments in belt apparatus and multi-anvil press

The results of electrical conductivity measurements
carried out in the belt apparatus are shown in Figure
14. The change in the slope of the bulk conductivity
below and above T, is very small for anorthite as a
result of increasing pressure and pressure dependent
compressibility of the glass. In albite glass, the differ-
ence in the activation energy below and above 7, is
significant. In reality, the kink of the slope in the de-
pendence log( o) versus 1/TK for albite glass corre-
sponds to ‘mobile Na* 7,s’ because of the presence of
‘loose’ species Na* in the structure.®® Data® for albite
glass at 7<T, and pressures 3—4 GPa are in a good
agreement with this study. With the pressure increase,
the free volume becomes so small that above and be-
low T, the difference of activation energies of hopping

10000 +
= from Argand plot P=0.5 GPa
[| © at10°Hz
| |—Ea~ 48 kJ/mol T<Tg
1000 - Ea ~ 76 kJ/mol T>Tg
" 3
£ L
<
S 100 +
E £
10 4
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0.0008 0.001 0.0012 0.0014 0.0016
1T, K
1000 T
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E o at10°Hz
S — Ea ~ 29 kJ/mol T<Tg
N ------Ea ~ 52 kJ/mol T>Tg .-g O
100 +
10 t t t
0.0009 0.001 0.0011 0.0012 0.0013

1T K
Figure 12. Glass transition temperature in albite glass under pressure
0-5 (upper panel) and 1 GPa (lower panel). Arrows indicate T, the
temperature point at which the activation energy starts to increase
with the rising temperature
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Figure 13. Estimation of the glass transition temperature in SiO,
Suprasil 300 at 0-6 GPa from the change in the activation energy of
the dc resistance calculated from impedance frequency scans and
Equation (16). The Argand plots are shown in Figure 6

process of electrically charged defects or defect sites
becomes negligible in the case of anorthite.**%9 In albite
glass, the activation energy of the bulk conductivity
becomes smaller with the pressure increase. This may
be explained by shortening of Na—Na distances in the
albite structure, but the distance between Na site and
the nearest oxygen remains the same. According to Ref.
34 the Coulomb barrier facing a mobile Na will be
lowered by an increase of the electrostatic potential of
a pair Na" and its empty site.

Only two experiments were done in the multi-anvil
press on anorthite and albite glasses. 7, in both sam-
ples was very hard to detect, but likely corresponds to
a maximum decrease of the bulk resistance on the
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! . A
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R A Ea~218 kJ/mol T>Tg
A - m- 3 GPa[64]
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Figure 14. Results of electrical conductivity and T, measurements in
the belt apparatus on albite (upper panel) and anorthite (lower panel)
glass samples
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Figure 15. Estimation of T, at 6 GPa in multi-anvil press in albite
(upper panel) and anorthite (lower panel). For albite the Argand
plot was not possible to construct because of a low frequency noise,
thus, only measurements at constant frequency (10° and 10? Hz) were
used to identify T, in the Arrhenius plot

Arrhenius plot, Figure 15. The precision of T, deter-
mination was about 15°C.

Discussion of results

Figure 16 represents a pressure dependence of the meas-
ured 77, from electrical impedance measurements in four
type of experimental facilities: atmospheric furnace, pis-
ton cylinder, belt and multi anvil presses. For albite, and
HPGS8 the pressure dependence of T, is negative, for
Si0, and anorthite is positive. The high values of the 7,
pressure derivative for HPGS8 and SiO, are preliminary
values, estimated for pressures below 0-6 GPa. Table 3
summarises the glass transition temperature estimated
from electrical conductivity measurements in this study.
The absolute value of the derivative d7,/d P decreases

1200

Oanorthite

1100 - A suprasil 300
00 T, = 50°/GPa*P(GPa) + 1050°C P
4 OHPG8
)
1000 1 o albite

T, = 5.3°/GPa*P(GPa) + 848°C

T°C

900 -

o

800 T, = -45°/GPa *P(GPa)+ 777°C

T, = -9.4°/GPa *P(GPa) + 688°C

700 y——rs_\.\\}

600

0 1 2 5 6 7

3 P,GPal4

Figure 16. Pressure dependence of the glass transition temperature from
electrical impedance measurements. The slope of the pressure dependence
of T, at low pressures is higher than in the whole pressure range
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Table 3. Results of T, (°C) from electrical conductivity
data (this study)

Pressure  Albite Anorthite HPGS Suprasil 300
(GPa)

0-1 MPa  683+4 844+5 774%5 1050+10
0-3 GPa 84716 76916

0-5 690%3

0-6 (0-7%) 863+6* 7476 1080+20
1 676%5

3 663%5 859+6

4-5 8736

6 630+15  881%15

*measured at 0-7 GPa

with the pressure increase. However, as noted above, 7,
is difficult to estimate at high pressures due to the pres-
sure dependent compressibility. To detect a correct
change in glass temperature with pressure at P=0-1 MPa
perhaps only a short pressure interval is necessary (<0-1
GPa). Theoretically, the distribution of relaxation times
will broaden at high pressure®® and the transition oc-
curs over a wider temperature range. This would make
it impossible to detect 7, at some critical pressure. In
the method which was used in this study, this happens
when the activation energies of electrical conductivity
below and above T, become equal.

Table 4 lists previous estimations of the pressure de-
pendence of 7. Only one experimental investigation®”
reports results of in situ high pressure dilatometric meas-
urements of 7, on glass samples having very fast cool-
ing rates. d7,/d P measured for diopside glass is in good
agreement with calculated glass transition slope from
the second Ehrenfest equation“*® and viscosity meas-
urements.” The direct measurements of d7,/d P on other
glass formers indicate that the pressure dependence of
T, may vary from 200 to 150 K/GPa for B,O; or lead'®
to 3-6 K/GPa for metallic glasses."”

The viscosity measurements in silicate melts pro-
vide explicit estimations of d7,/dP. The rheology meas-
urements of albite melt have been studied under
pressure up to 7 GPa.*? It was established that the
decrease of albite melt viscosity is about 0-38
log[Pas]/GPa. Using temperature dependence of vis-
cosity of albite melt, the estimation of the pressure
derivative of the glass transition temperature in albite
is ~58 K/GPa.

The glass transition temperature in silica glass is the
most poorly characterised because of the high resistiv-
ity of SiO, even at the highest experimental tempera-
tures. 7, may vary from about 1200°C according to
rheology data” and calorimetry®? to 1100-1050°C ac-
cording to high temperature light scattering experi-
ments"**® depending on cooling rate, content of OH",
and annealing temperature. The Prigogin—Defay ratio
for SiO, glass IT ~2x10° (!) is unexpectedly high, indi-
cating that a single relaxation parameter cannot be used
to describe a glassy state.!'¥

In order to estimate a dielectric relaxation time from
measured electrical impedance data (Z*) the expres-
sions for the complex modulus as follows were used“?

M —iM"=iwZ*e,G (18)

where G is a geometric factor, g, the dielectric constant
of a free space and @ angular frequency.
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Table 4. Pressure dependence of glass transition
temperature of some silicate glasses dT /dP (K/GPa)

Cooling rate  Diopside Albite  Anorthite

167 22-28 °C/min +37+£3  -25%10

26 calculated +34+14  -70%18 —4+17
from
viscosity

3(68) +49+3 +108£40

Calculated from Eq 5 using
AV* and E, of dielectric

relaxation in this study 20°/h —120+50 150£50
From electrical conductivity 20°h —9-4+2  +5-3%1-5
in this study

"DTA measurements at pressures up to 0-7 GPa, ? indirect estimations using
WLF-equation at 0-1 MPa and the viscosity data at pressures up to 1-:5 GPa
(no cooling rate are reported), * calculated from thermodynamic data and
Equation (6), no cooling rate reported. In the original paper this result is
swapped with the result of Ref. 67

The dielectric relaxation times were calculated from
frequency corresponding to a peak of M”

F(zﬂﬂeelk)_l (19)

The direct method to estimate a dielectric relaxa-
tion time is to make a fitting of the electrical imped-
ance scans to an equivalent electric circuit, for example
Equation (16), and estimate parameter 74, . As a result
of fitting of the second term in Equation (16), we get
7,41, the dielectric relaxation time, and n, polarisation
exponent.®” Both methods, Equations (16) and (19)
must give the same result, if the impedance data only
in the frequency band around dielectric relaxation peak
are used. The activation energy of oy may depend on
temperature in the same way as 7=VRC where R is re-
sistivity and C capacity at a peak frequency, only when
R and C have the same activation energies and polari-
sation exponent 7 is close to 1.

The results of dielectric relaxation measurements
for silicate glasses are presented in Figure 17, and the
calculated activation energies of dielectric relaxation
are listed in Table 4 and compared with the tracer dif-
fusion activation energies. From Figure 17, the values
of dielectric relaxation times of SiO, and anorthite are
smaller than structural or shear stress relaxation for
about 4-5 orders of magnitude, and for albite and
haplogranite glass this difference is about 7-8 orders
of magnitude. This difference in the decoupling index
between structural and dielectric relaxation scales sup-
ports the idea that SiO, and anorthite are strongly cou-
pled, albite and haplogranitic glasses are weakly couple
glasses.®” In strongly coupled glasses, SiO, and anorth-
ite, this difference in activation energies is smaller than
in albite, a weakly coupled glass.

The dielectric relaxation in weakly coupled glasses,
alkaline silicates and alkaline aluminosilicates, has a
substantial contribution from Na—Na site interactions
lowering the energetic barrier of the hopping.®¥ In the
case of aluminosililicates, like albite and haplogranitic
glass, the structural position of Na is near an oxygen
belonging to AlO, complex.®¥ In strongly coupled
glasses, silica glass containing alkalis as impurities, the
contribution into electric conductivity due to adjacent
alkaline sites is negligible.

For SiO, the activation energy of dielectric relaxa-
tion below 7, is close to the tracer diffusion of Si ca.
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Figure 17. Temperature dependencies of dielectric versus structural
relaxation time for silicate glasses. Dielectric relaxation time has been
estimated from impedance measurements by using Equations (16 ) and
(19). For HPGS at 0-6 GPa the dielectric relaxation time is taken as
1/F, areciprocal polarisation frequency. The structural relaxation time
has been calculated from shear viscosity data at 0-1 M Pa by using the
Maxwell relationship t(s)=n (Pas)/25 GPa. For SiO, (solid bold
line) the data are from Ref. 48; for anorthite (solid thin line) the
shear viscosity data are from Refs 58, 71, 72; for albite (dashed line):
1 shear viscosity from Refs 47, 71, 73, 2 from Refs 68, 74, for HPGS8
(dotted line) the shear viscosity from Refs 7, 39, 75

220 kJ/mol. Above the glass transition, E, of dielec-
tric relaxation is close to E, of O trace diffusion or
structural relaxation ~515 kJ/mol.“¥ According to the
theoretical consideration in Ref. 34, the activation en-
ergy of the bulk conductivity/tracer diffusion in SiO,
glass has to be equal to the binding energy of an iso-
lated Na to oxygen in this glass ~130 kJ/mol. In this
calculation, a distance Na—O is assumed 24 A.¢9 In
that Na are at a dilute limit in SiO,, the Coulomb bar-
rier facing Na is not corrected for the attraction en-
ergy between a Na site and a nearest empty Na site.
With the increase of Na content the activation energy
of conductivity/tracer diffusion is equal to the bind-
ing energy Na—-O corrected for (i.e. reduced by) the
electrostatic energy of adjacent Na—Na sites and di-
vided to the Kohlrausch exponent due to the
cooperativity effects (or (1-n), where n is the polari-
sation index Equation (16)). The distance between Na—
Na in sodium silicates with a mole fraction of sodium
~0-3 is ~3-17 A®® and the correction factor for the
cooperativity effects ~0-5. Thus, in fully polymerised
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glasses, like albite or haplogranitic glass, the conduc-
tivity/tracer diffusion activation energy has to be ~60
kJ/mol, which was observed in this study at 0-1 MPa.

For anorthite, the reported activation energies are
for chemical diffusion ~ 230-460 kJ/mol and signifi-
cantly larger than measured E, of dielectric relaxation
75-125 kJ/mol. The compiled data on tracer diffusion
in the CaO-ALO;-Si0O, (40-20-40 wt%) system indi-
cate that in the glass (600-900°C) E,~245 (for '*O) and
~255 (for *Si) kJ/mol."® In the melt (1550-1350°C)
E, ~230 (for *°Al), 290 (for *!Si) and ~380 (for '*0). In
the supercooled liquid regime at temperatures just
above T, the activation energy for *O tracer diffusion
may even be 900 kJ/mol. Smaller activation energies
for tracer diffusion of Ca, Al, Si and O were obtained
from molecular dynamic simulations (MD), for
anorthite glass (~110 kJ/mol), for melt (~180 klJ/
mol).”” The activation energy of dielectric relaxation
in albite correlates well with the tracer diffusion of Na
and differs from those of Si, Al and O. From MD
simulations, the tracer diffusion coefficients in Ref. 78,
have activation energies ~80 kJ/mol for Na, ~280
kJ/mol for Si, ~ 290 kJ/mol for O and ~270 kJ/mol for
Al In general, Ca®" and AP* in silicate melts have rather
low mobilities and their presence in the alkaline
aluminosilicates may even impede the motion of al-
kali ions.”™

The estimated 7, in albite glass from electrical im-
pedance measurements characterises only a hopping
and charge separation relaxation process of sodium
and is not related to the structural relaxation. The same
is probably true for HPGS. The small scale hopping
and charge separation in the electric field is an effec-
tive mechanism of the electrical conductivity in sodium
aluminosilicates.®” The hopping of sodium ions be-
tween positions adjacent to NBO (in sodium silicates)
and/or Al tetrahedra (in sodium aluminosilicates) sites
may explain the high electrical conductivity of these
glasses. The lower values of T, estimated for albite and
HPGS8 from electrical impedance measurements in
comparison with calorimetric and dilatometric data
are indicators of the beginning of a ‘loose’ mobility of
Na™ in the structure at temperatures even below
rheological or calorimetric 7, Table 2. The idea of a
‘decoupling’ character of dielectric relaxation from
mechanical spectroscopy relaxation in sodium bear-
ing glasses was discussed in detail in Ref. 81 on the
basis of ‘decoupling’ index. Subsequently, the phenom-
ena of alkaline tracer diffusion decoupling from struc-
tural relaxation was compiled and presented for
geologists.***? The activation energies of the dielec-
tric relaxation time and of the diffusion coefficient are
summarised in Table 5.

The pressure increase slows down the dielectric re-
laxation time. This may best be explained by a dimi-
nution of open paths and mobility of alkaline ions,
increasing the time for defect diffusion. This correlates
with the electrical conductivity measurements in Ag
ionic glasses, where the pressure increase and
densification results in a progressive decrease of the
electrical conductivity.®"* The temperature depend-
ence of dielectric relaxation in anorthite is plotted in

209

$ 10/06/04, 17:12

[T 111 |



| NN T T ]

‘ Bagdassarov et al.pmd 210 $

®

[T 111 |

N.S. BAGDASSAROYV ET AL: PRESSURE DEPENDENCE OF T4 IN GLASSES FROM ELECTRICAL IMPEDANCE MEASUREMENTS

Table 5. Activation energy of the diffusion coefficient and dielectric relaxation time (kJ/mol)

Tons Si0, CalALSi, 05 NaAlSi;05 KAISi;05and HPG,
OH- 83 (1100-500°C)"
Si 237 (1200-800)* 230 (845-765) ¢ 337 (1500-1100°C)*

579 (1410-1113) 3
o) 48 (250°C)* 247 (760-760) ¢

516 (2500-1250°C)°
Ca 327(1600-1350)7
Al 462 (1600-1350)" 425 (1500-1100°C)*
Na 56 (800-350)° 79 (800-350) °
K 99-5 (1000-350) ° 63 (1000-350)°
Ein 222 (0-1 MPa, T<T,) 74 (0-1 MPa) 43 (0-1 MPa, T<T,) 98 (0-1 MPa, HPGS)
this 515(0-1 MPa, T>T,) 111 (0-3 GPa) 66 (0-1 MPa, T>T, 84 (0-3 GPa, HPGS)
study ~150 (0-6 GPa) 118 (4-5 GPa) 48 (0-5 GPa T<T, 40 (0-1MPa) !

29 (1 GPa T<T,)
16 (3 GPa T<T})
64 (0-1 MPa)"!
leffective OH diffusion,®® %effective SiOSi diffusion,®® 3tracer diffusion *°Si,®¥ * 0 diffusion in silica glass,®” *estimated from viscosity measurements and
Eyering equation,®® ‘tracer diffusion of '*O and *Si in CaAlSiO,.s,*¥ "chemical diffusion of CaO/MgO and Al,O, between diopside-anorthite compositions,®”
Sself diffusion of Si and tracer diffusion Al/Ga,®® °tracer diffusion of *Na and “’K,®” I°E, is the activation energy of dielectric relaxation (DR) measured in

this study, 'activation energy of dielectric relaxation calculated from electrical impedance data

Figure 18 at three pressures 0-1 MPa, 0-3 and 4-5 GPa.
The activation volume of 7 for anorthite glass, calcu-
lated as follows

JAE,
P

is about +10-5 + 5 cm?*mol. For albite glass, the pres-
sure dependence of activation energy of conductivity at
T<T, was used,Table 5, and the estimations provide a
negative activation volume ~—6-512 cm*mol. For com-
parison, MD simulations™ of the tracer diffusion in
albite provides for Na an activation volume ~3 cm?*/mol,
~—4-5 cm?®/mol for Al, ~~6 cm?®mol for Si and ~-5
cm?/mol for O. From the negative pressure dependence
of viscosity the calculated activation volume of the shear
viscosity in albite melt at 1900-2000 K and in pressure
range 2-6-5-3 GPa is —5-4 cm®*mol™!.® It should be noted
here that the experimental error of the data in Figure
18 is rather large; the data were collected in three differ-
ent apparatus (atmospheric pressure furnace, piston
cylinder and belt apparatus), having differing sample
geometries and temperature fields.

Table 6 summarises the literature data on param-
eters used in calculations of Prigogin—Defay param-
eter and the pressure dependence of 7, for studied
silicate glasses. The span of parameter IT is one order

AV*=

(20)

1.E+00

1.E-01 + AV*=10 cm¥mol —4-P=0.1 MPa
138 kJ/mol
-&-P=0.3 GPa
1.E-02
45GPa 111 kdimol & P=4.5GPa

, sec

1.E-03 + 0.3 GPa

1.E-04 - 74 kJimol
1E05 o MPaW/—H/k_‘
1.E-06 S A A A SR SRR
0.00075 0.00085 0.00095 0.00105 0.00115
T, (K

Figure 18. Dielectric relaxation time of anorthite glass as a function
of pressure. AV* is the activation volume calculated according to
Equation (20) from the activation energy of the dielectric relaxation
estimated at ~700-800°C
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(46)

of magnitude and, on average, it is much higher than
1 for all silicate glasses. The extreme high value of
[1=1-7x10*is calculated for SiO, by using the thermal
expansion coefficient measurements from Ref. 53.
However, if one uses the thermal expansivity data from
Ref. 90, the value of I for silica glass may be even
close to 1. In the present work, the upper limit of I1
estimated for SiO, glass by assuming that Ac~a from
Ref. 53. In reality, the thermal expansion coefficient of
silica glass is negative at temperatures up to 100—-150°C
above T, and then above 2000 K, becomes again posi-
tive ~107* K. In Ref. 17 the « of SiO, was errone-
ously averaged in the wide temperature interval and the
suggested Acr between silica glass and melt ~1-1x107°
K™ is too small. For the calculation of II for albite
(from 15 to 3) and anorthite (from 38 to 7), the au-
thors"” used rather arbitrary values of Af (the con-
trast of isothermal compressibilities in glass and in melt
has been taken from 1 to 5x107"" Pa™!). In the present
estimation of I1, the experimental compressibility of
melt was calculated by using the method of Ref. 95
and extrapolated data of Ref. 93. The contrast in com-
pressibility between melt and glass was assumed to be
0-5B; of the melt. In reality, ABr may cover a much
broader span. For example, in metallic glasses A is
about 1% of Br,"” in SiO, AB is about 75% of SB.('#9
For albite glass, the compressibility from the measure-
ments of glass density at high pressure were also
used.® A comparison between calculated and meas-
ured d7,/dP in electrical impedance experiments indi-
cates that only SiO, and anorthite (if only data at
pressures <1 GPa are taken into account) are in a satis-
factory agreement, Table 6. Otherwise, 7, and d7,/dP
estimated from electrical impedance data for alkaline
aluminosilicates are very different from the structural
glass transition. But even for anorthite, for which the
present estimations of 7}, are close to the structural glass
transition, the I'Tvalue is much larger than 1, which does
not permit consideration of the glass transition in
anorthite as a second order phase transition, i.e. a re-
laxation process with one ordering parameter.

The results of 7T, estimation from electrical imped-
ance measurements provide different results in com-
parison with rheological, calorimetric or dilatometric
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Table 6. Prigogine—Defay ratio and pressure dependence of glass transition temperature

A=liquid-glass Anorthite SiO, Albite HPGS Orthoclase

Aax 105K ! 2368 0-1356» 07659 1-740 0-869
1-969 10-309 3.30D 2:402
300D 1-107

ABx107""Pa”! 2:5-20% 5709 4-309 3709 4-5-4°0%
1-920% 6-300) 21209 21209 2.52|

AC,Jmol"K™ 48169 865 26-7¢9 8% 21-6%%

’ 56-3092) 3702
Vx10*m*mol™ 11069 27-419 11269 28209 11207
T,K 11604 137319 1096 112979 122149

1109151) 1460168) 1036192) 1073198) 1178192)
T 22-1-5 7-6%10°-1-2 135-4-2 34-18 200-20
(dTJdP)=(T,VAoIAC,)KGPa™ 185-47 470-6 150-33 70-64 145-28
(dT JdP)KGPa™\(ts) 53 50 —9-4 -45

30(P<1GPa)

! calculated from Ref. 97; > AB is a half of the calculated isothermal compressibility 0-5 B from Ref. 95; * data are extrapolated from Ref. 93; (ts) from

electrical conductivity measurements, this study

measurements. There are few reasons for that. The
question which arises, is it right to compare dynamic
methods of 7, determination using variable frequency
and methods using down and up scan definitions of
T,V Usually, dynamic or ac methods result in higher
values of T, in comparison of time scanning of
heating—cooling cycles. The observation in the present
study of the small difference of T, for anorthite and
Si0, may be attributed to the difference in the defini-
tion of 7,: as the midpoint of the specific heat capac-
ity rise in a heating temperature scan and as a
temperature of the maximum in imaginary part of the
electrical impedance. For alkaline bearing glasses the
observed difference in 7, obtained from electrical meas-
urements, on the one hand, and rheological, calori-
metric or dilatometric studies, on the other, is more
fundamental. Essentially, the difference in the relaxa-
tion time of mechanical and electric properties lies in
the differing nature of contributions of these two re-
laxation and may attain a factor of 10'* near T, for
some glass formers.®**> In silicate glasses and melts
containing Na* in the structure, the effects of charge
separation are very important. Sodium is a highly
unharmonic species, especially in the aluminosilicate
structure. Sodium ions are responsible for a significant
polarisation (n~0-5 in Equation (16)). Ony replacing
Si** by AI** sodium becomes surrounded by several
nonbridging oxygen ions and aluminium tetrahedra.
This results in an increase of the dielectric constant
and increase of ionic polarasability with the increase
of aluminium substitution.®” The albite and haplo-
granitic glasses due to their high conductivity and
polarasability can be classified as ‘loose’ glass form-
ers. The T, measured in these glasses by electrical im-
pedance method is a temperature above which Na*ions
become sufficiently mobile in comparison with the rest
of the structure, and the kink in the slope In(oy.) ver-
sus 1/TK corresponds to ‘mobile Na ion 7,'s.®" In
other words, this break in the temperature of the sec-
ondary (Na ion mobility relaxation) at 7, is due to a
persisting long range sodium mobility, while the long
range motion of atoms constituting the rest of the
structure (O, Si, Al) is almost frozen below T,
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The differing behaviour of the activation energy of
the dielectric relaxation in anorthite and SiO,, on the
one hand, and albite and haplogranitic glass on the
other, relates to the differing structures of these glasses.
With the pressure increase, all interatomic distances in
anorthite and SiO, become smaller due to the
densification of their structures. Thus, the distances
between alkaline cations and oxygen sites decreases,
which result in an increase of the electrostatic binding
energy and, therefore, the activation energy of electric
conductivity. In alkaline bearing glasses like
haplogranitic and albite glasses where alkali concen-
tration is not at a dilute limit, sodium sites are mostly
concentrated in channels and clusters due to a
microsegregation of their structures.*¥ Therefore, the
pressure increase influences the distances between al-
kaline site in a larger extent than alkali-oxygen dis-
tances. As a result of this, under pressure the correction
of the Coulomb binding energy will be lowered by an
increasing electrostatic energy between alkali sites and
the macroscopic activation energy of the electric con-
ductivity decreases with pressure for these glasses.

Judging from the sign of d7,/dP for studied glasses
and qualitative behaviour of the fragility index m from
Equations (10)—(12), it may be concluded that ‘loose’
conductive glasses (albite and haplogranite) become
even more fragile with pressure increase, and ‘tight’
glasses (anorthite and SiO,) are getting stronger under
pressure. In other words, with the pressure increase and
‘free volume’ decrease, the charge carrier motions be-
come increasingly oscillatory in alkali bearing glasses.
This provides a further separation of slow diffusive
from fast oscillatory modes.®” In the case of albite or
haplogranitic glass under pressure , the ‘caging’ effect
of oxygen atom displacements may result in a highly
decoupled diffusion motion for the ‘loose’ sodium at-
oms and in a reduction of ‘the Na glass transition tem-
perature’ 7,"*. This is associated with a decrease of
the energetic barries of sodium self diffusion and elec-
tric conductivity. In the case of anorthite and SiO, or
insulating glasses, the ‘caging’ effect extends to all struc-
tural species reducing the gap between fast and slow
modes. The energetic barriers for the diffusion motions
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of atoms and the activation energy of electrical con-
ductivity at 7, in these glasses increase under pressure.

Conclusions

1. The use of electrical impedance measurements to
determine a glass transition temperature at high pres-
sures provides results for anorthite and silica glasses
consistent with previous studies. According to the struc-
ture of these glasses, the transport or diffusion of struc-
tural and electrically charged defects are correlated.
Anorthite may be classified as a ‘tight’ fragile glass
former, silica glass is a ‘tight’ strong glass. For albite
and haplogranitic glasses the established 7, is not a
structural glass transition because of the ‘decoupling’
between alkaline mobility/charge separation and struc-
tural relaxation, the estimated glass transition tempera-
ture is 7. These glasses belong to a class of ‘loose’
glassy conductors.

2. Pressure dependence of T, estimated from electri-
cal conductivity measurements reflects viscosity vari-
ations with pressure. For albite, the negative slope
dT,/dP corresponds to a decrease of the shear viscos-
ity of albite melt under pressure. The greatest varia-
tion of 7, with pressure occurs at P<1 GPa. Further
decrease of T, is hindered by a decrease of percolation
paths for conduction. As a result, the contrast between
electrical conductivity below and above 7, becomes in-
distinguishable at pressures above 1 GPa.

3. Effect of pressure on dielectric relaxation times and
the activation energy of dielectric relaxation may be
explained in terms of the activation volume. A posi-
tive activation volume relates to a positive d7,,/dP and
a ‘tight’ conductance behaviour under pressure (SiO,,
anorthite). A negative volume correlates with ae nega-
tive d7,/d P (alkali bearing aluminosilicates at nondilute
limit of alkali) and with a ‘loose’ electric conductance.
This differing behaviour of dielectric relaxation under
pressure correlates with the classification of glasses into
two groups: glasses with strongly and with weakly cou-
pled viscous and dielectric relaxations.

4. The dT,/d P values determined when compared with
those calculated from the second Ehrenfest relation-
ship show a large discrepancy. Combined with the fact
that a significant deviation of the Prigogin—Defay ra-
tio from 1 is observed, this indicates a difference of
the glass transition in silicates from the model of a
second order phase transition. Qualitatively, the pres-
sure dependence of T, in silicate glasses correlates with
a pressure dependence of the shear viscosity and thus
the measurements of pressure dependence of 7, pro-
vide an indirect information of the melt rheology un-
der pressure.
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