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Abstract The elastic properties of two types of alumi-
nosilicate (basaltic and rhyolitic) glasses have been
studied using both Brillouin and Raman spectroscopy at
ambient conditions. It has been found that the elastic
moduli of the basaltic glasses decrease with increasing
SiO; concentration. The shear moduli displayed the least
dependence on SiO, content. The bulk moduli of the
basaltic glasses strongly depend on the sum of the Q°
and Q% anionic units. Among the modifiers, iron cations
showed the strongest effect on the elastic properties of
the rhyolitic glasses. For the elastic moduli of rhyolitic
glasses, the major effect of alkaline earth cations is on
shear modulus; however, both iron and alkali cations
showed stronger effects on bulk modulus and similar
relative contribution between bulk and shear moduli
(based on the equivalent M " cation). The dependences
of elastic moduli on bulk NBO/T observed in both types
of glasses suggest that the elastic modulus of an alumi-
nosilicate glass depends on the concentration of effective
modifying cations rather than the apparent concentra-
tion of all non-network-forming cations. An analysis of
data also indicated that the ideal molar mixing model is
failed in prediction of the elastic properties of the pres-
ent multicomponent glasses by using the known
parameters.

Keywords Aluminosilicate glasses - Elastic properties -
Glass structure - Brillouin scattering - Raman
spectroscopy

Introduction

The presence of aluminum in a silicate glass has gener-
ally yielded a higher strain point, annealing and glass
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transition temperatures, and viscosity. Therefore, alu-
minosilicate glasses are important, both commercially
and naturally (volcanic glasses). The effects of different
components on the properties of a glass have been
widely reported (e.g. Bansal and Doremus 1986). How-
ever, most of the studies have focused on simple systems
(binary and ternary) rather than complicate multi-com-
ponent glasses, e.g., volcanic. Study of the properties of
volcanic glasses or melts is attractive due to its signifi-
cance to our understanding of volcanic activities, dia-
genesis of igneous rocks, and the cause of seismic low-
velocity zones in the mantle.

Besides nuclear magnetic resonance (NMR), the
structure of silicate and aluminosilicate melts and glasses
at various temperatures and pressures has been exten-
sively studied using Raman spectroscopy (e.g. Mysen
et al. 1980a; Stebbins et al. 1985; McMillan and Wolf
1995). Recently, temperature effects on elasticity of iron-
free aluminosilicate glasses or melts have also been
studied using Brillouin scattering by Askarpour and
Manghnani (1993), Vo-Thanh et al. (1996) and Schilling
et al. (2001, 2003). Thus, the dependence of elasticity on
the silicate anionic structure, which is also composition-
dependent, in a glass should be investigated. In addition,
the relative contribution of non-network-forming cations
to the elastic moduli of a multi-component aluminosili-
cate glass has not been reported, though the dependences
of elastic properties on the concentration of network
modifiers in simpler glasses have been widely studied (e.g.
Schroeder et al. 1973; Rouse et al. 1981; Vaills et al.
1996; Burkhard 1997). It also remains unclear if the
elastic moduli of a glass depend on only the apparent
concentration of all non-network-forming cations.

To address these issues, we combined both Brillouin
scattering and Raman spectroscopic studies to explore
the effects of composition and structure on the elasticity
of multi-component aluminosilicate glasses. Two types
of simulated volcanic glasses, basaltic and rhyolitic (i.e.,
granitic), were used in this study. The former was used
to study the effect of anionic structure (via changing
SiO, concentration) on the elasticity of glass; the latter



was used to reveal the effects of concentration and types
of cations on the elasticity of a complicate glass.

Experimental
Preparation of glasses

The composition of all samples is listed in Table 1.
Samples B0—B3 are basaltic glasses and Bl has a typical
composition of basalt, and it represents the average
composition of 1,010 natural tholeiite and olivine tho-
leiite reported by Mysen (1987). Except for SiO,, the
relative amounts among other constituents in the
basaltic glasses are the same. Samples GO-G3 are rhy-
olitic glasses, and GO represents the average of 367
natural rhyolites (Mysen 1987). The Al,O3/SiO, molar
ratio is same for all rhyolitic glasses, but is different for
all basaltic glasses. The effects of SiO, on the anionic
structure and elastic properties of glasses was studied
using the basaltic glasses, while the effects of iron,
alkaline earth, and alkali cations were estimated using
the rhyolitic glasses.

Instead of P,Os, MnO, Na,O and K,O, high-purity
NasPO4 12H,0, MnCO;, Na,CO3, and K,CO3 were
used to prepare the samples. The total sodium was from
both Naz;PO,412H,O and Na,COs;. To obtain a better
mixing, all oxides, carbonates, and phosphate were
ground in an alumina mortar for 30 min at least. In
order to remove CO, and H,0, the mixtures were put
into platinum containers and calcined at 1,300°C for 2 h
for the basaltic samples and 3 h for the rhyolitic sam-
ples. The sample charges were then quenched to room
temperature and pulverized for further mixing. Finally,
different sample charges were fired in a CO/CO, atmo-
sphere at different temperatures for different time
durations (1,300°C, 3 h for B0 and BI1; 1,350°C, 3 h for
B2; 1,450°C, 5 h for B3; 1,550°C, 6 h for GO, G1, and
G2, and 1,600°C 4 h for G3), and then quenched in air
from 1,200°C for basaltic samples and from ca. 1,550°C
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for rhyolitic samples to room temperature on a brass
plate. In order to control the oxidation state of iron, the
partial pressure of oxygen (Po,) used during preparation
of the samples was maintained in the range between the
equilibria of FeO/Fe,05 and Fe/FeO. However, the CO/
CO, ratio was controlled by adjusting the relative flow
rates of gases using mass flow controllers. Thus, the
fugacity of O, during preparation of the samples would
be not as precise as that controlled by a ZrO, oxygen
sensor. It has been known that the change of composi-
tion in a glass caused by firing is generally rather small
(e.g. Lange and Carmichael 1987) at a suitable firing
temperature, and the change of mass is mainly caused by
the loss of alkali elements due to weak M-O bond
strength (M = cation). For the present samples, the
mass losses in all sample charges are less than 0.4 wt%
after firing. The mass change is attributed to the evap-
oration of some alkali (especially Na) and probably iron
oxides, and it should, in term, cause less than 0.01 de-
crease in bulk NBO/T of the glasses. Thus, we did not
analyze the final composition of the samples and used
the composition listed in Table 1 in all calculations.
Furthermore, the strongest characteristic Raman bands
of carbonate group are at 1,070-1,100 cm™' (v,) and
700-720 cm ™" (v4). We did not find any recognizable
signal at these regions in Raman spectra of all samples.
Therefore, we assumed all CO3~ ions have been
decomposed during preparation of samples.

Characterization and NBO/T of samples

It has been known that both Ti and P can promote the
polymerization of a silicate melt or glass (e.g. Kushiro
1975; Mysen et al. 1980b, 1981a; Ryerson 1985). Thus,
like Si, both Ti and P are treated as network formers in a
silicate glass. AI’" has been found to have different
coordination numbers in SiO,—~Al,O; and alkali-free
aluminosilicate glasses and melts (e.g. Yamane and
Okuyama 1982; Poe et al. 1992). It is also known that all

Table 1 Composition (mol%), bulk NBO/T and density (g/cm®) of the aluminosilicate glasses

Basaltic Rhyolitic

B0 Bl B2 B3 GO Gl G2 G3
SiO, 42.000 52.330 61.000 70.000 79.334 80.744 81.160 85.716
AL O3 11.653 9.577 7.835 6.027 8.886 9.044 9.091 9.601
Fe,04 1.705 1.401 1.146 0.882 0.786 - 0.804 0.849
FeO 8.509 6.994 5.722 4.401 0.961 - 0.983 1.038
MnO 0.189 0.155 0.127 0.098 0.056 0.057 0.057 0.061
MgO 15.305 12.580 10.292 7917 0.675 0.687 - 0.730
CaO 14.270 11.728 9.595 7.381 1.574 1.602 - 1.701
Na,O 3.504 2.880 2.356 1.812 4.338 4415 4.437 -
K,0 0.702 0.577 0.472 0.363 3.108 3.163 3.179 -
TiO, 1.970 1.619 1.325 1.019 0.249 0.254 0.255 0.269
P,Os 0.194 0.159 0.130 0.100 0.033 0.033 0.034 0.035
Bulk NBO/T 1.045 0.792 0.608 0.439 0.084 0.016 0.067 0.111
Density* 2.923 2.881 2.682 2.552 2.471 2.282 2423 2.355

#The densities were measured at 23 +1°C
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AP" are tetrahedrally coordinated if enough charge-
balance cations (e.g., alkali and alkaline-earth cations)
are available in a silicate melt or glass (e.g. Taylor and
Brown 1979; Mysen et al. 1981b; Navrotsky et al. 1982;
McMillan et al. 1982; Domine and Piriou 1986; Mysen
2003). Therefore, except for G3, A’ was treated as a
network former in all samples because of the presence of
enough Na™, K", Mg?" and Ca®" in these samples (see
Table 1). In the case of G3, about 37.8% of Al " were
considered to be network modifier because of the lack of
charge-balance cations (Mysen et al. 1981b). Thus, G3
has the least effective AI>* network former among the
rhyolitic glasses. Fe’>* can be a network former and/or
modifier. The Fe®" /S Fe molar ratio of all basaltic
samples is 0.286, but is 0.621 for the three iron-bearing
rhyolitic samples (G0, G2, G3). On the basis of M&ss-
bauer spectroscopic studies (Mysen 1987), all Fe*" can
be assumed to be modifiers in the basaltic glasses and be
network formers in the rhyolitic glasses. On the other
hand, it has also been pointed out that Fe’>* is octahe-
drally coordinated in acidic Na,O-SiO, glasses (and
melts) if the Na/Si molar ratio is smaller than unity
(Schreiber et al. 1994). Thus, Fe’" in our rhyolitic
samples was treated as modifier because Na/Si ratios in
these glasses are all smaller than 0.2. The other cations
(Na®™, K*, Mg”, Ca’", Mn?", and Fe“) act as
modifiers and/or the charge-balance cations of AI’",
Fe’*, and P°". Mysen (1987) suggested that the pre-
ferred cation for balancing the charge of P°" is Ca®",
and that the tendency for a cation to balance the charge
of A" has the order: K™ > Na™ > Ca?" > Fe?" >
Mg?". The number of bulk non-bridging oxygens per
each tetrahedrally coordinated cation (i.e., bulk NBO/T,
T = Si, Al, P, Ti) listed in Table 1 were then calculated
according to the above assumptions.

The glass transition temperatures (7,) of the quen-
ched basaltic glasses were determined to be 670-680°C
using a differential scanning calorimeter (DSC) at a
heating rate of 10°C/min in Ny(g) (Netzsch DSC 404).
T,’s of the rhyolitic glasses should be generally higher
than those of the basaltic glasses due to far more SiO,.
However, we failed to determine 7, for all rhyolitic
glasses up to 1,000°C. This might be due to weak ther-
mal effect in the rhyolitic glasses. It has been found that
the internal stress (or strain) caused by quenching can
deteriorate the elastic modulus of a glass (e.g. Gavriliu
2001; Vaills et al. 2001). To minimize the interference
from internal stress, all quenched glasses in this study
were annealed at 610°C for one hour. The reason for
annealing samples at a temperature lower than Ty is to
avoid devitrification during prolonged heat treatment.
In addition, it has been found that the relaxation times
of some glasses at their 7,’s are only several minutes
(e.g. Valills et al. 2001; Le Saoft et al. 2002). Hence, the
annealing at 610°C for 1 h was considered to be suitable
for releasing stress in our basaltic glasses and probably
in the rhyolitic glasses as well. All annealed iron-bearing
glasses, except for G1 which is colorless and transparent,
are dark-brown in color. All polished slices of annealed

samples appeared to be homogeneous under polarizing
microscope, except for B0 and G3. Minute square and
black crystals up to 10-20 pm have been found in B0. A
Raman analysis confirmed that these crystals are Fe;Oy,
indicating that the Py, during preparation of the samples
might be close to the value for the equilibrium between
Fe;O,4 and (FeO + Fe,03). However, the exact contents
of Fe’* and Fe*" in the annealed samples were not
determined. A layer of acicular crystals ca. 200 pm in
thickness was found on the surface of G3 that was ex-
posed to atmosphere during preparation of glasses. The
acicular crystals in G3 should be formed during
quenching, while Fe;04 in B0 would be formed during
firing. The remaining glassy region in G3 is homoge-
neous. Local devitrification in B0 and G3 may not have
appreciable effect on the glass structure but might affect
elastic properties of the glasses. Based on the volumes of
the as-prepared glasses and the distribution and thick-
ness of the crystals, the amounts of crystals in B0 and G3
are roughly estimated to be around 2 vol%. The pres-
ence of Fe;Oy4 crystals and the acicular crystals did not
considerably interfere with the spectroscopic measure-
ments because all Raman and Brillouin spectra were
collected from the glassy region at the positions far from
crystals. The densities of all annealed samples were
measured by the Archimedean method at room tem-
perature (23 + 1°C).

Measurement of anionic structure and elasticity

The structure of the annealed glasses was probed using
Raman spectroscopy. The unpolarized Raman signals
were excited by the 514.5-nm line from an argon-ion
laser and collected by a micro-Raman spectroscope
(Jobin Yvon, LabRam HR) under backscattering (180°)
geometry. The spectra were recorded at room tempera-
ture with an Olympus SLM Plan %20 microscope
objective and three accumulations at 60 s integration
time with ~16 mW power on the samples. The focused
laser spot on samples was estimated to be 4 um in
diameter. Wave numbers are accurate to +1 cm™ ' as
determined from plasma emission lines. The frequency
and intensity of each Raman band were estimated by the
Jandel Scientific Peakfit computer software based on the
assumption of Gaussian peak profile. The method de-
scribed by Mysen et al. (1982) was followed for peak
fitting and estimation of the abundance of anionic
structural units. The uncertainties for band frequency
and the relative abundance (fractions) of anionic units
(i.e., Q" in Tables 2 and 3, n=1, 2, 3) are +5 cm ™! and
+ 5%, respectively. Two assumptions were adopted for
calculating the relative abundance: (a) all Q species
distributing randomly throughout the whole glass, and
(b) the electronic polarizability of a Q species being
independent of the glass composition.

The elasticity of samples was measured by Brillouin
scattering at room temperature. For such experiments,
the glass plates with size of ca. 2x3 mm? and a thickness
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Table 2 Fitted frequencies (cm™') and assignments for Raman bands in the basaltic glasses at ambient conditions

Assignments B0 Bl B2 B3

Stretching of cation against oxygen cage® 294

Coupled vibration of M—O and SiOy4 network"b 351 363

Out-of-plane motion of brldgmg oxygen™* 426 426 429 424

Asym. deformation of Q* 460 463 457
(rocking of bridging oxygen)©

Si—O-Si bending of four-membered 484 498 494 498
siloxane ring of SiO4 *

Si-O-Si vibration involving oxygen 544 549 550 554
motion perpendicular to the Si-Si line®

Rocking motion of bridging oxygen in 575 574 574 573
structural units that contain NBOP

Sym. Si-O-Si bending of three-membered 585
siloxane ring of (Al,Si)O4 tetrahedra®

Oxygen bending with some 713 740 774 803

contribution from Si atom®®

Sym. stretching of Q1 ¢4 and/or Ti-O stretching®
Sym. stretching of 0 ¢
Asym. stretching of brldgmg oxygen in all O species®
Sym. stretching of Q° ©
Asym. stretching of 0* with Si-O-Si= 160"

1,012

885 (0.23/0.32)
948 (0.59/0.25)

1,072 (0.17/0.43)

903 (0.35/0.42)
964 (0.46/0.17)

906 (0.31/0.30)
961 (0.35/0.10)

909 (0.32/0.32)
962 (0.36/0.11)

1,023 1,015 1,027
1,076 (0.19/0.42) 1,078 (0.34/0.59) 1,084 (0.32/0.57)
1,169 1,163

Values inside the parentheses are the estimated relative abundance (fractions) among Q', 02, and Q. The left values were based on the
intensity (peak area) of the fitted bands, and the right values were calculated by adopting both intensity and the normalized cross sections

used by Mysen et al. (1982). The uncertainties for band frequency and the relative abundance of Q species are +5 cm

respectively

Sym. symmetric, Asym. asymmetric, NBO non-bridging oxygen
dMCMll]dl’l and Wolf (1995)

"Mysen et al. (1981b)

Mysen et al. (1980a)

YK onijnendijk and Stevelts (1976)
°Furukawa and White (1979)

Twamoto et al. (1975)

of 25-35 um were used. The polished opposite faces of
the glass plates are parallel to each other within 0.5°.
Specimens thus prepared were mounted on a goniometer
head of an Eulerian cradle, and then were aligned to
obtain a symmetric scattering geometry with an external
angle of 90° between the incident and scattered beams.

1 and +5%,

With this geometry, the refractive index can be cancelled
out in the calculation of acoustic velocity (Whitfield
et al. 1976). A 514.5-nm argon-ion laser and a six-passes
tandem Fabry-Pérot interferometer (JRS Scientific
Instruments) were used for the Brillouin experiments. A
photomultiplier tube was used as the detector, and the

Table 3 Fitted frequencies (cm™!) and assignments for Raman bands of the rhyolitic glasses at ambient conditions

Assignments GO G2 G3

(I) modifying cation—oxygen cage stretching® or (II) 333 323 333
coupling of modifying cation- deformatlon of SiO4 network™®

Out-of-plane motion of brldgmg oxygen™ 434 427 427

Asym. deformation of Q* (rocking of brldglng oxygen)© 461 460 458

Si~O-Si bending of four-membered siloxane ring of SiO,4* 496 495 493

Si—O-Si vibration involving oxygen 542 544 527
motion perpendicular to the Si~Si line®

Rocking motion of bridging oxygen in 589 593 595
structural units that contain NBO®

(I) Si-O stretching with large Si displacement® (II) 799 796 803
oxygen-bending motlon with some contribution from Si®®

Sym. stretching of Q% © 953 954 951

Asym. stretching of brldgmg oxygen in all Q spemes 1,019 1,017 1,024

Asym. stretching of Q with Si-O-Si= 120°% 1,042 1,046 1,064

Sym. stretching of Q- 1,083 1,085 1,090

Asym. stretching of 0* with Si-O-Si=160°%¢ 1,150 1,142 1,161

The uncertainties for band frequencies are +5 cm™!

“McMillan and Wolf (1995)
°Mysen et al. (1981b)

Mysen et al. (1980a)

9K onijnendijk and Stevelts (1976)
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free spectral range (FSR) and finesse were 29.9792 GHz
and 120, respectively. To avoid crystallization caused by
laser heating, the laser power on the specimen was
lowered to 30 mW or less. For the 90° symmetric
geometry, the acoustic velocity (V) can be calculated by
the following formula (Whitfield et al. 1976):

1
AwA\?
- ()

where Aw is the Brillouin shift and 4 the wavelength of
the incident beam. As the treatment for Raman bands,
each Brillouin frequency shift was estimated by assum-
ing the Gaussian peak profile. In order to obtain better
scattered signals, a Glan—Taylor prism was used to ro-
tate the polarization of the incident laser beam to 45°.
The bulk (K), shear (G), and Young’s (£) moduli and
Poisson’s ratio (v) for the elastically isotropic materials
were then calculated according to the following equa-
tions:

Vi = (Cas/p)'* = (G/p)’

(1)

"= [cng/lg]z = [(K +4G/3)/p]" (3)

=g ¥

,_ (1-2G/3K) )
(2 + 2G/3K) ’

where p is the density of sample, and V't and Vp the
transverse and longitudinal acoustic velocities, respec-
tively. It should be noted that the elastic properties of a
melt (or supercooled melt) consist of vibrational and
configurational parts, the former is related to vibration
of chemical bonds only and the latter involves relaxation
of the melt. In such a case, the data collected by Brill-
ouin scattering technique at an extremely high frequency
(1-10 GHz) are only the vibrational contribution be-
cause relaxation cannot be probed at such a short time.
However, the configurational part can be ignored at
temperatures much below glass transition due to the
translation and rotation of structural groups (i.e.,
relaxation) are not present. Therefore, the elastic prop-
erties of a glass determined by Brillouin and the low-
frequency ultrasonic technique at room temperature are
the same and both are vibrational.

For Brillouin scattering method, the transit time of
the waves is too short to allow exchange of heat. Thus,
the entropy is regarded to be constant during measure-
ment, and the moduli obtained from Brillouin spec-
troscopy are all adiabatic. The adiabatic (Ks) and
isothermal (K1) bulk moduli are related by thermody-
namic Griineisen parameter (yy,) and thermal expansion
coefficient (o) as follows:

Ks/KT =1+ ythOCT. (6)

The refractive indices for the basaltic glasses were
determined using a 30/60° asymmetric scattering geom-
etry with the external angle of 90° between the incident

and scattered beams. The data collected from 45/45°
symmetric scattering were adopted as references for
calculation of refractive index. The refractive index (n)
of an optically isotropic solid can be obtained according
the following equation:

2 3 Av: 2
n—{H] and A_4< vl)\/g,

84 — 16 AV45 (7)
where Av; and Av,s are the Brillouin shifts obtained from
30/60° and 45/45° geometries, respectively. Both trans-
verse and longitudinal signals were used in the calcula-
tion, and the final index for a given sample is the average
of all data sets.

Results
Raman spectra of the aluminosilicate glasses

The structure of silicate §lasses and melts has been
widely studied using both *°Si NMR and Raman spec-
troscopy. Although different structural units have been
adopted to described the anionic structure of silicate
glasses (e.g. Konijnendijk and Stevelts 1976; Karlsson
and Froberg 1987), a simpler set of anionic structural
units has been widely used for this purpose; i.e., the so-
called Q species used in NMR studies: SiO3~ (Q°,
monomer), Si,0$~ (Q', dimer), Si,O¢™ (Q? chain),
Si,03~ (Q?, sheet), and SiO, (Q*, fully polymerized SiO,
network). Note that Q® also represents a ring unit
Si,03"~. Thus, we adopted this simple set of units
throughout the study. Figure 1 shows Raman spectra of
the basaltic glasses obtained in this study. Each spec-
trum can be divided into three regions: 300-650, 650—
800, and 800-1,200 cm™'. It is found that the Raman
bands in all four spectra appeared to be significantly
overlapped. This is attributed to the presence of AI*" in
the Q species.

The amounts of TiO, and P,Os in the present samples
are much less than that of SiO, and Al,O;. When the
amounts of modifying cations are large enough, as in the
present glasses, it has been pointed out that Ti and P can
react with silicate complexes to coordinate metal cation
via the following reactions to polymerize the silicate melt
(e.g. Ryerson and Hess 1980; Mysen et al. 1980b):

Si—-0O-M-0-Si+Ti—-O0O-Ti=Si—0-Si
+Ti—-O-M-0-Ti

and

1.5Si—-O-M—-0-Si+P0Oy5=15S81—-0-Si

+ M, sPOy,
where M denotes the modifying cation. These Ti- and P-
bearing species have their own characteristic Raman
signals (Furukawa and White 1979; Mysen et al. 1980b;
Mysen et al. 1981a). After careful examination, we did

not observe any Raman signal which can be attributed
to the Ti- and P-bearing species, suggesting that the



effect of these species on the glass structure of our samples
is negligible.

The extent of polymerization in a silicate glass can be
described by the distribution of Q species. The charac-
terized bands of 0% and @ are included in the envelope
of 800-1,200 cm™~!, while the representative bands for
pure amorphous silica (equilvant to Q%) are at ~430,
1,060, and 1,190 cm™! (e.g. Galeener 1979). However,
bands at both 1,060 and 1,190 cm™' for amorphous
silica are rather weak (Galeener 1979). Therefore, we
neglected the two bands in the fitting process for the less
polymerized samples (B0 and B1). In addition to the Q*
and Q°-related bands, at least two other bands centered
at ~900 and ~1,020 cm ™' were demanded to get a good
deconvolution for the 800-1,200-cm™' envelope. The
fitted frequencies and assignments of the bands and the
relative abundance (fractions) of Q species based on the
band intensities of Q', Q% and Q7 are listed in Table 2.

Only one band was assigned in the region 650-
850 cm . This band should be equivalent to the 800-
cm ! band in amorphous silica although it may be
complicated by overlapping with the vibrations from Ti-
related units (e.g., O-Ti—O deformation), if any. With
increasing Al,O3 content, the frequency of this band was
significantly lowered in concomitant with the increase in
band intensity and width. The most important feature
below 650 cm ™' is the band at ~430 cm™"'. This band is
caused by out-of-plane motion of bridging oxygen and
has at least three interpretations (McMillan and Wolf
1995): symmetric oxygen stretching of bent Si—O-Si,
symmetric bending of Si—-O-Si with oxygen motion
perpendicular to the Sii~-Si lines, and symmetric O-Si—O

LI N I O B N N L B N L N L N B L N

B3

B2

Intensity

{ NN NN AU T [T O ST I S T N |

100 300 500 700 900 1100 1300
Raman shift, cm™’

Fig. 1 Raman spectra of the basaltic glasses (unpolarized) at
ambient conditions. The background for all spectra has been
subtracted
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angular deformation of the coupled SiO4 group. In
addition, as listed in Table 2, the relative abundance of
Q° decreases with decreasing SiO, content (or increasing
bulk NBO/T), but it is inverse for Q. The abundance of
Q' seems to be insensible in the composition range
studied.

Raman spectra of the rhyolitic glasses are shown in
Fig. 2. We failed to collect a good spectrum of the iron-
free sample (G1) due to strong background. Only a weak
bulge at 400-530 cm ™' in the spectrum of G1 was seen.
The cause of this phenomenon is unclear, though it
might involve the fluorescence from Mn*". The inter-
action between energy levels of Fe’'/Fe’" and Mn?"
might inhibit the fluorescence and enabled us to observe
Raman signals of other rhyolitic samples. The basis and
assumptions for deconvoluting Raman spectra of the
basaltic glasses were also applied to the rhyolitic glasses.
In Fig. 2, each spectrum is also divided into three re-
gions: 200-650, 750-850, and 850-1250 cm~!. Com-
pared to the spectra of basaltic glasses, all Raman
spectra of the rhyolitic glasses showed a better resolution
and higher frequency in the high-frequency envelope
(850-1,250 cm™'). The blue shift indicates that the
bands at 1,060 and 1,190 cm ™' for Q* cannot be ignored.
We combined the two bands in the peak fitting, though
the frequencies may not identical to those of pure silica.
The fitted frequencies and assignments for the Raman
bands of rhyolitic glasses are listed in Table 3. Because
the purpose of our study of rhyolitic samples is to find
out the effects of different ingredients, the relative
abundance of Q species in these glasses was not esti-
mated here.

L L L B S e L B B B
G3
z
= G2
3
=
et
GO
PR U OO BRI ST R SN EPE S O E S A A
100 300 500 700 900 1100 1300

Raman shift, cm-1

Fig. 2 Raman spectra of the rhyolitic glasses (unpolarized) at
ambient conditions. The background for all spectra has been
subtracted
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Two possible interpretations were assigned for the
broad band at 750-850 cm~' (Table 3). This band
should be equivalent to that at 710-805 cm™' of the
basaltic glasses, but far less influenced from AI’*. In
comparison with other rhyolitic glasses, both Q% and
Q4-related bands (at 1,064 and 1,161 cm™') in G3
showed higher Raman frequencies, accompanied with
an increase in frequency and weakening in intensity for
the band at 527-542 cm ! (see Fig. 2 and Table 3). This
confirms that the effective concentration of AI’* net-
work former in G3 is less than other rhyolitic glasses.

Elasticity

The SiO, dependence of elasticity for the basaltic glasses
is displayed in Fig. 3a. Except for SiO,, the relative
concentrations of other oxide components were assumed
to be the same for these samples, though the firing
conditions for preparation of the samples were different.
As shown, all three elastic moduli (bulk, shear and
Young’s) of the basaltic glasses decrease with increasing
SiO, concentration. The Brillouin spectra of B0 were
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collected from the glassy region, though B0 contains
some Fe;O4 crystals. Thus, the elastic moduli of B0
shown in Fig. 3a are not for glass/crystal composite. If
the abscissa is changed to bulk NBO/T, as shown in
Fig. 3b, it is found that the relationship between elastic
moduli and bulk NBO/T is linear for B1-B3, and those
for B0 are significantly below the linear trend. As would
be expected, the deviation is attributed to low iron
concentration in the glassy region of B0 (see Discussion).
It is noteworthy that the abscissas adopted in Fig. 3a, b
has different meanings; the former emphasizes the
apparent effect of SiO, without other network-forming
cations and the latter indicates the effect of effective
modifying cations.

Figure 4 shows Poisson’s ratios (v) for the basaltic
glasses plotted as a function of SiO, concentration.
Similar to binary alkali silicate glasses (Bansal and
Doremus 1986), the Poisson’s ratio of the basaltic glas-
ses increases with decreasing SiO, concentration. The
change in v from B0 to B3 is 15%, which is close to that
in Young’s modulus (14%). This behavior can be as-
cribed to that both correlate with the average stress and/
or strain in a solid.

To ascertain the effect of different types of cation on
the elastic properties of an aluminosilicate glass, we
represented the elastic moduli of the rhyolitic glasses as a
function of the bulk NBO/T rather than SiO, concen-
tration in Fig. 5. Obviously, the elastic moduli of the
rhyolitic glasses also increase monotonically with
increasing bulk NBO/T. Note that the composition of
samples G1-G3 is based on GO with missing out one type
of oxides for each sample. The molar ratio between any
two ingredients is constant among all rhyolitic samples.
By adopting GO as a reference, the removal of iron
oxides (G1) and alkaline earth oxides (G2) has caused a
lowering in bulk, shear, and Young’s moduli, but the
reversal is found if alkali oxides (G3) are removed. In
other words, the aluminosilicate glass can be strength-
ened by the addition of iron and alkaline earth cations
and weakened by alkali cations.
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Refractive index of the basaltic glasses

The refractive indices for the basaltic glasses are also
plotted as a function of SiO, concentration in Fig. 6.
The large uncertainty in refractive index is attributed
to the method we adopted and the extent of trans-
parency of samples. In comparison with the 45/45°
geometry, Brillouin scattering experiment involving an
asymmetric 90° geometry will result in smaller Brill-
ouin shifts of the signals. Therefore, the quality of
Brillouin signals would significantly affect the accuracy
in fitting peak positions. The weak Brillouin signals of
our samples are mostly due to the dark color. The
weak signals have caused a larger uncertainty in fitting
peak positions and that in turn resulted in a larger
uncertainty in calculation of refractive index. A smaller
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Fig. 6 Variations of refractive indices with SiO, concentration in
the basaltic glasses. The solid circles denote the average values
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uncertainty could be obtained by adopting backscat-
tering because the Brillouin shift becomes 7n times
(n=refractive index) that observed in the 45/45°
geometry. The change of refractive index is only 2.5%
from B0 to B3. Photon conduction is one of the
mechanisms for heat transport in magma. The weak
composition dependence of refractive index indicates
that the change of radioactive heat does not cause a
significant contribution to the heat transfer within a
basaltic magma even if the composition is changed
significantly.

Discussion
Structure of the aluminosilicate glasses

The basaltic glasses used in this work have the bulk
NBO/T between 0.44 and 1.05. Therefore, the major
equilibrium between Q species at T, should be (without
balance)

T,03 (0%) = TO,(Q") + T,0¢ (07),

where T is the tetrahedrally coordinated Si**, AI*™,
Ti**, and P (the network-former cations). In order to
get a good deconvolution for the 800-1,200-cm™'
envelope observed, as mentioned earlier, it requires to
assign two additional bands centered at ~900 and
~1,020 cm ™. In Table 2, based on the consideration of
intensity, the band at ~900 cm ™' was very likely caused
by the symmetric stretching of Q' unit, though the signal
from Ti-related species cannot be totally excluded. Thus,
an extra equilibrium between Q? and (Q'+ 0°) should
coexist at 7.

As shown in Fig. 1, the 800-1,200-cm™' envelope
shifts to higher frequency with increasing SiO,. This
trend resulted from increasing relative abundance of Q°
species and decreasing in NBO/T (see Table 2). The
frequency of Q° also decreases with increasing bulk
concentration of aluminum (see Table 1). This is due to
the preferential substitution of AI’" in 0% and Q* spe-
cies (Mysen et al. 1981b; Mysen 2003).

The rhyolitic glasses are more polymerized than the
basaltic glasses. As shown in Fig. 2, we did not observe
any signal corresponding to 0° and Q' in all spectra.
Thus, the equilibrium in the rhyolitic glasses at T is only
between Q° and (Q*+ Q%. The difference in the relative
abundance of Q species among the glasses is negligible
due to the small difference in bulk NBO/T. It is noticed
that the relative intensity of Q2 signal (at ~950 em ™)
decreases from GO to G3 (Fig. 2). This result may be
correlated to the case that more Q* were produced due
to preferred association of small M" and M>" cations
with Q7 species suggested by McMillan (1984) (Note
that there are no CaO and MgO in G2, and Na,O and
K,0 in G3). Probably, different coordination numbers
of cations should also be considered for the intensity
change of Q% (Li 2004).
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Effects of anionic structure on elasticity

For the basaltic glasses, both bulk and Young’s moduli
show similar SiO, dependences and shear modulus dis-
plays the weakest dependence (Fig. 3a). All elastic
moduli can be represented by M =p f, where M denotes
the elastic moduli (K, G, E, and v), p the density, and f'a
function of acoustic velocities. In order to evaluate the
contribution beyond the change of density, the elastic
moduli of B3 were adopted as references and the data of
other samples were normalized against those of B3 and
plotted as a function of SiO, concentration in Fig. 7.
Similar normalizing for the variation of density (the
dotted line) is also shown in Fig. 7. If the redistribution
of anion structural units can be neglected and the change
in elastic properties of a glass due to composition change
is only related to density, then the change in elastic
properties should follows the variation of density
(according to M =p f). Figure 7 reveals, however, that
the change rate in shear modulus is slower than that of
density, whilst those of both bulk and Young’s moduli
are greater than that of density. Furthermore, the vari-
ation of bulk modulus is much greater than those of
both shear and Young’s moduli. Thus, elastic moduli
should be affected significantly by the change in glass
structure.

The rapid rise of bulk modulus upon decreasing SiO,
concentration indicates the presence of a strong depen-
dence on the extent of polymerization of a glass. As
mentioned earlier, the relative abundance of Q>decreases
with decreasing SiO, content, but it is inverse for Q7.
This should be, in term, accompanied a decrease in
abundance of Q% as observed in other simpler systems
(e.g. Mysen 1987; Li 2004), though the relative amount
of 0% has not been estimated. Relative to the SiO, dimer
(0" and chain (Q?), the geometric structure of Q° and
Q% is looser due to irregular linking of TO, tetrahedra
(T=Si, Al) and the presence of empty and cation poly-
hedra within the more polymerized structural units. In

40
- K
30F
X
£r E
s [ P
=t G
< -
S 10f
of
T T S T T Y B T B T I S N T B N B

[ S B B
70 65 60 55 50 45 40 35
Mole % of SiO,

Fig. 7 The data of Fig. 3a are normalized against those of the glass
having the lowest bulk NBO/T (i.e., B3). The variation of density
(p) are also shown for reference

other words, both Q' and Q® themselves should con-
tribute far smaller volume contraction to a glass under
hydrostatic compression, and hence the bulk moduli of
the present basaltic glasses strongly depend on the
amount of (Q° + 0%. A glass that contains more Q°
and Q* should be more compressible. In addition to
changes in bond angles and lengths of the cation poly-
hedra, shear deformation of a glass involves gliding
between Q species. Both 0° and Q* species, rather than
Q' and Q7 would cause more steric hindrance during
gliding. The presence of steric hindrance resists shear
deformation of a glass and causes a smaller change in
shear modulus. Therefore, the significant difference in
change rates between bulk and shear moduli of the
basaltic samples is originated from different mechanisms
operating on compression and shear deformation. As
shown in Fig. 7, the increase rate in Young’s modulus
with decreasing SiO, content is much close to that of
density. This is comprehensible because density is a bulk
property and Young’s modulus is the constant correlates
to the average strain and stress in a solid.

It should be noted that the results shown in Fig. 7 is
valid only for the composition range studied. An
extrapolation to pure silica for all moduli in Fig. 3a
would yield elastic moduli that are much lower than
those of amorphous silica. This suggests either that
minimum moduli may exist, similar to that found in
sodium silicate glasses (Lin et al. 2006), or that the
change of moduli may become more rapid at higher
silica region.

Composition dependence of elasticity

In Fig. 3b, as mentioned earlier, all the elastic moduli of
the basaltic glasses display linear dependences on bulk
NBO/T except for B0, and the addition of iron oxides
has strengthened the multi-component aluminosilicate
glasses. Similar strengthening effect was also observed in
Fe* " -bearing alkali silicate glasses (Burkhard 1997).
The negative deviation from linear dependence for B0
(Fig. 3b) can be ascribed to the drop of effective con-
centration of iron ions in the glasses due to precipitation
of Fe;0,4. The bulk NBO/T in the glassy region of B0
was estimated to be ~0.9, should the elastic moduli of
these basaltic glasses all follow a linear trend, i.e., ~36
% of the iron oxides were exsolved to form Fe;Oy4
crystals in BO.

For rhyolitic glasses (Fig. 5), the linear dependences
between the elastic moduli and bulk NBO/T are
apparent for G0-G2, and G3 shows a positive deviation
from this linear trend. The acicular crystals grew only
from the surface exposed to air upon quenching. The
Brillouin data were collected from the area far from the
surface layer. Thus, the high elastic moduli of G3 should
be almost independent of the growth of acicular crystals.
According to the assumptions adopted for calculating
the bulk NBO/T, the modifiers in G3 should be the
unbalanced A’ " ions alone. The addition of Al,Os in a



silicate glass should always cause an increase in elastic
modulus (Bansal and Doremus 1986). Therefore, the
higher moduli in G3 may result from the presence of
more amounts of effective AI*" modifiers.

In order to evaluate the quantitative contribution of
different cations on the elastic moduli of aluminosilicate
glasses, the data of G1, G2 and G3 were normalized
against those of GO in Table 4 based on equivalent
concentrations of M *. The percentage changes between
G1 and GO represent the total contribution of iron ca-
tions (Fe’" and Fe’"), those between G2 and GO of
alkaline earth cations (Mg®* and Ca®"), and those be-
tween G3 and GO of alkali cations (Na™ and K ™). It is
found that the differences in Young’s modulus between
GO0 and other glasses are close to that in density. As
pointed out earlier for the basaltic glasses, density is a
bulk property and Young’s modulus correlates average
strain and stress in a solid. So, naturally, the variation of
Young’s modulus approximates that of density. Among
the three types of cations, iron oxides show the strongest
effect on the elastic moduli of aluminosilicate glasses (see
the AM%/mol% of equivalent M " in Table 4). This
may be correlated to their strong field strength (Z/r?,
Z =charge, r=1onic radius). The major effect of alkaline
earth cations is on shear modulus, and both iron and
alkali cations showed stronger effects on bulk modulus.
The apparently weak effect of alkali and alkaline earth
cations on the elastic moduli may be correlated to all or
a part of them is the charge-balance cations of AI*" and
P>* and the loss of alkali elements during preparation of
glasses. It is noteworthy that both iron and alkali cations
show similar relative contributions between bulk and
shear moduli (based on the equivalent M ion), though
the two types of cations have the inverse effects on
elastic moduli. This suggests that iron and alkali cations
may have similar local structure or prefer to associate
with the same anionic units in the glass. For alkaline
earth cations, the large difference in contribution be-
tween bulk and shear moduli (Table 4) imglies that
Mg?" and Ca?" prefer to associate with 0% and Q'
rather than the more polymerized Q° and Q% the latter
two species are the key units for compression and, thus,
bulk modulus.

For the basaltic glasses, the elastic moduli increase
with increasing the apparently equivalent M concen-
tration of all non-network-forming cations. However,
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such a regular dependence was not observed in the
rhyolitic glasses if charge balance for AI’* and P>" are
not considered. Thus, the monotonous variation of
moduli with bulk NBO/T shown in Figs. 3b and 5 re-
veals that the elastic moduli of a glass strongly depend
on the effective concentration of the modifying cations
rather than on the apparent concentration of all non-
network-forming cations.

A test to the ideal molar mixing model

To explore the bulk properties of magma and glasses,
the ideal mixing of molar properties of oxides has been
widely adopted. Accordingly, the property M can be
calculated by Q =>" x;Q;, where, x; is the molar fraction
of component i, and Q; the corresponding molar prop-
erties. Three routes related to the prediction of the
elastic properties of melts and glasses have been devel-
oped based on the ideal mixing model. The first involves
the calculation of density from partial molar volumes
(V;) of component oxides which are determined by
thermal expansion data of melts (e.g. Bottinga et al.
1982; Stebbins et al. 1984; Stein et al. 1986; Lange et al.
1987; Knoche et al. 1995; Lange 1996, 1997). The second
directly estimates Young’s modulus of glasses at ambi-
ent conditions based on theoretical consideration of
packing density of atoms and dissociation energy of
crystalline oxides (Makishima and Mackenzie 1973;
Rocherulle et al. 1989; Inaba et al. 1999). The third uses
a set of sound speed coefficients (C;) for oxides at high
temperatures (Rivers and Carmichael 1987) or directly
uses the acoustic velocities of oxides (Schilling et al.
2001) to calculate elastic moduli of melts and glasses. We
are not able to test the third method due to a lack of the
data of sound speed coefficients and the acoustic veloc-
ities for all oxides we used, though Schilling et al. (2001)
reported a nice ideal mixing behavior in their MgO—
Ca0-Al,05-Si0, glasses at room temperature.
Originally, the partial molar volumes of oxides were
almost all collected at high temperatures. Lange (1996)
and Schilling et al. (2001) reported an ideal mixing
behavior in density of the Na,0O-Al,03-SiO, and MgO—
Ca0O-AL,05-SiO, glasses at room temperature using
extrapolated V; data. Our aluminosilicate glasses con-
tain 9—11 oxides. The V; value of all these oxides cannot

Table 4 Contribution of cations to the elastic moduli of rhyolitic glasses (relative to G0)

Difference GO-Gx Percentage change of elastic

modulus, (AM%)

Density change (%) AM% [mol % of equivalent M ™

E K G E K G
G0-G1 7.51 10.48 6.94 7.65 1.13 1.58 1.05
G0-G2 1.58 0.48 1.89 1.94 0.35 0.11 0.42
G0-G3 —7.51 —9.52 —6.94 5.50 —0.50 —0.64 —0.47

AM% =((Mgo — Mgx)] Mgo)x100, where x=1, 2, 3, and M = E (Young’s), K (bulk), G (shear) moduli. The data were based on the average
moduli shown in Fig. 5. For the change of elastic moduli, the negative sign represents G0 is weakened by the presence of cations, and the

others show strengthened
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Table 5 The linear-extrapolated partial molar volume (V) of oxides at 25°C

Oxides 1 2 3 4 5 6 7 Ave.V;
SiO, 27.26 26.75 26.9 26.86 26.91 27.33 26.99  27.00
Al O3 37.60 - 33.51 37.42 37.49 36.28 3391 36.03
Fe,03 - 43.96 29.63 - - 31.2 - 34.93
FeO - 13.46 9.64 - - 7.95 - 10.35
MnO - 13.92 - - - - - 13.92
MgO 10.26 12.15 7.85 7.2 - 8.89 - 9.27
CaO 12.58 16.36 12.56 11.39 - 11.43 - 12.86
Na,O 21.58 28.67 —11.80% 18.31 18.27 18.84 18.19  20.64
K,0 3491 45.81 29.46 29.46 - 30.04 - 33.94
TiO, 32.17 21.94 13.21% - - 10.34% - 27.06
P,0s5 69.15 - - - - - - 69.15
Reference temperature for extrapolation, °C 750 1,400 1,400 750 1,100 1,600 1,400

References: / Knoche et al. (1995), 2 Bottinga et al. (1982), 3 Lange and Carmichael (1987), 4 Lange (1997), 5 Lange (1996), 6 Stebbins

et al. (1984), 7 Stein et al. (1986)
“Data were not adopted in averaging

be found in a single literature. Furthermore, the thermal
expansion data for the same oxide are different in dif-
ferent literatures. In order to test the validity of the ideal
molar mixing model for our samples at room tempera-
ture, we used the average of the extrapolated published
data as listed in Table 5. Among the seven data sets,
only the experiment in Knoche et al. (1995) was carried
out over room temperature. Thus only the 25°C data
extrapolated from those of Knoche et al. (1995) are the
most reliable. Unfortunately, the data of iron oxides and
MnO were not measured by Knoche et al. (1995). To
calculate the density, we combined the data of Knoche
et al. (1995) and that of the three oxides (FeO, Fe,Os3,
MnO) reported by Bottinga et al. (1982). The glass
density was calculated from p,=>" M; x;/> " Vix;, where
M; is the gram-formula weight of oxide i. A comparison
between our measured sample densities and the calcu-
lated (modeled) data is shown in Fig. 8. Obviously, both
sets of the calculated density do not display a good ideal

DN N
L N N 00 O

[ 5}
~

AL RN R R R RN AN R RS

Calculated density, g/cm3

°
°
® e)

o_ 0 ©

N
)

T O S N T TS N U A T T T T I W O 0 0

2.
%.2 23 24 25 26 27 28 29 3
Measured density, g/cm3

Fig. 8 Calculated versus measured densities for all aluminosilicate
glasses used in this study. Solid circles denote the data calculated
from the average extrapolated partial molar volumes listed in
Table 5, and open circles denote the data calculated from Knoche
et al. (1995) and Bottinga et al. (1982). The diagonal indicates ideal
mixing behavior

mixing behavior, and the densities based on the average
V; show less deviation than that based on the data of
Knoche et al. and Bottinga et al. A regular tendency
between NBO/T and density deviation was also not
found.

A direct calculation of Young’s modulus of glass was
first proposed by Makishima and Mackenzie (1973). The
Young’s modulus (E) is given as:

E(GPa) — 2Pg[Z(Ptxl> > (Gix;)] (8)
M
where P;, G;, and x; are the packing factor, dissociation
energy per unit volume and molar fraction of oxide i,
respectively. M and p, are the mean molar mass and
density of the glass, respectively. By using Eq. 8,
Makishima and Mackenzie (1973), Rocherulle et al.
(1989), and Inaba et al. (1999) observed a good agree-
ment between the modeled and measured Young moduli
in their glasses. However, all P; used in literature were
based on Pauling’s ionic radii in octahedral coordina-
tion, and the existing data of G; are not enough for us to
calculate Young’s modulus of our samples. In addition,
some authors have adopted the old thermodynamic data
(Sun 1947; Sun and Huggins 1947) for their calculation
of G;. Therefore, we recalculated both P; and G; using
Shannon’s (1976) radii and the thermodynamic data
listed in CRC Handbook of Chemistry and Physics
(1992/1993), taking the appropriate coordination num-
ber of cations into consideration. The data of both P;
and G; thus calculated are listed in Table 6. Two SiO,
densities (quartz and amorphous silica) were considered
in the calculation of G, Accordingly, the calculated
(modeled) Youngs’ moduli of our samples are compared
with the measured moduli in Fig. 9a. Obviously,
Youngs’ moduli of our aluminosilicate glasses do not
show an ideal mixing behavior. It is found that the
deviation in the calculated Young’s modulus is smaller
at higher modulus region but larger in lower-modulus
region when the density of quartz was used in the cal-
culation. On the other hand, the opposite relationship
was observed when the density of amorphous silica was
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Table 6 Gram-formula weight (GFW), density, cationic radius, packing factor (P;) and dissociation energy (G;) of oxides used for
calculation of the modeled Young’s modulus of aluminosilicate glasses at ambient conditions

GFW  Density® (g/cm®) Cationic radius® (A) Packing factor! (P; cm’/mol) Dissociation energy® (G; kJ/cm?)

Oxides

SiO, (low quartz) 60.085 2.647 0.26
SiO, (amorphous) ~ 60.085 2.2° 0.26
AlO3 (corundum)  101.962 3.987 0.39
Fe>05 (hematite) 159.692 5.275 0.78
FeO (wiistite) 71.846 5.700 0.645
MnO (manganosite) 70.940 5.365 0.83
MgO (periclase) 40.304 3.576 0.72
CaO (lime) 56.077 3.343 1.00
a-Na,O 61.979 2.394 1.02
a-K,0 94.195 2.346 1.38
TiO, (rutile) 79.879 4.250 0.605
P,Os 141.945 2.463 0.17

13.89 81.57
13.89 67.80
21.07 119.57
23.16 78.49
7.60 73.98
8.37 69.86
7.86 91.16
9.45 60.51
12.28 31.90
20.18 19.24
14.40 101.75
34.64 56.69

#X-ray diffraction densities of crystals in JCPDS files were adopted

"The average density of amorphous silica is ca. 2.20 g/cm’

“Data were from Shannon (1976). For calculation of P;, tetrahedral coordination were adopted for Si**, A", and P°" ions, while
octahedral coordination for other cations and oxygen ion (1.40 A). For Mn>*, Fe?", and Fe?*, the high-spin radii were adopted
“The P; and G; are defined as: P(cm?/mol) = 6.02 x 107 x 7 (Xr}, + ¥i3)) for oxide MyOy and G; (kJjem®)=p[X AH{(M, ga-
s)+ YAHH{O, gas) — AH(M Oy, crystal) — (X+ Y)RT]/M;, where x; is the molar fraction of oxide 7/, R the gas constant, and 7T the
temperature. M and M; are the mean molar mass of the glass and the gram-formula weight of the oxide i, respectively. p, and p; are the
densities of the glass and oxide 7, respectively. ry; and rg are the radii of M and O, respectively. AH{M, gas), AH{O, gas), and AH{(M xOy,
crystal) are the molar enthalpies of formation of gaseous M, O and crystalline oxide, respectively

used. The low-modulus region corresponds to the highly
polymerized and silica-like rhyolitic glasses, while the
higher-modulus corresponds to the less polymerized
basaltic glasses. This suggests that density (or G;) of SiO,
is a crucial factor for obtaining a reasonable Young’s
modulus based on the ideal mixing model. From Fig. 9a,
G; of SiO, should not be a constant if the present alu-
minosilicate glasses follow an ideal mixing behavior. The
differences between calculated and measured Young’s
modulus against NBO/T is displayed in Fig. 9b. Basi-
cally, the difference becomes more positive with
decreasing NBO/T except for sample G3 (NBO/
T=0.111). This tendency is similar to that observed in
the anorthite-diopside-forsterite glasses (Schilling et al.
2001), though negative deviation was displayed in that
system. The abnormal behavior of G3 might be attrib-
uted to the dual role of AI’" in the glasses. A part of
A" in G3 act as network former and a part of AI>* are
modifiers; the former is tetrahedrally coordinated and
the latter is octahedrally coordinated. Different coordi-
nations will result in different P; and probably G..
From the above results and discussion, the ideal
molar mixing model based on V;, P; and G; data cannot
be applied to predict the elastic properties of the present
glasses. The cause is complicated. For glass density,
Schilling et al. (2001) attributed the small scatter of their
modeled data to the uncertainty in density measure-
ments. However, it is not the case of the present glasses
because large deviation was observed. Several causes
may interpret the large deviation in the calculated
(modeled) density: (a) the thermal expansivities mea-
sured at high temperature cannot be linearly extrapo-
lated to room temperature because the thermal
expansivity of a glass is always far smaller than its cor-
responding melt, (b) ¥; of an oxide is not a constant in

all glass at a given temperature due to different inter-
action among oxides, and (c¢) the concentration and
temperature dependences of melt’s volume are not truly
linear as that assumed in all measurements. All these
factors will cause an incorrect estimation in V; and thus
glass density. Bottinga et al. (1982) pointed out that the
V; of Al,O5 depends on melt composition, while Lange
(1996, 1997) reported that both SiO, and Al,O3 do not
contribute to the thermal expansivity of the melts in the
range of 701-1,896 K (note that all the V; of Al,O3 in
different melts studied by Lange are the same). The
contradiction among these studies indicates that the ef-
fect of interaction between the constituent oxides should
be case by case. Recently, a report based on 80 glasses
has pointed out that the density of a Na,O-Al,O5-Si0,
glass is almost independent of the concentration of
AlL,O3 (Doweidar 1998). A recalculation on their data
using the V; data listed in Table 5 also shows a non-ideal
mixing.

For Young’s modulus of the glasses, the large devi-
ation in calculated modulus has implied the following
facts: (a) the dissociation energy of crystalline oxide
cannot be used without a modification by considering
the contribution of amorphization, (b) the coordination
number of a cation in a glass and melt may not be
identical to that in its crystalline phase because cations
are apt to have lower coordination in glasses than in
crystals (Calas et al. 2002), and (c) the interaction
among oxides, the contribution from the field strength of
cation, and effect of concentration cannot be neglected.
These factors should significantly influence the G; of an
oxide in glass. The nonlinear composition dependences
in elastic moduli of alkali silicate glasses (Lin et al. 2006)
also indicates that (a) the G; of an oxide should not be a
constant and (b) an estimation of elastic moduli using
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constant C; as done by Rivers and Carmichael (1987) is
not always valid. In brief, the present results indicate
that an accurate estimation of density and elastic prop-
erties of a glass or melt based on the ideal mixing model
and the known parameters (V,, P;, G;, and C)) is difficult,
if it is not impossible.

Elastic modulus and viscosity of aluminosilicate melt at
high temperature

According to Maxwell relationship, the shear viscosity
of a viscoelastic substance is the product of its relax-
ation time and the shear modulus at infinite frequency
(e.g. Askarpour and Manghnani 1993). Therefore, it is
also of interest to understand qualitatively the possible
correlation between shear modulus of a glass and the
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Fig. 9 a Young’s modulus of aluminosilicate glasses measured in
this study compared with that calculated from the model of
Makishima and Mackenzie (1973) and b difference in the calculated
Young’s modulus and the measured values plotted as a function of
NBO/T. Open circles denote the data calculated using the density of
amorphous silica (2.2 g/em®) and solid circles using the density of
quartz (2.647 g/cm®). The deviation in Young’s modulus is defined
to be 100x(E—E,)/E,,, where E and E,, are the calculated and
measured moduli, respectively. The diagonal in (a) represents an
ideal mixing behavior

viscosity of its corresponding melt. The viscosity of
many binary silicate glasses (e.g., M,O-SiO, and M'O—
SiO, systems, M = Li, Na, K, Rb, Cs, and M’'=Mg,
Ca, Sr, Ba, Pb; Bansal and Doremus 1986) and
diopside-albite aluminosilicate melts (in the range
1,350-1,550°C; Scarfe and Cronin 1986) has been
found to decreases with increasing bulk NBO/T. Vis-
cosity of a silicate melt also decreases with increasing
the field strength of cations (Mysen 1988). Therefore,
the melts (or glasses) containing more amounts of
cations should show lower viscosity due to stronger
effect of electric field in average.

From the DSC analysis, the peak temperatures for
crystallization in the present basaltic glasses have the or-
der: B3 (>950°C) > B2 (~930°C) > B1 (885°C) > B0
(840°C). Shimizu and Kushiro (1991) pointed out that the
transport rates of all species in the diopside-jadeite alu-
minosilicate melts at 1,550°C and 10 kbar decrease with
increasing in polymerization of the melt. If the crystalline
phases formed in the present samples are the same, then
the diffusion rates of cations and Q species at high tem-
perature should have the order: B3 < B2 < Bl < BO0.
All these points have attained the conclusion that the
viscosity of a basaltic melt would decrease with increasing
NBO/T in the range 40-70 mol% SiO,, and a glass with
higher shear modulus will display a lower viscosity at high
temperature if other major elements in a series of glasses
are similar.

Conclusions

Brillouin and Raman spectroscopy have been used to
study the effects of composition and anionic structure on
the elastic properties of both basaltic and rhyolitic
glasses at ambient conditions. It has found that bulk,
shear and Young’s moduli of the basaltic glasses all
decrease monotonically with increasing SiO, concen-
tration when the relative amounts of other components
remain the same. An analysis based on the relative
abundance and geometry of Q species has revealed that
bulk modulus of the basaltic glasses strongly depends on
the sum of Q° and Q% In other words, the more the glass
contains (Q° + Q%, the more compressible it is. The
significant difference in the change rates between shear
and bulk moduli with SiO, content has been attributed
to different mechanisms for compression and shear
deformation in a glass.

For both types of glasses, the dependences of elastic
moduli on bulk NBO/T indicates that the elastic mod-
ulus of a glass strongly depends on the effective con-
centration of modifying cations rather than the apparent
concentration of all non-network-forming cations. For
the rhyolitic glasses, it is found that iron oxides display
the strongest effect on the elastic moduli. The major
effect of alkaline earth cations is on shear modulus, and
both iron and alkali cations have stronger effects on
bulk modulus. Iron and alkali cations also show simi-
larly relative contribution between both bulk and shear



moduli, indicating that the two types of cations may
have similar local structure or prefer to associate with
the same anionic units in the glass. For alkaline earth
cations, the large difference in contribution between
bulk and shear moduli implies that Mg>* and Ca’"
prefer to associate with Q% and Q' rather than the more
polymerized Q% and 0*.

Furthermore, it is found that the ideal molar mixing
model based on the partial molar volume, packing fac-
tor, and dissociation energy of oxides is failed in pre-
diction of the elastic properties of our multicomponent
aluminosilicate glasses. An accurate estimation of elastic
properties using the ideal molar mixing model requires a
consideration of other factors involving an improvement
in the calculation of partial molar volume, packing
factor, dissociation energy, and sound speed coefficients
of oxides. Finally, a consideration of NBO/T, Z/r* field
of cation, and crystallization temperature has led to the
inference that the viscosity of the present basaltic glasses
should have the order: B3 > B2 > Bl > B0 at ele-
vated temperatures. In other words, the viscosity of a
basaltic melt should increase with decreasing shear
modulus of its corresponding glass in the range 40—
70 mol% SiO».
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