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Abstract The configurational heat capacity, shear mod-
ulus and shear viscosity of a series of Na,O-Fe,03;—Al,05—
SiO, melts have been determined as a function of com-
position. A change in composition dependence of each of
the physical properties is observed as Na,O/(Na,O +
Al,O3) is decreased, and the peralkaline melts become
peraluminous and a new charge-balanced Al-structure
appears in the melts. Of special interest are the frequency
dependent (1 mHz-1 Hz) measurements of the shear
modulus. These forced oscillation measurements determine
the lifetimes of Si—O bonds and Na—O bonds in the melt.
The lifetime of the Al-O bonds could not, however, be
resolved from the mechanical spectrum. Therefore, it
appears that the lifetime of Al-O bonds in these melts is
similar to that of Si—O bonds with the Al-O relaxation peak
being subsumed by the Si—O relaxation peak. The
appearance of a new Al-structure in the peraluminous melts
also cannot be resolved from the mechanical spectra,
although a change in elastic shear modulus is determined as
a function of composition. The structural shear-relaxation
time of some of these melts is not that which is predicted
by the Maxwell equation, but up to 1.5 orders of magnitude
faster. Although the configurational heat capacity, density
and shear modulus of the melts show a change in trend as a
function of composition at the boundary between peralka-
line and peraluminous, the deviation in relaxation time
from the Maxwell equation occurs in the peralkaline
regime. The measured relaxation times for both the very
peralkaline melts and the peraluminous melts are identical
with the calculated Maxwell relaxation time. As the
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Maxwell equation was created to describe the timescale of
flow of a mono-structure material, a deviation from the
prediction would indicate that the structure of the melt is
too complex to be described by this simple flow equation.
One possibility is that Al-rich channels form and then
disappear with decreasing Si/Al, and that the flow is
dominated by the lifetime of Si—O bonds in the Al-poor
peralkaline melts, and by the lifetime of Al-O bonds in the
relatively Si-poor peralkaline and peraluminous melts with
a complex flow mechanism occurring in the mid-compo-
sitions. This anomalous deviation from the calculated
relaxation time appears to be independent of the change in
structure expected to occur at the peralkaline/peraluminous
boundary due to the lack of charge-balancing cations for
the Al-tetrahedra.

Keywords Frequency dependent - Shear modulus -
Heat capacity - Silicate melts - Relaxation time

Introduction

It has long been appreciated that the structure of peralu-
minous (Na,O < Al,03) Na,0-Al,03-Si0, melts must be
different from that of peralkaline (Na,O > Al,O53) melts as
there are no longer enough Na™ to act as charge-balancers
for the AI’" in tetrahedral co-ordination (e.g. Lacy 1963;
Toplis et al. 1997a, b; Mysen and Toplis 2007). The
corollary is that compositional trends in the physical
and thermodynamical properties (i.e. viscosity, thermal
expansion, shear modulus, configurational heat capacity) of
peraluminous melts must be different from those of per-
alkaline composition melts. A number of studies of the
rheology and density of aluminosilicate melts have indeed
shown that there is a change in the trend as a function of
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composition as the melts investigated change from peral-
kaline to peraluminous (e.g. Day and Rindone 1962a;
Riebling 1966; Taylor and Rindone 1970; Hunold and
Briickner 1980; Toplis et al. 1997a, b; Webb et al. 2004,
2007; Giordano et al. 2006). Therefore, it is clear that the
extrapolation of physical and thermodynamic data across
the composition divide will lead to increasing errors in
predictions of the behaviour of multicomponent melts and
magmas of differing compositions.

The structure of peralkaline sodium-aluminosilicate
melts has been investigated by NMR studies, which have
found that Na' prefers to form non-bridging oxygens
bonded to Si4+, and also acts as a charge-balancer for
the tetrahedrally co-ordinated A’ (e.g. Mysen 1987;
Allwardt et al. 2003). Mysen et al. (2003) concluded from
their °Si NMR and Raman spectroscopic study on peral-
kaline glasses that the dominant fraction (>70%) of APT
resides in fully polymerised Q* units.

Lacy (1963) discussed the various possible structures of
peraluminous melts in terms of geometry and energy and
concluded that tri-clusters of two Si*'-tetrahedra and one
Al**-tetrahedron sharing one apical oxygen was the most
probable structure for the AI*" tetrahedra without a Na™
charge-balancer. The existence of AlSi;Os s tri-clusters has
not been confirmed by NMR measurements; however, the
peak for such a triple bond to oxygen is expected to lie under
the NMR signal for Si—-O-Si bonds (Kubicki and Toplis
2002). Higher co-ordinated AP has, however, been
observed in Na,0O-Al,03-SiO, melts and glasses (e.g.
Stebbins et al. 2000, 2008). The occurrence of YA’ is
viewed as an indication that Na,O—Al,05-SiO, melts flow
not only by the creation of ¥Si*" (as observed by Stebbins
1991; Stebbins and McMillan 1993) but also by a similar
mechanism for the tetrahedral AI** in the melt (Stebbins
et al. 2000).

Taylor and Rindone (1970), Hunold and Briickner (1980)
and Toplis et al. (1997a, b) have observed a maximum in
viscosity as a function of composition at Na—Al for Na,O—
Al,03-Si10, melts with constant mol% SiO, content. The
dramatic increase in the viscosity of the peralkaline melts as
Na/Alis reduced is attributed to the decrease in the number of
non-bridging oxygens being formed (Toplis et al. 1997a)
with the small decrease in viscosity in the peraluminous
melts accompanying a further decrease in Na/Al being
attributed to the increase in the number of tri-clusters.

Maxwell (1867) calculated that there was a simple
relationship between shear viscosity and the structural
relaxation time of a liquid:

‘CM:g—:O (1)

for np—Ilong timescale relaxed Newtonian viscosity, G ,—
short timescale unrelaxed elastic shear modulus which is
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taken to be 10 GPa (Dingwell and Webb 1989). This
relationship has been found to apply in general to silicate
melts (e.g. Rivers and Carmichael 1987; Dingwell and
Webb 1990; Webb 1992; Stebbins 1995). The Maxwell
relaxation time is the timescale on which the slowest part
of the melt structure moves, and is therefore the glass
transition, or the o-relaxation (Brawer 1985). This slowest
moving part of a silicate melt structure has been shown to
be the lifetime of the Si—O bonds in the melt (e.g. Stebbins
1991, 1995).

In order to relate melt structure to flow mechanisms and
to physical properties, the lifetimes of not only the Si-O
but also the Na—O and Al-O bonds as well as more com-
plex structural units (e.g. the AlSi,—O bonds in tri-clusters)
need be measured. This can be done via a range of tech-
niques which include NMR spectroscopy (e.g. Stebbins
1991; Stebbins and McMillan 1993; Stebbins and Xu 1997,
Stebbins et al. 2001); diffusion measurements (e.g. Liu
et al. 1988) and mechanical spectroscopy (e.g. Day and
Rindone 1962b; Mills 1974; Webb 1992). As discussed by
Day and Rindone (1962b), the mechanical relaxation of
each type of bond within a melt can be investigated by
mechanical spectroscopy. They further pointed out the
similarity it activation energy for their low-temperature
relaxation and the electrical conductivity of Na,O-Al,O3—
SiO, melts; and thus identified their low temperature
relaxation as the motion of Na™ in the melt. Steinkamp
et al. (1967) also associated the low temperature mechan-
ical relaxation peak with the diffusivity of Na* in Na,O-
SiO, melts. The conclusions of the studies of Day and
Rindone (1962b) and Steinkamp et al. (1967) have been
confirmed by the modelling of Maass and Peibst (2006).

The NMR data of Gruener et al. (2001) for CaO-Al,O3—
Si0, melts show that the lifetime of Si—O and Al-O bonds
are identical at high temperatures in the 107°-10'" s
relaxation time range (107! <n < 10% Pas), with the
relaxation time for viscous deformation being eight orders
of magnitude slower than the Ca** motion in the region of
the glass transition temperature (10°-10' Pa s). Diffusion
data (e.g. Dingwell and Webb 1990) show that the Al-O
bonds have shorter lifetimes than the Si—O bonds in the
vicinity of the glass transition temperature (see Fig. 1), and
thus the lifetime of these bonds is (by definition, as they are
the second slowest) the f-relaxation. Similarly, diffusion
data show that the Na—O bond is the shortest lived and
therefore its lifetime is the y-relaxation in Na,O-Al,O3—
SiO, melts in the vicinity of the glass transition tempera-
ture. As shown in Fig. 1, the lifetime of Al-O bonds in the
10'? Pa s viscosity range is expected to be shorter than that
of the Si—O bonds; and identical with that of Si—O bonds at
lower viscosities (higher temperatures). The lifetime of
AlSi,—O bonds is unknown; but is expected to be in the
vicinity of that of Al-O and Si—-O bonds.
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Fig. 1 Relaxation timescales of Na, Ca and Al movement in silicate
melts calculated from diffusivity data together with the viscosity and
structural (Si—O) relaxation time for the melt. The dashed lines
indicate the expected trend changes with decreasing viscosity
(increasing temperature). The relaxation timescales are labelled o, f§
and y for the slowest to fastest relaxation. Redrawn after Dingwell and
Webb (1990)

Mechanical spectroscopy, or forced oscillation, involves
the determination of energy loss of a stress wave at the
frequency (time™' = 2nf—for frequency f) at which part
of the material structure moves. In the case of metals
and ceramics this may be the diffusion of atoms (e.g.
Chakraborty 1995; Brady 1995). In the case of silicate
melts it is the lifetime (inverse angular frequency—
o = 27nf) of Si—-O bonds (Stebbins 1991, 1995) and
therefore the diffusion of Si and O atoms as well as the
diffusion of Na and K atoms (Day and Rindone 1962b) can
be determined by mechanical spectroscopy.

In this study the changes in lifetime of the Si-O, and
Al-O bonds and the rate at which Na ions move through
NaZO—A1203—Si02 and Nazo—FeZO3—A1203—Si02 melts
are measured via forced oscillation techniques. Three
energy loss peaks are expected in the mechanical spectra:
one for the lifetime of Si—O bonds (associated with the
diffusivity of Si and O), one for the lifetime of Al-O bonds
(associated with the diffusivity of Al) and one for the Na—O
bonds (associated with the diffusivity of Na). As peralka-
line and peraluminous melts have different structures, it is
to be expected that the distribution of lifetimes of Si—O and
Al-O bonds as well as the diffusion rate of Na is different
in the two composition extremes. The presence of Fe*T—0
and Fe>™—0 bonds is expected to broaden the energy loss
peaks associated with the AI-O and Na—-O energy loss,
respectively, as these bonds are expected to have lifetimes
slightly different (~=£0.5 log;o units) from the Al-O and
Na-O bonds. The thermodynamic properties of these melts
are investigated through determination of the configura-
tional heat capacity and entropy with the density and shear
modulus of the glasses also being determined. The question
posed here is whether there are changes in C;™"" trend as a
function of composition, which can be associated with the

known changes in trend of the viscosity and density data.
The Na,0-Al,O3-SiO, melts were chosen as a simple
series of melts, which illustrate the changes in physical
properties as a function of the change in structural units
with composition. The addition of iron to these composi-
tions introduces a second tetrahedrally co-ordinated triva-
lent cation, as well as a divalent network modifier into the
range of structures existing in the melt. These iron-bearing
melts thus have a more complex range of structures than
the simple Na,O—-Al,03-Si0, melts.

Experimental techniques
Samples

The glasses NAS42-NAS100 and NAFS41-NAFS60 were
made from oxide and carbonate powders that were decar-
bonated at 800°C and then melted in air at temperatures
from 1,350 to 1,650°C in PtygRh;, crucibles in a MoSi,
furnace. The melts were homogenised by stirring with a
Pt-stirrer for up to 12 h. The stirring also removed bubbles
from the viscous peraluminous (Al > Na) compositions.
The compositions of the final melts were determined by
microprobe analysis (see Table 1). The Fe*™ was deter-
mined by titration with KMnQO,. The parameter y = (Na,O +
FeO)/(Na,O + FeO + Fe,O5; + Al,O3) which describes
the difference between peralkaline (y > 0.5) and peralu-
minous (y < 0.5) melt compositions is in mole fractions.

Density

The densities of the glasses at room temperature were
determined by immersion in ethanol using the Archime-
dean technique:
Wt
PeWair (2)
Wair — We

P sample —

for p.—density of the ethanol, w,,—weight of the
sample in air, and w.—weight of the sample in ethanol.
A single crystal of Al,O; with a density of
3.982 g cm > (Ohno et al. 1986) was used as an internal
standard for the measurements. The density of ethanol as
a function of temperature was taken from the table of
Sartorius (2004).

Viscosity

The viscosity of the melts was measured by the micro-
penetration technique. The samples used are 8 mm cylin-
ders of melt, 3 mm thick. The faces of the cylinders are
ground parallel to each other and the face which is used
for the viscosity measurements is polished with 1 um
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Table 1 Glass compositions in wt% and mol%

wit% mol% y

Si0, Na,O Al,O4 Fe,O%" Si0, Na,O Al,O4 FeO Fe,0;
NAS42 581+02 1294+02 298+02 - 659 +02 1424+01 199+01 - - 0.42
NAS45 612 +02 128+02 260+02 - 688 +02 140+02 1724+01 - - 0.45
NAS47 594 +02 1424+01 266+02 - 669 +£02 155+0.1 17.7+0.1 - - 0.47
NAS48 582+£03 149+02 265+01 - 659+02 164+02 17.7+£01 - - 0.48
NASS1 60.1 £02 155+04 241+£02 - 673 +03 168+04 159+02 - - 0.51
NAS53 591+£05 166+03 241+02 - 66.1 £03 180+03 159+02 - - 0.53
NASS58 594 +£05 185+01 218+02 - 658 +03 200+02 142+01 - - 0.58
NAS100 659 +0.3 341+0.2 - - 66.6 £ 03 334 +03 - - - 1.00
NAFS41 563 +03 122+0.1 285+0.1 254+£0.05 655+£01 13.8+£0.1 19.6+0.1 0.188 0.96+0.02 041
NAFS46 569+ 0.8 129+02 235+05 7.12+024 660+08 146+03 162+04 0.845 299+0.12 046
NAFS47 59.1+£05 13.0+0.2 208+03 686+0.16 683+05 146+02 141+£02 0458 297 +0.08 047
NAFS49 587+15 140+04 200+10 7.08+£032 677+13 157+£05 13.6+£08 0256 3.00£0.15 049
NAFS53 592 4+12 151+£02 182+08 749+033 678+10 168+£03 123+0.6 0.137 293 +£0.16 0.53
NAFS55 591 +05 160+02 17.74+03 720+0.12 674+04 17602 11.9+0.2 0331 298+0.05 0.55
NAFS60 60.5+03 175+0.1 147+0.1 698+0.10 682+0.1 19.1+£0.1 975+£0.1 0.111 292+0.04 0.60

The compositions were determined by microprobe (JEOL JXA 8900 RL): 15 kV voltage, 10 um beam diameter, 12 nA current. Data are the
average of ten analyses of each glass. Errors are 1o values. Anorthite and albite were used as standards. y = (Na,O + FeO)/(Na,O +

FeO + Fe,03 4+ Al,O3) in mol fraction

jewellers’ rouge. Viscosity 7 is measured from the rate at
which a 1 mm radius single crystal sphere of Al,Oj is
pushed into the surface of the melt using a force F;

0.1875F t
n= 0505 (3)

for r—radius of sphere, t—time, [—indent distance
(Pocklington 1940). At high viscosity conditions (e.g.
10'! Pa s), the sample is held at temperature for at least 1 h
in order to allow the melt structure to equilibrate with
respect to the applied temperature, before the force is
applied. The timescale of structural equilibration is calcu-
lated from the Maxwell equation (Eq. 1), assuming G,
~ 10 GPa (Dingwell and Webb 1990). Upon application of
the force, the indent rate of the corundum sphere is mea-
sured in a melt structure that has not relaxed with respect to
the applied stress for the first ~ 10 1y;. This is taken into
account in the data analysis and the unrelaxed data are not
included in the calculation of viscosity.

Shear modulus

The shear moduli of the glasses were measured at room
temperature using the ultrasonic Pulse Echo Overlap
Method (see Truell et al. 1969). A pulse of high-frequency
waves (here f = 5 MHz) is sent into the sample via a 5 mm
diameter quartz piezo-electric transducer which is glued to
the sample. The echo pattern of the multiple reflected
pulses is recorded and the wave speed through the sample
is determined by measuring the time between successive
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echoes. The error associated in choosing the correct part of
the pulsed signal results in at most +0.6 GPa in the cal-
culated elastic shear modulus. The lengths of the samples
were between 2.1 and 3.7 mm.

Differential scanning calorimetry

The heat capacity of the glasses and melts was measured to
7 ~10” Pa s in a Netzsch DSC 404C with argon used as
the gas environment in the calorimeter. The heat capacity
of the ~55 mg samples of powdered glass was measured
against that of an empty crucible. The DSC was calibrated
by determining the heat flow from a solid pellet
(55.305 £ 0.005 mg) of polycrystalline Al,O5 and the heat
capacity data of Robie et al. (1978). The heat flow from the
crushed glasses was determined at heating rates of 10, 15,
20 and 25 K min~"'. Each melt was previously cooled from
above T, [ ~ 10” Pa s] at the same rate as the subsequent
heating-rate in the cycle. On the basis of repeated mea-
surements using different calibration runs, the error in the
glass and liquid heat capacity is <3%. Measurements were
not performed to lower viscosities (higher temperatures) as
the viscous deformation of the sample at lower viscosities
results in a change in sample/crucible contact geometry and
an apparent large decrease in the heat capacity.

Mechanical spectroscopy

Forced oscillation shear deformation is based on the prin-
ciple of torsion of a fixed cylindrical rod. Here a torque is
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applied and the resulting deformation (angle of twist) of the
rod is measured. In these measurements, the stress o, and
strain ¢ are determined as a function of frequency from
1 mHz to 1 Hz, and the real-G'(w)—and imaginary—
G"(w)—components of the shear modulus are calculated
from these measurements [G*(w) = G'(w) + iG"(w)]. The
real component of modulus is a measure of the stored
energy, while the imaginary component is a measure of the
energy loss in the melt. A peak in the loss modulus as a
function of frequency indicates the motion of part of the
melt structure on that frequency (or time™"). As viscosity is
a function of stress and strain-rate, the viscosity can be
calculated from the frequency-dependent shear modulus
(Webb 1991):

G

(@) =1'(0) —in"(w) (4)
where o = 2nf. The frequency-dependent shear modulus
and viscosity are determined by applying a sinusoidal
torque to a cylindrical sample which is fixed at one end,
and measuring the angle of twist ¢ (in radians) at a position
L along the length of the sample. The shear modulus of the
cylinder can then be calculated for the applied stress o, and
the measured strain, &:

o 2t,/nr  2t,L

G'(w) P or/L m‘“(p;

(5)

as can the shear viscosity:

o  2t,L
* =+ = . 6
W) =5 = (©)
for t,—applied torque, r—radius of the cylinder, and p—
angle of twist measured a length L from the fixed end of the

rod (Riley et al. 1999; Sass et al. 1996).

Shear modulus of torsion rods

The torsion apparatus (see Fig. 2) was tested by measuring
the shear modulus of a long rod of polycrystalline Al,O3
(Al23 Degussit®). This rod is 8 mm in diameter and fixed
at one end. The shear modulus of the alumina rod was
determined by static measurements in which a torque 7, up
to 0.5 Nm was applied.

The angle of twist of the Al,O; rod is measured from the
motion of 10 cm long aluminium arms attached to the rod
66 mm (channel 1) and 480 mm (channel 2) above the fixed
end. Fe-plates are attached to these Al arms and move
between pairs of inductive transducers. The circuits con-
necting the pairs of inductive transducers delete sway in the
rod and only measure twist of the rod. For the £1 mm and
42 mm air-gaps at channels 1 and 2; there is a linear rela-
tionship between transducer voltage and angle of twist. The
maximum displacement between the air gaps is equivalent to

stress wing
[ ]

strain channel

channel 2

furnace

channel 1 stress channel

rod 1

fixed
end

Fig. 2 Schematic of the torsion apparatus with furnace

@ = 0.01 rad and 0.02 rad, and ¢ ~6 X 10~*; and &
~2 x 107%, respectively. Measurements occur over much
smaller ¢ values, with ¢, & < 107>

The shear modulus of the Al,O5; rod was determined at
channels 1 and 2 as a function of temperature up to
1,000°C in a Pt-wound, water-cooled furnace (see Webb
1992). The elastic shear modulus of the Al,O5 rod deter-
mined at room temperature from channel 1 is 162.6 £ 0.1
and 161.3 £ 0.1 GPa for channel 2. Straight line fits to the
temperature dependent shear modulus data give apparent
dG_./dT values of —5.9 £+ 0.2 and —11.8 &= 0.2 MPa K!
for channels 1 and 2, respectively. The room temperature
shear modulus measured here is in good agreement with
the literature data for the shear modulus of polycrystalline
Al,O3 calculated from single crystal data to be 162.5—
163.2 GPa (Ahrens 1995). Goto et al. (1989) measured the
shear modulus of single crystal Al,O3 from room temper-
ature to 1,000°C and found dG.,/dT = —24 MPa K™ '. The
channel 1 shear modulus shows a temperature dependence
despite the rod being outside the furnace. This is because
the lower part of the rod heats up as the furnace tempera-
ture increases. The shear modulus obtained at channel 2 is
for a rod that is outside the furnace at the top and bottom,
and sits within a temperature gradient within the furnace.
As most of the torsion measurements were conducted in the
temperature range 450-800°C, a temperature independent
value of Gap0, = 160 GPa was chosen for the analysis of
the data. As the melts have a much lower shear modulus
Geir ~30 GPa, than the alumina rods, this assumption
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introduces an error of at most =1 GPa in the calculated
melt shear modulus.

Once the static calibration has been performed the fre-
quency dependence of shear modulus can be determined by
applying a sinusoidal torque via the “stress wing” and
measuring the resulting sinusoidal deformation. This
deformation is described by:

y =a+ bt + ¢ sin (vt + 9), (7)

for: a, b—drift parameters, c—amplitude of the sinusoid
(in V), o—shift of the sinusoid from starting time (in
radians), —time (in s), o—angular frequency (0 = 27f).
At 1,000°C the phase delay 6 for the alumina rod is the
same for both channels; showing that the alumina rod
displays elastic behaviour over the entire the temperature
range.

Shear modulus of melts

The shear modulus of the silicate melts were determined
by melting a ~30 mm long, 8§ mm diameter melt cylin-
der to an upper and lower Al,Oj3 torsion rod to produce a
compound sample. As it was difficult to achieve a good
bond between the Na,0O-Al,05-Si0, melts and the Al,O3
torsion rods, a thin film (<0.3 mm) of 80 mol% SiO,
rhyolite melt is used as a ‘glue’. This melt is allowed to
react with the Al,O5; rod and the sample is then melted
onto the rhyolite at the ends of the two torsion rod to
produce a good contact between the melt and the torque
rod (see Webb 1992). The viscosity of this glue is equal
to, or greater than (by up to 6 orders of magnitude) that
of the investigated melts at all temperatures, with the
greatest difference occurring for melts with y > 0.5.
Thus, if the presence of this glue affects the measured
stress/strain data it would be to produce a maximum in
the imaginary part of the shear modulus accompanied by
a non-zero value of the real part of the shear modulus at
negative logo wty values. This would lead to a broad-
ening of the imaginary part of the shear modulus curve as
a function of log;y wrt for the melts as y increases and the
difference in relaxation time between the glue and
the melt increases. As discussed later, no broadening of the
imaginary peak is observed. The presence of this thin
film of highly viscous melt is calculated in the worst case
to introduce an error of ~1 GPa into the calculated shear
modulus of the melt. Thus the measured shear moduli
have an error of +1.5 GPa due to the use of a temper-
ature independent shear modulus for the torsion rods, and
the use of a glue between the sample and the torsion
rods. The temperature profile of the furnace was mea-
sured using a Type-S thermocouple. The melt sample sits
within a 40 mm long region of constant temperature
+3°C.
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The deformation analysis for the compound torsion rod
(AlL,O3 + melt + Al,O3) as a function of frequency was
made in the same manner as for the simple alumina rod.
Based upon the earlier calibrations, the voltage from the
transducers at channel 1 gives the applied stress, and the
voltage at channel 2 gives the deformation of the com-
pound torsion rod. The time delay—Ad—between the
applied stress and the resulting strain can also be calculated
by fitting Eq. 7 to the stress and strain sinusoids. The angle
of twist of the compound rod must be separated into the
components due to the twist of the lower elastic alumina
rod, the viscoelastic melt and the upper elastic alumina rod.
This gives the angle of twist of the melt—from which the
strain in the melt can be determined; and y—the phase
delay between the applied stress and the deformation of the
melt. The complex shear modulus can be determined from
the stress, strain and phase delay measurements by:

Gret (@) = G(0),61,€08(7) + 1 G(@) ey 8in(7) (8)
for
" Oapplicd 2T Lmel
Gmelt(w) = o = Z . t' (9)
Emelt T Prelt
Results
Density

The densities of the glasses (see Table 2) as a function of
composition are shown in Fig. 3. Density decreases as
network-modifying Na™ is removed from the peralkaline
glass; and begins to increase as charge-balancing Na™ is
removed from the peraluminous glass. The curve drawn
through the present data is simply a guide for the eye.
Both Hunold and Briickner (1980) and Webb et al.
(2007) determined the density of 67 mol% SiO, Na,O-
Al,03-SiO, glasses. A minimum in density is observed
in both of these studies at y ~0.5. The +0.01 g cm™>
difference between the densities of the 67 mol% SiO,
glasses may be due to small variations in SiO, content;
or to differences in cooling rate. The present glasses were
cooled at 10°C min~" (between 1,650-700 and 550-
25°C) and 1°C min~' (between 700-550°C) in order to
avoid stress build up and cracking of the glasses; while
those of Webb et al. (2007) were cooled at 5 and
10°C min~'. Thus the glasses do not have the same
fictive temperatures; but a density minimum is observed
in all cases as the melt composition changes from per-
alkaline to peraluminous, and there is no longer enough
Na' to charge-balance all of the AI’" in tetrahedral co-
ordination. Similarly, a minimum is observed in density
of the Fe-bearing glass compositions at the peraluminous/
peralkaline boundary.
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Fig. 3 Measured densities of the glasses as a function of composi-
tion; together with curves describing the density of Na,O-Al,Os—
SiO, glasses of the same composition measured by Hunold and
Briickner (1980) and Webb et al. (2007)

Figure 4 shows molar volume of the glasses as a func-
tion of the composition parameter ). These data show that
the Na and Al units take up different volumes in peralu-
minous and peralkaline melts; the trend line is a guide for
the eye; it was chosen to break the trend at y ~0.5, based
on the density observations; a constant value of molar
volume was chosen for the peraluminous melts based on
the trends seen previously in the viscosity data by Hunold
and Briickner (1980) and Toplis et al. (1997a, b). Both the
density and volume data can be corrected from their known

29
Q iron-free
iron-bearin
< 28 o g
[<}
IS
(2]
§ 27
o -
€
% 26 —
> -
ks
[<}
= 25— _~ present study
— _ Webb et al. 2007
-7 Hunold & Briickner 1980
24 T T T T T T |
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Na,O+FeO
Na,O+FeO+Fe,0,+Al,0,

Fig. 4 Molar volume of the glasses at room temperature. The line is
drawn as a guide to the eye, with the change in slope chosen to occur
at y ~0.5 due to the change in trend observed in the density data, and
the expected new structural unit occurring in peraluminous melts as y
decreases below 0.5. The dashed line describes the data of Hunold
and Briickner (1980) and Webb et al. (2007)
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fictive temperature to a common temperature. Assuming a
volume thermal expansion of 107> K~' (Bansal and
Doremus 1986), this gives a 0.1% change in density and
volume per 100°C. As there is a ~400°C decrease in the
77° values with increasing 7y, this would lead to a gradual
increase in density (decrease in molar volume) of 0.4%
with decreasing y if all of the density data were recalcu-
lated to a common low temperature. This correction is
twice the estimated error in the density and volume mea-
surements, but does not change the observed trends in
density and molar volume as a function of the composition
parameter 7.

Viscosity

The micro-penetration viscosity data is plotted as a func-
tion of inverse temperature in Fig. 5 and listed in Table 3.
The viscosity data has been fit by an Arrhenian curve:

B x 10*
B x 10° (10)

T
for viscosity # in Pa s and 7T in K. The A and B parameters
are given in Table 4. The glass transition temperatures Tg
(temperature at which 5 = 10" Pa's) are shown as a

logjp n=A+

13
] NASS51
NAS4S NAS100
12 - NAS53 Gf NAS58
11 -
10 4
w
g @ NAS42
9 O NAS45
= i
Z ., © NAS47
Q
2 8 15
S
13
o NAFS55
=
(o]
= 124
- NAFS60
1 -
10
g
8 - T T T T T T T
8 9 10 11 12 13

104T K*

Fig. 5 Logo viscosity for the Na,O-Al,03;-SiO, and Na,O-FeO-
Fe,03-Al,03-Si0, melts as a function of inverse temperature.
NAFS41 has less Fe,Oj; than the other iron-bearing melts and
therefore does not follow the viscosity/temperature trend
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1 (logyo Pa s)

NAFS60
T (°C)

1 (logio Pas)

NAFS55
T (°0)

1 (logo Pas)

NAFS53
T (°C)

1 (logyo Pa s)

NAFS49
T (°C)

1 (logyo Pa s)

NAFS47
T (°C)

1 (logio Pa s)

NAFS46
T (°0)

1 (logyo Pas)

Table 3 continued

NAFS41
T (°C)
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11.34

11.71

582.7
572.5

11.79
12.19

613.2
603.0

11.70

643.7

10.45
10.89
11.06

735.2
725.0
714.9

11.06
11.36
11.60
11.97

765.7
755.5
745.4

12.28

795.8

10.84
10.94
11.27

806.0
795.8

785.7

735.2

Viscosity data from torsion data

10.33
11.11

600
580
560
540
520

10.12

660
640
620
600

11.28
12.25
12.92
13.35
13.83
14.27
14.74

660
640
620
600

580

10.20
10.73
11.32
12.05
12.66
12.96
13.50
14.48
15.04

740
720
700
680

10.35
11.19
11.73
12.30
12.73
13.69

14.15

780
760
740
720

11.38
11.86

12.11

820
810
800
780

10.15

820
810
800
780
760
740
720
700
680

10.61

10.40
10.90
11.25
11.57
12.12

11.97
12.52
13.65

11.22
12.15

12.55
13.09
13.54

14.12

12.58
13.42

580

660
640

700
680

660

760
740
720
700
680

560

560

540

620

13.27
13.50
13.78

600
580

14.92
15.36

640
620

14.46
14.87

function of composition in Fig. 6 (see also Table 4). The
T;z values for the Na,O-Al,03-SiO, melts show a change
in trend as a function of composition on the peraluminous
side of the composition range (y ~0.475). The errors in the
Tg values for the iron-bearing melts are too large to
determine the composition at which the trend-change
occurs. This change in trend as a function of Na/Al has
been discussed previously by Toplis et al. (1997a, b) and
Webb et al. (2004) in terms of the structural changes and
the presence of tri-clusters in the melts with decreasing
Na/Al ratio, and also in terms of the changes in flow
mechanism accompanying such changes in melt structure.

Ultrasonics

The shear modulus determined from the pulse-echo-over-
lap measurements and the density of the glasses are shown
in Table 2 and Fig. 7. The shear modulus trend as a
function of composition is similar to that seen for viscosity
and molar volume, with a change in slope at y ~0.5.

Calorimetry

Figure 8 illustrates the heat capacity data as a function of
temperature for all of the melts for a 20 K min~"' cooling-
and heating-rate. The configurational heat capacity of the
liquid is calculated by fitting the Maier—Kelley equation;

Cpg =a+bT+cT? (11)

(Maier and Kelley 1932) with temperature in K, to the
glassy heat capacity from 200°C to the temperature at
which the onset of the glass transition peak occurs. This
Maier—Kelly curve is then extrapolated to the maximum
temperature at which heat capacity was measured. The
configurational heat capacity is then calculated as the dif-
ference between the measured temperature independent
liquid heat capacity and the extrapolated glass heat
capacity. The resulting C;°™ values are plotted in Fig. 9 as
a function of composition for the iron-free and iron-bearing
melts and shown in Table 2, together with the liquid and
extrapolated glassy heat capacity data—C, and C,,. The
C;""f, Cp and Cp, for the present NAS48 melt are 9.02,
92.58 and 83.57 J mol ' K™, respectively; in comparison
with the values determined by Richet and Bottinga (1984)
for a melt of similar composition of 8.48, 93.17 and
84.69 J mol ' K.

The fictive temperature of each melt was determined
from the heat capacity data using the method described
by Moynihan et al. (1976) and DeBolt et al. (1976) (see
also Webb 2008). The fictive temperatures for
20 K min~" cooling- and heating-rate are listed in Table 4.

There is a linear relationship between T%O and Tg, with
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Fig. 6 A plot of Téz as a function of composition. The trend lines are N 28 53 49
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TéZ for the Fe-bearing melts, the trend line drawn through the data S 2- 47
were chosen to have the same shape as the line through the Na,O- ©
ALO4-SiO, data o
: o 24
o
45 O 9o
O @ torsion
O e ultrasonics
—~ 40 20
©
o
o 35 - 18 T T T T T T T
200 300 400 500 600 700 800 900 1000
ﬁ “ Temperature C
S 30
o L~
§ = Fig. 8 The heat capacity for a the Na,0-Al,03-SiO, melts, and b the
— 35 -0 iron-bearing melts as a function of temperature. A cooling and
3 ’ 0 . heating rate of 20 K min~" was used
c —‘."'.).\..~ ‘o
v 30 O @ ...
\ .
each temperature from the Maxwell equation (Eq. 1)—
25 T T T T T T : s _ : s s _
03 04 05 06 07 08 0.9 10 determined from. the?, mlc.ro penetration viscosity measure
N ments, and elastic (infinite frequency) shear modulus G,
2,0+Fe0 hich is taken to be the sh dulus at 1 Hz at th
wnicn 18 en to be € shear modulus a Z a (]
Na,0+FeO+Fe,0,+Al,0,

Fig. 7 The calculated elastic shear modulus from the ultrasonic
measurements (small symbols) and the torsion measurements (large
symbols) for the iron-free (open symbols) and iron-bearing (filled
symbols) glasses as a function of composition. The lines are a guide
for the eye

Tf’ = 22.6 + 0.96 Ty for the Na;0O-Al,05-SiO, melts
and T%O = —9.6 + 1.01 T'2, for the iron-bearing melts.

Torsion

The frequency dependent deformation data were obtained
from 300-1,000°C. Figure 10 shows the real and imaginary
shear modulus of two of the melts as a function of angular
frequency (2nf = w) times Maxwell relaxation time (tyy)
(see also Falenty 2007). The relaxation time is calculated at

@ Springer

lowest temperature of measurement. These shear modulus
data are listed in Table 2 together with the room temper-
ature ultrasonic data on the same composition glasses.
Plotting data from different temperatures on the same w1ty
curve uses the principle of “thermorheological simplicity”
which assumes that the structure and mechanism of flow in
these melts does not change over the temperature interval
of the measurements (e.g. Narayanaswamy 1988).
Herzfeld and Litovitz (1959) developed a general
equation to describe the frequency dependence of the shear
modulus of a material independent of its structure;

Goo?7?
T 1+ w22

. Gyt
14+ w?12

G'(0) (12)

where 7 is the structural relaxation time. The dashed lines
in Fig. 10 are the real and imaginary shear modulus
expected from the theory of Herzfeld and Litovitz (1959).
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Fig. 9 Cf,""f for the iron-free (open symbols) and iron-bearing (filled
symbols) melts as a function of composition. The straight line fits to
the data are for y > 0.5 and y < 0.5. The data are compared with the
measurements of Webb (2008) for Na,O-Al,05-SiO, melts—small
grey circles

As can be seen, none of the present data is adequately
described by this equation. The solid lines are fits to the
data based on the assumption that there is a distribution of
relaxation times. Instead of assuming a distribution, the
data have been fit by a summation of Eq. 12:

1.5
G'(w1) = Y Gi(wrx 10 (13)

x=—8.5

with steps of 0.5 in the x value. This is the same analysis as
was used in the study of the structural relaxation of a
rhyolite composition melt by Webb (1992) with steps of
0.8 in the x value. The real and imaginary parts of the data
have been fit separately. The parameters of the fit are given
in Table 5. Figure 11 illustrates the relaxation time on
which the data are centred (the “x”-term which has the
largest Gyeq Or Gi, value) as the log; difference from the
Maxwell relaxation time; these values are given in Table 5.
The o-relaxation of melts with y ~0.5 is up to 30 times
faster than calculated from the Maxwell relaxation
equation.

An analysis of the shear modulus curve shapes found
that the width of the a-imaginary peak is similar for all the
melt compositions, with the FWHM ranging from 1.13 to
2.68 with no clear compositional dependence. However,
the position of the c-imaginary peak moves from being
centred on logy wty = 0, to being centred on a timescale
~ 1.5 orders of magnitude smaller. Such fast relaxation has

Shear Modulus (GPa)
(edo) snnpopy Jesys

10

(6}
(edo) sninpop Jesys

Shear Modulus (GPa)

-2 0 2 4 6 8 10

Fig. 10 Real (solid symbols) and imaginary (hollow symbols)
components of the shear modulus of melts NAS42 and NAFS49 as
a function of log;y wty The dashed lines are the model of Herzfeld
and Litovitz (1959) for a melt with a single structural unit

never been measured before in a silicate melt. The data of
Mills (1974), Bagdassarov et al. (1993) and Webb (1992)
all have the o-peak determined by mechanical spectroscopy
centred on log g wty = 0 £+ 0.5.

The shear moduli measured by ultrasonic methods at
room temperature are ~ 3.5 GPa higher than the moduli
determined by torsion methods. As there is, in general, a
500°C temperature difference between the ultrasonic and
torsion data, an average temperature dependence of the
shear modulus of all the melts of ~—7 MPa K™ is cal-
culated. Literature values of the temperature dependence of
the shear modulus of silicate glasses range from —3 to —11
MPa K~ ' (Bass 1995).

Two peaks are observed in the imaginary component of
the shear modulus of the Na,O-Al,O3-SiO, melts. Both
peaks are accompanied by an increase in the real part of the
shear modulus. The peak which occurs at the lowest fre-
quencies is the a-relaxation and caused by the loss of energy
to the motion of Si and O ions in the melt (Dingwell and
Webb 1990)—the glass transition—which results in the
change in shear modulus from O to ~35 GPa. The second
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Table 5 The parameters of the fits of Eq. 13 for the melts

logio NAS42 NAS45 NAS47 NAS48 NASS51 NAS53 NASS8 NAS100
(0tp + X)
Grea Gim  Grew Gim  Grea Gim  Grea Gm  Grea Gim Grea Gim  Grea  Gim  Grea Gim
-2.0 - - 0.18 0.13 - - - 0.09 - 0.03 - - - - - -
—-1.5 0.14  0.03 0.18  0.01 - - - 0.04 - 0.02 - - - - 0.02 -
-1.0 0.16 - 0.16  0.11 0.04 - 0.05 0.04 - 0.01 - - - - - -
-0.5 0.57 - 0.08 024 0.04 0.06 - 0.05 - 0.01 0.04 - 049 - 037 -
0.0 1.09 224 0.07 023 - 0.30 1.53 0.08 4.14 0.04 450 578 17.73 16.14 1540 14.97
0.5 15.05 10.09 14.63 0.30 820 587 593 724 19.78 14.14 1952 6.10 16.88 11.37 931 0.03
1.0 6.45 5.06 737 4.03 944 751 7.68 1143 482 4.04 1041 2.23 396  0.17 .55 -
1.5 326 3.62 596 1128 10.66 9.63 797 233 443 373 413 1.61 098 000 090 -
2.0 176 0.81 3.33 397 385 146 1.66 049 067 0.01 0.61 1.27 1.87  0.01 - -
2.5 124 0.73 147 352 084 159 0.99 0.02 069 0.01 0.77 - 1.96 - - -
3.0 0.33 0.10 0.00 0.09 001 0.80 0.83 0.02 1.13  0.01 1.79 - - - - -
35 026 016 0.00 042 026 0.04 059 0.02 0.00 0.01 0.03 - - - - 0.01
4.0 0.18 0.08 0.01 0.37 042 022 0.06 0.02  0.01 0.01 0.05 - - - - -
4.5 0.10 0.00 0.01 0.13 041 033 - 0.02 0.00 0.01 0.07 - - - - -
5.0 1.88 000 0.00 005 037 047 0.04 0.02 0.00 0.01 0.08 - - - 0.01 -
5.5 0.52 1.83 0.00 - 039 - 0.29 0.01 0.01 0.01 0.09 - - - - -
6.0 0.37 041 0.02 .19 037 - 0.18 0.01 0.26  0.01 0.21 0.01 - - - -
6.5 0.04 0.01 0.20 1.77 031 - 0.29 0.01 0.09  0.01 048 - - - - -
7.0 0.02  0.01 1.04  0.61 0.15 031 0.22 0.01 0.53  0.01 040 - - - 0.01 -
7.5 0.01 0.03 0.00  0.01 1.21 094 0.75 129 096 0.98 1.00 088 - - - -
8.0 - 0.03 0.00 0.01 045 026 1.02 0.01 0.00 274 011 055 - - - -
8.5 0.01 0.02 0.01 0.01 0.05 - 0.09 0.01 0.00 0.01 0.17 - - - - -
9.0 0.02 004 0.00 0.01 0.04 - - 0.01 0.00  0.01 0.07 - - - 0.05 -
logio NAFS41 NAFS46 NAFS47 NAFS49 NAFS53 NAFS55 NAFS60
(0tp + X)
Grea Gim  Grew  Gim Grea Gim Grea Gim Grea' Gim  Grea Gim  Gra  Gim
-2.0 - - - 0.010 - - - - 0.11  0.01 0.01 - - -
—-1.5 - - - - - - - - 0.13  0.02 0.01 - - -
-1.0 - - - - - 0.20 - - 0.19 0.08 0.01 - - -
-0.5 - 043 - - 222 - - 0.09 0.32  0.06 0.01 0.07 - -
0.0 525 445 - - 1.40 0.36 6.94 0.90 0.39  0.00 0.09 0.11 6.73 4.81
0.5 16.15 8.51 3.430 0.03 1586 1445 1221 13.00 9.03 7.08 920 9.79 852 654
1.0 3.08 491 6937 1046 5.59 1.39 4.37 377 10.69 656 13.09 5.16 5.00 3.23
1.5 2.68 0.35 9.748 4.54 3.57 1.38 3.72 1.47 9.57 0.99 1.76 212 3.75 131
2.0 3,52  1.16  3.123 3.40 4.09 0.49 2.77 1.43 1.29 181 1.19 1.71 1.74 098
2.5 - 0.96 1.818 1.05 - 0.38 - 0.21 3.05 148 1.02 082 1.65 040
3.0 - - 1.260 1.94 - 0.35 - - 0.75  0.09 1.60 029 036 0.72
35 - - - 0.04 - 0.16 - - 0.70  0.26 094 0.18 0.18 0.01
4.0 - 0.85 - 0.03 2.39 0.07 - - 0.27 046 0.02 0.16 0.89 0.01
4.5 200 - - 0.03 0.01 0.01 2.17 0.93 0.30 0.14 0.02 0.07 0.01 0.01
5.0 0.03 - 1.54 0.02 0.31 0.71 0.18 0.80 0.18 0.03 0.02 0.09 - 1.12
5.5 020 - 0.09 1.49 - 0.02 - 0.10 0.05 0.08 0.02 0.07 0.19 0.01
6.0 - - 0.98 0.27 - - - - 0.10 0.36 0.01 0.00 050 0.01
6.5 - - - - - 0.04 - - 0.01  0.00 1.03 0.02 0.01 0.01
7.0 - - - 0.02 - 0.05 - - 0.09 0.05 0.20 046 0.01 0.01
7.5 - - - 0.06 - 0.03 - - 0.18 0.15 044 1.11 0.01 0.01
8.0 - 0.02 - 0.07 - - - - 0.15 0.08 0.02 054 0.02 0.01
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Table 5 continued

logio NAFS41 NAFS46 NAFS47 NAFS49 NAFS53 NAFSS55 NAFS60
(ot + X)
Greal Gim Greal Gim Greal Gim Greal Gim Greal Gim Greal Gim Greal Gim
8.5 - 022 - 0.06 0.02 - - 0.02 0.06 - - - 0.02  0.01
9.0 - - 0.02 0.06 - - - - 0.06  0.33 - - 0.09 0.01

The G, values (in GPa) are calculated separately for the imaginary and the real component of the data

relaxation peak occurs up to 7.5 orders of magnitude faster
than the a-peak and is accompanied by a2—3 GPa increase in
the real part of the modulus (see Fig. 10). There are two
energy loss processes other than that associated with the life-
time of Si—O bonds expected in these melts—the motion of
AIP" jons (lifetime of Al-O bonds) and the motion of Na™
ions (lifetimes of Na—O bonds).

As seen in Fig. 12, the maximum in the imaginary part
of the shear modulus of NAS100 is centred on
logg wty = 0. The data are compared to the data of Mills

(1974) on the same composition at the same deformation
frequencies. Here, a G,, of 27.5 GPa was determined.
Mills (1974) determined G, = 15 GPa for the same melt
composition (see Table 2). The room-temperature shear
modulus for this melt composition determined by ultra-
sonic methods is 29.9 GPa, with 24.1 GPa presented in the
compilation of Ahrens (1995). There is good agreement
between the present torsion data and that determined
by ultrasonic techniques—for a dG../dT = —6 MPa K.
A dG../dT of —24 to —40 MPa K™' is needed to bring

Fig. 11 Deviation of relaxation 16

from the Maxwell relaxation
time as a function of
composition for both the real
(small symbols) and imaginary
(large symbols) data: a and

d o-relaxation of Na,O-Al,O3—
SiO, melts as a function of y
and S/T; b and e a-relaxation of
NaZO—F6203—A1203—SiOZ melts
as a function of y and S/T;
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Fig. 12 Frequency dependent real (solid symbols) and imaginary
(hollow symbols) components of the shear modulus of 0.33Na,O-
0.67Si0, (sample NAS100). The dashed line is the data of Mills
(1974) on the same composition

Mills’ high temperature shear modulus into agreement with
the literature data or the present ultrasonic data. The dG../
dT values of —7.6 and —10.6 MPa K™' are found in the
literature for 30 and 35 mol% Na,0-SiO, glasses (Bansal
and Doremus 1986).

The greatest difficulty in designing a torsion experiment
is the rigidity of the connection between the torsion rods
and the sample. If there is slippage at this connection, low
shear modulus values are measured. The high elastic shear
modulus determined here by torsion and ultrasonic meth-
ods indicates that the low values of elastic shear modulus
determined by Mills (1974) are due possibly to slippage at
the connections between sample and torsion rod. In his
experiments, Mills (1974) used clamps between torsion rod
and 50 mm long sample. These clamps sat inside his fur-
nace. Mills determined the correct value of shear modulus
for SiO, melt (~30 GPa in comparison with the 31.2 GPa
value in the compilation of Bass 1995) as this melt was
measured as a long cylinder which was held by clamps
outside the furnace. Both the present data and that of Mills

(1974) have the imaginary peak centred on log,o w1y = 0
for the NS100 melt.

Viscosity

Viscosity is also calculated from the torsion data as:
. G (w
M) ) (14)

iw

(Webb 1992). As an example, the viscosity of the melts
NAS47 and 48 is shown in Fig. 13 as a function of fre-
quency at each temperature. The Newtonian viscosity is
given by the low-frequency frequency-independent part of
the viscosity curve and is calculated at each temperature
from the average of the frequency independent data; or
where there are not enough data, the Newtonian viscosity is
taken to be the lowest frequency datum. Each of these
viscosity data is plotted in Fig. 14 (and shown in Table 3)
as a function of inverse temperature, together with the
viscosity data from the micro-penetration measurements.
The agreement between viscosities determined in the
micro-penetration and torsion experiments supports the
robustness of the torsion data. As the viscosities agree,
the temperature calibrations of the two furnaces are correct,
and there is no slippage at the torsion rod/melt interface—
as also shown from the general agreement between the
torsion and the ultrasonic shear modulus values. The
agreement between viscosity determined using these two
techniques also supports the shift in relaxation times to
shorter values than the Maxwell relaxation time being real
and not due to errors in measurements or temperature. As
the lowest frequency of the torsion measurements is
1 mHz, the highest viscosity expected to be accurately
determined is ~ 10" Pa s. Allowing for the distribution in
relaxation times; all viscosities >10'"? Pa s are not relaxed
and therefore slightly lower than the relaxed viscosity. As
shown in Fig. 10, higher temperature data are not available
as the measured shear modulus is zero for the range of
frequencies available with the torsion device.

Fig. 13 Frequency dependent 14
viscosity of NAS47 and 48 for a -
range of temperatures. The grey © 13 —
lines mark the value of the o
frequency-independent viscosity 2 12
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Fig. 14 Viscosity determined from torsion measurements for the a
Nazo—A1203—Si02 and b the Nazo—FeO—Fezo3—A1203—Si02 melts.
The straight lines are the Arrhenian fits to the micro-penetration
viscosity data. The dashed lines are the extrapolations of the micro-
penetration data

Discussion

Each of the physical properties investigated here shows a
change in trend at the y ~ 0.5 composition. These changes in

trend as a function of composition indicate that there is a
change in the structural units occurring in the melt with
changing composition. The molar volume, T;,z (and T7°) and
shear modulus data all follow the same trend, with an almost
constant value for the peraluminous melts and glasses and a
decreasing value as the melt or glass becomes increasingly
peralkaline. Both density and C5*"f show a minimum value at
y ~0.5; no clear trend change is seen in C,;, however.

Heat capacity

The heat capacity data can be combined with the viscosity
data to calculate the configurational entropy Scon(7) of the
melts, using the equation of Richet et al. (1986);

B,
In 10 Seont (T2) + Jr,

1OgIO n=A4.+ oot (15)

7|7

where A, is either found from fits to the viscosity data or
is taken to be the composition independent constant
—2.6 £+ 1 logyo Pa s, determined by Toplis (1998). At T,,
the integral of Cf,"“f/T is zero and thus the B, and Scon(T)
terms can be calculated from viscosity data as a function of
temperature. The calculation of B, and S.,,(T) have been
performed with A, = —2.6, as there is no low viscosity
data to constrain the value of A.. The calculated B, and
Scont(Tg) as shown in Table 2 and Fig. 15. Straight line fits
to the data show that a general increase in Scon(T,) With
increasing peraluminosity is observed for both iron-free
and iron-bearing melts; but no clear trend change as a
function of composition is seen. No clear trend change is
seen in B, as a function of composition, simply a general
increase that mirrors the Sconi(7) data. The determination
of the A, term presents problems if only high viscosity data
are available. In the few cases where both low viscosity
(107'-10% Pa's) concentric cylinder and high viscosity
(108-10" Pa s) micro-penetration or parallel plate data
exist, it is possible to determine the A, term. This term has
been calculated by Russell et al. (2003) by fitting the
Vogel-Fulcher-Tamman and the Adam—Gibbs equation to
a large series of viscosity data and found to be Aypr =
—4.3 £ 0.7 log;g Pa s,and Apg = —3.2 £ 0.7 log;o Pa s.
Giordano et al. (2006) found a preferred value of —4.07 in
their study of viscosity; and suggested that the minimum
possible value of A should be —4.5; based on theories of
kinetic rate processes in melts. Toplis (1998) in his sum-
mary of Adam-Gibbs parameters found A. to be
—2.6 &+ 1.0 log;y Pa's. The A, value of Toplis (1998) is
used in the present study. Use of a different A, value
produces the same trends in B. and Scone(Ty) but the
parameters have slightly different absolute values [If a
value of —4.5 is used for the term A., instead of the —2.6
employed here, the calculated B. and Sconi(Tg) terms
increase linearly by a factor of ~1.5.].
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Fig. 15 Calculated Scon(Te) and B, for the iron-free (open symbols)
and iron-bearing (filled symbols) melts. Straight lines have been fit to
the data—black and grey, respectively

C™" is a measure of the energy needed for rearrange-
ment of the structural units in the melt (e.g. Richet and
Toplis 2001). Thus, the least amount of energy is required
for a melt in which there are (theoretically) no non-bridg-
ing oxygens and no tri-clusters. The amount of energy
needed to rearrange the melt structure increases as the
number of NBOs increases and also as the number of tri-
clusters (or other new Al>"-structure increases). Scont(Tg) is
a measure of the number of different structural units within
the melt and appears to increase as the melt composition
changes from Al-free peralkaline to Al-rich peraluminous
compositions. The B, term which is a measure of the size
of the smallest re-arranging structural unit (e.g. Richet and
Toplis 2001) increases with increasing Sconf(T,). This
suggests that as the composition is changed from peralka-
line to peraluminous, the number of different structural
units increases as does the size of these units.

Torsion and mechanical spectra

Of the three peaks expected in the imaginary part of
the torsion spectrum, only two are seen. The second, fast,

@ Springer

f-structural relaxation is assumed to be associated with the
diffusion of Na™ in the melt. This fast relaxation peak has
been observed in previous studies (e.g. Day and Rindone
1962b). This is the first study to observe both the « and f
peaks in Na,O-Al,03-SiO, melts in the same experiment.

The compilation of diffusivity data in Fig. 1 illustrates
schematically that the diffusion rate of Na® approaches
that of Si and O in silicate melts at high temperature (low
viscosities). At high viscosity (~ 10'2 Pa s) however, the
diffusion rate of Nat is ~12 orders of magnitude faster
than that of Si and O for a Na,0O-Al,053-SiO, composition
melt; while the diffusion rate of AI’T is ~5 orders of
magnitude faster than that of Si and O. Mungall et al.
(1998) determined the diffusion rate of AI** and Na™ in a
Na,0-K,0-Al,03-Si0,-H,0O melt. A straight line
extrapolation of their data in inverse temperature space,
together with a rescaling using the Eyring equation to
calculate the structural relaxation time ty = 70/Go, = kT/
DAG., gives a ~7 orders of magnitude difference between
the lifetime of a Na—O bond and a Si—O bond at the present
viscosities. This supports the assumption that the fast
relaxation seen in our measurements is due to Na™ diffu-
sion. A close look at the log wrty; value at which this
second peak occurs for each melt composition shows that
the peak moves to slower times (~2 log;q unit difference
between samples NAS42 and 53) with increasing Al-con-
tent (see Fig. 11c). This is in agreement with the calcula-
tions of Kargl and Meyer (2004) who showed that with
increasing Al,O3; content the f-relaxation peak (Na™)
moves to slower times: closer to the o-relaxation peak.

The attenuation peak associated with the motion of A
in the melt is not observed in the torsion data. It is assumed
that the peak for Al motion will occur between the Si and
the Na peaks in frequency space. The data of Mungall et al.
(1998) however suggest that the diffusivity of Al in the
present viscosity range should be very similar to that of Si
and O if not slower (this observation would therefore imply
that the glass transition, which is defined by the longest-
lived bond lifetime, is a function of the Al-O bonds in
aluminium-rich melts). Thus the absence of an observable
Al-peak suggests that the Al-O bond lifetimes which were
sought in this study are buried in the peak due to the Si-O
bond lifetimes.

Without a clear Al-O peak, the effect of the presence of
tri-clusters cannot be identified. As there is no clear trend
observed in the FWHM of the imaginary peak in the shear
modulus data, there can be no discussion about increasing
or decreasing distributions of relaxation times associated
with increasing numbers of Al-O bonds or AlSi,—O bonds
as a function of peralkalinity/peraluminosity.

Inspection of the frequency dependence of the shear
modulus data however, shows that the curves for the dif-
ferent compositions are centred on different wrty; values.
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Figure 11 a, b illustrates the wty; at which Gy, is centred
(see Table 5) as a function of . Some of the melts relax up
to 30 times faster than predicted by the Maxwell equation.
Previous studies of relaxation in silicate melts have found
that the o-relaxation occurs within £0.5 log;o units (a
factor of 3) of wty =1 (e.g. Mills 1974; Webb 1992;
Bagdassarov et al. 1993). The relaxation spectra from
torsion experiments of Webb (1992—rhyolite composition)
and Bagdassarov et al. (et al. (1993)—haplogranitic com-
positions) on aluminosilicate melts with 7 ranging from
0.48 to 0.52 are centred on log;y wty = 0. The imaginary
peaks for all of the present melts within this y range are
centred on log;y wty = + 0.5 to +1.5, suggesting that the
y parameter is not the relevant structural measure to
describe the relaxation time trend.

An alternative measure of “structure” is Al/Si (e.g.
Mysen 1999). Here, this ratio is calculated as the number of
Si-tetrahedra (S) per number of Si + Al tetrahedra in the
melt (T). The shift of the relaxation from w7ty is shown as
a function of Si/T in Fig. 11. The data of Webb (1992) and
Bagdassarov (1993) are for relatively SiO,-rich melts with
Si/T ~0.85, and therefore fit into the trend of deviation
from wty as a function of Si/T. Thus it would appear that
the observed deviation from the Maxwell relaxation time
may be due to a change in flow mechanism as a function of
Si/T and not to the presence of tri-clusters. This suggests
that two different effects are being observed in these dif-
ferent experiments. The physical properties reported here
in their relaxed (viscosity, C,c,""f) or unrelaxed (elastic
modulus, density) conditions show a trend change as a
function of composition at y ~0.5. These changes in trend
can be associated with the introduction of a new structural
unit whose occurrence is controlled by the Na/Al. The
relaxation time data do not appear to be sensitive to the
appearance of a new structural unit. The relaxation time
does however appear to be sensitive to changes in the flow
mechanism of the melt which occur as a function of Si/Al.

The Maxwell relationship was developed for a gas with
a single type of structural unit. It has been shown to work
well in the investigation of almost all silicate melts which
have been studied previously. Here, the Maxwell rela-
tionship does not successfully predict the relaxation times
of the melts with y ~0.5. These melts are also those with
Si/T ~0.65 and are the most silica-poor melts that have
been investigated by torsion techniques to date. The devi-
ation of the melt relaxation to times faster than 7y, could be
explained in terms of the melt structure changing from
being dominated by the network forming Si (whose
relaxation can be described by the Maxwell equation), to a
mixture of Si and Al tetrahedra (which is too complex to be
described by the Maxwell equation) to a melt structure
whose flow is dominated by the making and breaking of
Al-O bonds (whose relaxation can be described by the

Maxwell equation). On this basis one would expect the
deviation from the Maxwell behaviour to occur for Si/T
~0.5. This deviation, however, occurs for Si/T ~0.65
suggesting that there are further changes occurring in the
melt structure and flow mechanism. One possibility is that
there are clusters of Si—O bonds surrounded by volumes (or
channels) of Al-O bonding melt occurring before the
Si=Al condition occurs. This structural model is analogous
to that proposed by Bockris et al. (1956) for M,0-SiO,
melts and by Greaves (2000) and Kargl and Meyer (2004)
for Al-poor Na,0O-Al,03-SiO, melts. In these studies the
existence and effect on physical properties of Na-rich
channels within the melt were discussed and modelled.

Attenuation

The energy loss due to the relaxation of parts of the melt
structure can also be analysed in terms of the quality factor
0 '(w) where

_ G”(a))
G'(w)

(O’Connell and Budiansky 1978; Johnston and Toksoz 1981;
Webb and Jackson 2003). Figure 16 shows Q™ '(w) for melt
NAS48 as a function of inverse temperature. Two straight
line trends can be seen in this plot—one associated with the
slowest relaxing part of the melt structure; and one associated
with the ~ 7.5 orders of magnitude faster relaxation. The two
regions have been fit separately by the equation

0" (0) = 05l exp( -7 ) (17)

0 (o)

(16)

(Webb and Jackson 2003). The parameters of the fits to the
data are given in Table 4. As shown in Fig. 17, the activation
energy for the a-relaxation of the melt is in good agreement
with the activation energy for viscous flow determined from
the micro-penetration measurements in these melts—as is
expected. The average activation energy for the faster
motion is ~ 126 kJ mol~'. The activation energy for Na
diffusion in silicate melts is 50-100 kJ mol~" (Bansal and
Doremus 1986). This is in agreement with the second energy
loss peak being for the diffusion of Na™ in the melt.

The parameter o in Eq. 17 is found for both the «- and
the f-relaxation peak and listed in Table 4; and shown in
Fig. 18. The curves in Fig. 18 are a guide for the eye, with
the trend change chosen to occur at y ~0.5 in view of all of
the other physical property and parameter changes occur-
ring at this composition.

Summary

It is assumed here that the viscous flow in these melts is
identified in the torsion measurements as the o-relaxation.
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Fig. 16 The attenuation data 2 2
for the o and f attenuation peaks ® 0.002 Hz
of the melt NAS48. The lines 0.01Hz | 1
are the fits calculated using O 0.05Hz
Eq. 17 0.2 Hz
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Fig. 17 Plot of the activation energy determined from the attenuation Na,0-Al,0,-SiO,
data and the torsional viscosity against the activation energy from 0.0 T | | | |

micro-penetration viscosity data

In Fig. 17 the activation energy for viscous flow deter-
mined by torsion is compared to the activation energy
determined from the attenuation data as a function of
activation energy from viscosity (micro-penetration tech-
nique). The data should plot on a straight line with
slope = 1.

The C3™, G, p, n data all show a trend change as a
function of composition in Na,O—(Fe,03)-Al,05-SiO,
melts at Na,O(+Fe0)-Al,05(+Fe,05), for constant SiO,
content. This change in physical property trend can be
associated with the change in structural units which must
occur with decreasing [Na,O + FeO]/[Al,O; + Fe,0s]
when there are no longer enough monovalent or divalent
atoms (Na™, Fe?™) to charge balance all of the tetrahedrally
co-ordinated trivalent atoms (Al”, Fe3+).

The expected Al-O relaxation peak does not appear in
the torsion spectra. The diffusion data in the literature
suggest that the timescale of Al diffusion is close to that of
Si and O diffusion at the temperature and viscosity

@ Springer
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Fig. 18 The o-parameter from Eq. 17 for the Na,O-Al,03;-SiO, and
the iron-bearing Na,0O-Al,05;-SiO, melts

conditions of the torsion measurements. Thus it appears
that the Al-O peak is part of the Si—O peak. The width of
the Si—O peak for the imaginary part of the modulus,
however, does not change as the Si/T ratio decreases.

The elastic shear modulus and the viscosity data
obtained from the torsion measurements are in agreement
with the ultrasonic and micro-penetration data, respec-
tively. It can be seen from the frequency dependence of the
shear modulus, however, that the glass transition does not
occur at the wty = 1 condition for all melts as expected
from Maxwell theory. This is in contrast to all of the lit-
erature data which show that the « peak in the imaginary
part of the shear modulus is centred on wty ~1 (—0.5
<logyp wt <0.2; see Mills 1974; Webb 1991;
Bagdassarov et al. 1993). These melts are in the compo-
sition range y ~0.5, and Si/T ~0.85.
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Recently, Stebbins et al. (2001; 2008) and Neuville et al.
(2006) have discussed that the “'Si and VAl found to exist in
silicate glasses could be involved in the flow process of
melts. The Maxwell relationship was created for an ideal
material in which all of the atoms involved in the flow
process are identical. In an Al-free melt in which the flow
process is controlled by Si—O bond lifetimes, the conditions
are the same as those of the Maxwell equation. In melts
with increasing amounts of Al, there are two different
structural units dominating flow, and the assumptions built
into the Maxwell equation no longer apply to the flow
process of the melt. The result is that the Maxwell equation
no longer accurately calculates the relaxation time. This
deviation from the Maxwell relaxation time is not associ-
ated with the appearance of a new structural unit in the
melt which is a function of Na/Al. It is associated with the
timescale of the flow mechanism in the melt which appears
to be a function of Si/Al

It is to be expected that the deviation from the Maxwell
equation should occur in the Si—Al compositional range,
and not at the Si—2Al composition. This suggests the pos-
sibility of a more complicated relationship for flow and
structure than simply Si—-O and Al-O bonds. One could
have melts in which clusters of unrelaxed Si—O melt is
surrounded by Al-O bonds similar to the Na-rich channels
occurring in Al-poor melts which disappear with increasing
Al content. Such a structure consisting of Si—O clusters
surrounded by Al-O bonds is similar to the iceberg type
structure proposed by Bockris et al. (1956).
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