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Assuming that heat is transported by lattice vibrations (phonons) in silicate glasses, their thermal con-
ductivity is correlated with the product of sound velocity, volumetric heat capacity, and phonon mean free
path (MFP). The sound velocity and heat capacity have been studied extensively, but the origin of the
composition-induced variation in the MFP remains unclear. The present study investigated MFP in
M2,O-SiO, (M™: Li*, Na*, Ca®*, Sr?*, or Pb%*) glasses with a variation of My,O content. The MFP of the
silica glass decreased with the addition of M,,O. The effect of the type of metallic cation on the MFP was
minimal for the selected alkali and alkaline-earth silicate glasses. By contrast, the MFP of lead silicate
glasses was higher than those of alkali or alkaline-earth silicate glasses when the metallic cation contents
were comparable. Previous studies have demonstrated that alkali and alkaline-earth cations act as non-
framework species that break the silicate network structure, whereas lead cations have inconclusive
structural roles. Our data indicate that lead cations partly act as framework cations and that phonons tend
to be scattered near nonframework cations in silicate glasses. Thus, the phonon MFP is a useful param-
eter for determining the structural role of metallic cations in silicate glass via phonon propagation.

KEY WORDS: phonon mean free path; silicate glasses and melts; sound velocity; thermal conductivity;
framework and non-framework cations.

and oxide phases is essential for designing heat transfer in

1. Introduction . . . . .
uett high-temperature industries (e.g., metallurgical extraction"?

Understanding the thermophysical properties of the metal and glass-making”), directly affecting the efficiency and
accuracy of these processes. For example, in the continuous
* Corresponding author: E-mail: sohei.sukenaga.d3@tohoku.ac.jp casting process of steel, it is essential to control the rate of
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heat removal from cast steel to suppress the formation of
defects on its surface.*> The mold flux is used as a ther-
mal insulator between the mold and cast steel and plays an
important role in controlling the rate of heat removal.**” In
general, mold flux is composed of at least three phases: sili-
cate glass, crystals, and melt.*'” Understanding the various
thermophysical properties (e.g., thermal conductivity) that
dominate the conduction and radiation heat transfer through
a multiphase thermal insulator (i.e., mold flux) is important
for controlling the rate of heat removal. The dominant fac-
tors that control the thermophysical properties of crystalline
phases have been studied by numerous researchers;'!'?
however, the mechanism of composition-induced variation
in the thermal conductivity of silicate melts and glasses is
poorly understood.'"” Hence, it is difficult to design flux
compositions with optimal thermal conductivity. Assuming
that the heat carrier in these noncrystalline phases is mainly
a lattice vibration wave, i.e., phonon,m’ls) the thermal con-
ductivity (A [W m™' s7']) can be expressed as a function of
the volumetric heat capacity (Cy [J m™ K™']), velocity of
sound (v [m s™']), and mean free path (MFP) of phonons (I
[m]), as expressed in Eq. (1):'®

An in-depth discussion of these three parameters can pro-
vide a complete understanding of the thermal conductivities
of noncrystalline materials. The compositional dependence
of the Cy and v of silicate glasses and melts has been stud-
ied well in the previous studies,'”?” whereas the MFP of
phonon is one of the least understood parameters. Previous
studies have reported two important findings related to pho-
non MFP in silicate glasses and melts:

¢ The MFP of phonon is generally in the range of
0.3-0.7 nm.2"%?

The phonon MFP decreases with the addition of
metallic oxides (e.g., Na,0).'3**2¢)

The former indicates that the phonon MFP should reflect
the structure on the length scale between a silicon atom and
its second-neighbor cation (Si** or M"*),>” which is sche-
matically illustrated in Fig. 1 for the case of the structure
between silicon and the second-neighbor silicon cation
(Si—Sizng). The latter indicates that the incoherent vibrations
near the metallic cations tend to scatter phonons and reduce
the MFP. However, it remains unclear whether the phonon
MFP depends on the type and content of metallic cations in

, 0.5-0.7 nm ,

Fig. 1. Schematic illustrations of the linkage of SiO4 tetrahedra
with its length scale. A typical range of Si—Siy,g inter-
atomic distance is described according to a reported

value.?” (Online version in color.)
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silicate glasses. In addition, the origin of phonon scattering
near metallic cations remains unclear. As our previous study
indicated that the compositional dependence of the phonon
MFP in silicate glasses is similar to that of these melts,'>
glasses can be used as analog materials to understand the
compositional dependence of the phonon MFP in their
melts. The present study aimed to investigate the composi-
tional dependence of the phonon MFP for selected binary
silicate glasses containing several types of metallic oxides,
which are important for mold fluxes, metallurgical slags,
and glass materials, as a fundamental study of the metallic
cation-induced phonon scattering behavior in silicate glasses
and melts.

2. Principle to Derive the Phonon MFP

The thermal conductivity (4) of the glass samples is
correlated with the thermal diffusivity (o [m? s™']) by the
following Eq. (2):*®

where p [kg m™] is the density and Cp [J kg™' K™'] is the
specific heat capacity. From Egs. (1) and (2), the MFP of
phonon (/) be expressed by Eq. (3) where Cy=pCp:

The present study has measured the thermal diffusivity (o)
and velocity of sound (V) for the glass samples to determine
the phonon MFP (/).

3. Experimental Method

3.1. Sample Synthesis

The nominal and analyzed compositions of the glass
samples are listed in Table 1. Glass samples with the
composition of x mol% M,,O—(100-x) mol% SiO, (M: Li,
Na, Ca, Sr, or Pb) were labeled as MSx where n represents
the valence number of the metallic cation. The glasses
were fabricated using melting and quenching methods.
Reagent powders of SiO, (FUJIFILM Wako Pure Chemical
Corporation), Li;COs (Sigma-Aldrich Co. LLC), Na,COs
(Sigma-Aldrich Co. LLC), CaCO; (FUJIFILM Wako Pure
Chemical Corporation), and SrCOj; (Sigma-Aldrich Co.
LLC) were mixed using a mullite mortar and pestle to
obtain starting powder mixtures for the alkali or alkaline
earth silicate glasses. To avoid the precipitation of metal-
lic Pb,*” powder mixtures of PbO (FUJIFILM Wako Pure
Chemical Corporation), Pb(NO3), (FUJIFILM Wako Pure
Chemical Corporation), and SiO, (FUJIFILM Wako Pure
Chemical Corporation) were prepared to synthesize lead
silicate glasses. The powder mixtures were placed in a Pt—
Smass%Au crucible (silica crucible for lead silicate glass)
and calcined at 1 073—1 273 K for 30 min. The obtained
samples were melted at 1 273—1 873 K in a Pt-5mass%Au
crucible, which is less wettable to silicate melts.’® Finally,
the molten sample was cast into a graphite mold. The
quenched glass was annealed at a temperature close to the
glass transition temperature.’'*? Annealed samples were
used for the property measurements. Because it was difficult
to melt pure silica (i.e., SiO,) in the laboratory, a standard



ISIJ International, Vol. 64 (2024), No. 15

Table 1. Nominal and analyzed compositions of the samples in
mol%. The analyzed compositions are shown in paren-
theses. fsi-o-m values were calculated using Eq. (7) with
the analyzed compositions.

Samples  SiO, Li,O Na,O CaO SrO PbO  fsiowm
S 100 - - - _ - 0
LiS28 720 280 - - _ _
(713)  (@87) - = = - (0.34)
LiS33 670  33.0 - - _ _
66.8) (332 - - - - (0.40)
LiS36 640 360 - - - _
(64.0) (36.0) - = = - (0.44)
NaSI8  82.0 - 18.0 - - -
®Ls) - (185 - - - (0.20)
NaS23  77.0 - 230 - _ _
(776) - (224 - = - (0.25)
Na$28 720 - 280 - _ -
(122 - Q18 - - - 0.32)
NaS33  67.0 = 33.0 - - _
€75 - (325 - = - (0.39)
NaS36  64.0 - 36.0 - . _
645 - (355 - - - (0.43)
CaS42 580 = = 42.0 = =
(%92 - - (408 - - (0.51)
CaS45  55.0 - - 45.0 - _
(654 - - (446) - - 0.57)
SrS40  60.0 = = - 40.0 -
634 -~ = - (366) - (0.45)
PbS33 670 - - - - 33.0
667)  — - - —  (333) (040
PbS50  50.0 = = = = 50.0
@48.0) - = = - (5200 (0.70)
PbS60  40.0 - - - - 60.0
[CRR ) R - - - (56.9) (0.80)

quartz glass (5809-a, National Institute of Advanced Indus-
trial Science and Technology)*® was used for the thermal
diffusivity measurements. In addition, the chemical com-
positions of the synthesized samples were tested using wet
chemical analyses; the lithium, sodium, calcium, strontium,
and lead contents of the samples were measured using
inductively coupled plasma atomic emission spectrometry
(ICP-AES), whereas the silicon content was determined by
gravimetry.

3.2. Measurements of Thermal Diffusivity and Sound
Velocity

The thermal diffusivity (¢) of the samples were evaluated
using a flash method with a xenon flash lamp, which heats
the front surface of the samples by a short energy pulse,
and the resulting temperature response of the rear surface is
measured with an infrared detector. The present study used
a Xenon flash analyzer LFA 467 HyperFlash (NETZSCH,

Japan) to determine the o of the samples. The synthesized
glass samples were cylindrical (diameter: 10 mm; height:
1 mm). Because the synthesized glass samples were trans-
parent, it was necessary to avoid the penetration of light
generated by the xenon lamp. In addition, the flash method
requires the surface of the samples to absorb the energy
pulse and exhibit high emissivity.>” The top and bottom
surfaces of the samples were mirror polished and spray-
coated with carbon powder (FC-153) after gold sputtering
(~100 nm). The temperature response of the rear sample
surface was measured thrice at 298 K for each sample. To
determine the thermal diffusivity of the samples, the present
study applied the Cape-Lehman model,* which considers
the facial and radial heat losses in the temperature evolution
of the rear sample surface over time after a short energy
pulse. The model accurately reproduced the temperature
evolution observed in this study. The repetitive errors in the
three-time measurements were approximately 1% for most
of the samples (see detail in Table 2).

The sound velocity (v [m s']) of the glass samples is
defined by the following Eq. (4):*®

where E is the Young’s modulus of the samples, and p is
the sample density [kg m~]. Moreover, E can be determined
by the longitudinal (v) and transverse wave velocities (vr)
by the Eq. (5):*7

Vi —dvi
E=pvi =0 e (5)
VL —VT

The present study measured the vi and vy of the samples
using an ultrasonic wave propagation pulse-echo tech-
nique with a thickness gauge 38DL PLUS (OLYMPUS
corporation, Japan). The glass was cylindrical (diameter:
10 mm, height: 10 mm), and the top and bottom surfaces
were mirror-polished. The polished samples were used for
measurements. The measurements were performed thrice at
a frequency of 5 MHz for each sample at 298 K. The scat-
ter in the measurements was less than 0.5%. The averaged
values of vi and vr were used to derive the sound velocity
of the samples. It is clear that Egs. (4) and (5) enable us to
derive sound velocity (v) without using the sample density
(p); however, the p of the sample is required to interpret the
compositional dependence of v. The present study evaluated
the p of the samples using a conventional Archimedean
method at ~298 K with ethanol (FUJIFILM Wako Pure
Chemical Corporation) as the immersion liquid. The density
of the samples was measured five times, and the average
values were used to determine the sound velocities of the
samples. The repetitive error in the measurements was less
than 1.2%.

4. Results

4.1. Thermal Diffusivity

Figure 2 and Table 2 show the composition-induced
variations in the thermal diffusivities of the glass samples at
298 K. The measured thermal diffusivity of the pure silica
glass (0.829x 10 m” s™') is close to the recommended value

© 2024 1SIJ
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Table 2. Measured thermophysical properties of the samples at 298 K.
Samples /10 °m?s™! p/lO3 kg m> nsiow/mm> wv/ms! wms' vms' EYGPa I/nm
S 0.824+0.005 2.187 0 - - 4288* 80 0.58
LiS28  0.574£0.002 2.328 5.22 6 160 3710 4090 78 0.42
LiS33  0.555%0.071 2.333 6.21 6283 3658 4079 78 0.41
LiS36  0.531+0.004 2.349 6.90 6372 3701 4130 80 0.39
NaS18  0.563£0.008 2.369 291 5404 3228 3569 60 0.47
NaS23  0.515+0.001 2.406 3.58 5386 3157 3513 59 0.44
NaS28  0.481+0.009 2.457 4.53 5352 3070 3439 58 0.42
NaS33  0.439+0.007 2.478 5.33 5410 3050 3433 58 0.38
NaS36  0.419+0.002 2.499 5.86 5381 3007 3393 58 0.37
CaS42  0.500+0.032 2.795 9.07 6298 3 481 3938 87 0.38
CaS45  0.485+0.001 2.839 10.2 6325 3494 3954 89 0.37
SrS40  0.386%0.005 3.446 7.59 5366 2965 3355 78 0.35
PbS33  0.393£0.003 4.617 6.07 3720 2204 2444 55 0.48
PbS50  0.270£0.002 6.339 11.1 3109 1732 1956 49 0.41
PbS60  0.25610.001 6.492 12.0 3030 1682 1901 47 0.40
* Value reported by Manghnani and Singh*"
* E values calculated using Eq. (4)
i 1
%]
NE x >< : Si0, (Recommended value)33)
=5 08 o :Si0, (Present study)
S L A :Li,0-SiO, (Present study)
H_ 06| v :Na,0-SiO, (Present study)
2 W A A . i 23
S | * v A o X :Na,0-SiO, (Inaba et al.)23)
) X v o * :Na,0-SiO, (Serensen et al.)'®
2 04F Q% X .
= : CaO-SiO, (Present study)
E [ 4 g <& SrO-SiO, (Present study)
g 0.2 < : PbO-SiO, (Present study)
@ L at298 K
<
= T R T B S S|
0 10 20 30 40 50 60

Molar content of metallic oxide, x (mol%)

Fig. 2.

The change in thermal diffusivity of the silicate glasses by adding metallic oxides. The horizontal axis shows the

analyzed content of metallic oxides. (Online version in color.)

(0.837x10° m? s7).*» This validates the reasonability of
our methodology for determining the thermal diffusivity.
The thermal diffusivity of the silica glass decreased with
the addition of Na,O. This trend agrees well with previous
studies that reported the thermal diffusivity of Na,0O-SiO,
glasses using the laser flash method.'*!**® Similarly, the
thermal diffusivity of silica glass decreased with the addition
of all types of chosen metallic oxides.

4.2. Velocity of Sound

Figure 3 shows the effect of adding metallic oxide on
the sound velocity in the sample glasses. Manghnani and
Singh*" measured the sound velocities of silica and sodium
silicate glasses with compositions similar to those used in
our study. Figure 3 compares their data with our results for
the Na,0—-Si0; system. The differences between their values
and our data for similar compositions were in the range of
3%—5%, which is sufficiently small to compare. Because

© 2024 1SIJ

preparing the sample with a pure silica composition for
sound velocity measurement was difficult, a reported value
for the silica composition by Manghnani and Singh is plot-
ted in this figure. It was found that the sound velocity of
silica glass did not significantly change with the addition
of Li,0 or CaO, whereas Na,O or PbO lowered the sound
velocity. As shown in Eq. (4), the velocity of the sound
is related to the ratio of Young’s modulus to the density
(JE 12p). Therefore, the glasses with low density and high
Young’s modulus (e.g., Li,0-SiO;) have a higher sound
velocity among the glasses chosen in the present study,
whereas the low sound velocity of PbO-SiO, systems is
likely due to their high density (see Table 2).

4.3. Phonon Mean Free Path (MFP)

In the kinetic theory of a gas, the MFP is generally
defined as an average distance that a particle will move
before a collision with another particle and is correlated

2248
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Fig. 3. Relationship between the sound velocity and the analyzed content of metallic oxides in the silicate glasses.

(Online version in color.)

with the reciprocal number density of the particle per unit
volume (1/n,).*® Applying this kinetic theory to the phonon
propagation, the MFP of phonon can be considered as a dis-
tance of phonon propagation without scattering. Assuming
that the phonons scattered near metallic cations, the phonon
MFP should vary as a function of the number density of
the oxygen atoms bonded with silicon and metallic cations
(nsi-o-m)- The nsio-m [nm’3] can be derived using the fol-
lowing Eq. (6):

Nnsi—0-M = Myotal * Xo 'fSi—O—M’ ................... (6)

where 7, Xo, and fsiom are atomic number density
of the glass, oxygen atomic fraction, and the fraction of
oxygen atoms bonded with silicon and metallic cations,
respectively. The present study derived the 7 (:NAp/Y)39)
from the measured density (p) and the Avogadro’s number
(=6.02x10%) where Y is the average molecular weight of

the samples. fs; o.m was derived using Eq. (7):*%4V
2Xo - 4Xs;
Jsico-m = i @)
Xo

where Xs; denotes the atomic fraction of Si. Previous studies
have validated that f5; o\ obtained using Eq. (7) agree well
with the experimental values obtained using spectroscopic
techniques for the silicate glasses.***¥ The phonon MFP of
the glasses was derived using Eq. (3), as listed in Table 2.
The phonon MFPs of the silicate glasses are plotted against
nsi-o-m in Fig. 4. The phonon MFP for the pure silica glass
was close to 0.6 nm, which is similar to the interatomic
distance from a silicon atom to its second neighbor silicon
atom (Si-O-Si-O-Si),” as drawn in Fig. 1. The phonon
MFP decreased with the addition of metallic oxides. These
data indicate that phonon scattering is more likely to occur
near metallic cations. Since the phonon MFP is similar for
alkali or alkaline-earth cations at a comparable ngi o (see
Fig. 4), herein the phonon MFP evolution was fitted against
the nsio-m for the alkali and alkaline-earth silicate systems
by the single nonlinear regression curve, which is expressed
by the following Eq. (8):

l=a+———.
“ b(nSi—O—M +C)

0.8
o :8i0,
E 06f < :PbO-SIO,
£ Nl A :Li,0-Si0,
o A v :Na,0-Si0
S o4f [T N o ¥ 0-S0.
= vl Ty = ] : Ca0-Sio,
2 © :S10-Si0,
[o]
£ o2
at 298 K
0 1 n 1 n 1 " 1 " 1 L 1 L 1
0 2 4 6 8 10 12

Ngi—o-m/NM3

Fig. 4. Evolution of the phonon MFP with ng; o-m for the glass
samples. The possible error range of the phonon MFP was
evaluated based on the scatter in the measured values of
the thermal diffusivity and shown as the error bars. For
plots without an error bar, the error range is smaller than
the size of the plots. The green and black dashed lines rep-
resent the fitting curves by Eq. (8) for lead silicate and
alkali or alkaline-earth silicate systems, respectively.
(Online version in color.)

The physical meaning of the fitting parameters (a and c)
in Eq. (8) remains unclear whereas the parameter 5 (=0.73),
which reflects the steepness of the variation in the phonon
MFP with increasing the nsi_o-, should relate to the prob-
ability of phonon scattering near metallic cations. Notably,
the phonon MFP values of lead silicate glasses are higher
than those of alkali or alkaline-earth silicate glasses with
similar nsi o-m values. The evolution of the phonon MFP
against nsi om for the lead silicate systems are also well
reproduced by the Eq. (8) with the lower b value (0.02),
which indicates that the probability of the phonon scattering
is lower for the lead silicate system than those for the alkali
and alkaline-earth silicate systems. The following discussion
considers the origin of the composition-induced variation in
the phonon MFP from the viewpoint of the bonding charac-
ter near the metallic cations.

5. Discussion

In silicate glasses, metallic cations are surrounded by
several oxygen atoms and form polyhedral species (MOy),
which link with SiO4 tetrahedra with different bond

© 2024 1SIJ
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strengths and connectivities (e.g., corner- and edge-sharing
linkages). The incoherence of the vibration mode near
the Si-O—M bond should change depending on its bond
character: “bond strengths” and “connectivity.” To evalu-
ate the bond strength, Pauling*® proposed the concept of
electrostatic valence bond strength, which is described by
the cationic valence divided by its coordination number
(ZIN).*4D The connectivity shows different aspects of the
bond character, which, however, should not be completely
independent of the Z/N of the metallic cations. Generally,
two types of connectivity (linkages) are found in silicate
glasses: “corner-” and “edge-sharing” linkages, as depicted
in Fig. 5. When a metallic cation (M"") has a high Z/N,
the MOy polyhedral species prefer to bond with SiO4 by
corner-sharing linkages to retain a long Si—M distance and
weaken the cation-cation repulsion.*> Meanwhile, a low Z/N
ratio of an M cation allows for a shorter Si—-M distance and
partly for the formation of an edge-sharing linkage between
SiO4 and MOy. The present study estimated the Z/N ratios
for selected metallic cations: Si**, Li*, Na*, Ca®*, Sr**,
and Pb**. Table 3 shows the estimated Z/N values for these

(a) Corner-sharing linkage

repulsive force \

Sio,

Strong
repulsive force,

Fig. 5. Schematic illustrations of (a) corner-sharing and (b) edge-
sharing Si04—MOy linkages. (Online version in color.)

Table 3. Formal cationic valence (Z) and reported coordination
number (NV)*V for the chosen cationic species. The
fraction of the edge-sharing linkage was categorized
into three categories depending on our assumption based

on the results of structural characterization: Non, Low,

and High.
Si**  Pb** Ca** St Li* Nat
VA 4 2 2 2 1 1
N 4 3.5% 6 7.5% 4 6
ZIN 1 0.57 033 026 025 017
Fraction of edge-sharing Non Low High High High High

*Intermediate values in the range of the reported coordination num-
bers**)

© 2024 1SIJ
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cations, based on the reported coordination numbers (N) for
the cations: Si,*® Pb,*” Ca,’” Sr,°" Li,* and Na.*® Si** has
a high Z/N of 1 whereas the Z/N of alkali and alkaline-earth
cations was lower than that of silicon cation and in the range
of 0.17-0.33. The calculated Z/N indicates that the bond
strength near the alkali and alkaline-earth cations differs
depending on the type of cation; however, the phonon MFPs
of the alkali and alkaline-earth silicate glasses do not change
with the type of metallic cations when their ns; oM values
are comparable, as shown in Fig. 4. This indicates that the
effect of the bond strength near the metallic cations on the
phonon MFP was small for the chosen alkali and alkaline-
earth silicate glasses.

The remaining aspect of the bond character is the connec-
tivity of the polyhedral linkages. Since it has been reported
the repulsive force between two cations in the edge-sharing
linkage affects the thermal vibration mode in oxide crys-
talline materials,’® the fraction of the minor edge-sharing
linkage in silicate glasses should affect the phonon MFP,
whereas the corner-sharing linkage is the main type of the
connection in oxide glasses.>® Based on the calculated Z/N,
the polyhedral unit with Pb** (e.g., PbO,) tended to have a
lower fraction of edge-sharing linkages than the polyhedral
species of alkali and alkaline-earth cations. Some authors
have clarified the atomic arrangement of the 22.7Na,O—
77.38i0, (mol%),** 33Pb0O-67Si0, (mol%),*> and 50PbO—
50Si0; (mol%)> glasses using X-ray and neutron scattering
with the aid of computer simulation based on reverse Monte
Carlo (RMC) modeling. The present study recharacterized
the RMC-modeled atomic arrangement and derived the frac-
tion of edge-sharing connections for the SiO,~MOy linkage
from the partial pair distribution functions for Pb—Si and
Na—Si. The obtained fraction of edge-sharing linkages was
9% for the SiO4—NaOy in the 22.7Na,0-77.3Si0, (mol%)
glass, whereas those of the SiO4+~PbOy were 4% and 2%
for the 33PbO-67Si0, (mol%) and 50PbO-50Si0, (mol%)
glasses, respectively. Although we did not characterize the
fraction of edge-sharing linkages for the SiOs~MOy for all
the glass systems, Toyoda et al>® have recently reported
that the fraction of edge-sharing linkages for the Si0O4~LiOy
in a lithium silicate-based multicomponent glass was close
to 10%, which is relatively similar to the fraction in the
sodium silicate glass. Assuming that the fractions of edge-
sharing linkage in the lithium, calcium, and strontium sili-
cate systems are similar to that of the sodium silicate glass,
the polyhedral unit with Pb** tended to have a lower frac-
tion of edge-sharing linkages than the polyhedral species of
alkali and alkaline-earth cations, as estimated from Z/N. The
current MFP data allow us to hypothesize that the repulsive
force between Si and metallic cations in the edge-sharing
linkage generates an incoherent vibration mode, which tends
to scatter phonons in the silicate glass structure.

Metallic cations in silicate glasses and melts are cat-
egorized into framework and non-framework cations. The
former have a high Z/N ratio and constructs a silicate
network structure by forming a corner-sharing linkage
between SiOs and MOy, as proposed by Zachariasen.’
The latter, which generally have a low Z/N, tends to break
the silicate network structure. The structural roles of metal-
lic cations in silicate glass have been extensively studied
through structural characterization®”® and physical prop-
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erty measurements.””%” Silicon cations were determined to
act as framework cations, whereas alkali and alkaline-earth
cations act as nonframework cations.®**? In contrast, the
structural role of lead cations in silicate glasses remains
inconclusive. Kohara et al>® reported that Pb** cations
partly act as framework cations (network formers) based on
the extraordinarily large amount of free volume (voids) in
lead silicate glass, which cannot be found in conventional
binary silicate glasses containing nonframework cations
(e.g., alkali silicate glasses). Kacem et al.%® reported that
lead cations act as nonframework cations (network modi-
fiers) based on the glass-transition temperature (7,) data for
binary silicate glasses, and the larger decrease in the 7, of
silica glass with the addition of lead oxide than that with
the addition of a comparable calcium oxide content. Our
finding contradicts the compositional dependence of T,
where lead silicate glasses have higher phonon MFPs than
alkali and alkaline-carth silicate glasses at comparable ng;
o-m values. In particular, these results indicate that phonons
propagate through Si—-O—Pb bonds with a higher probability
than through Si—~O—R bonds, where R represents an alkaline
or alkaline-earth atom. This tendency indicates that lead
cations partly act as framework cations from the viewpoint
of phonon propagation. The structural role estimated by
the phonon MFP is consistent with the conclusion from the
free-volume analysis but contradicts the interpretation from
the T, data. These different conclusions could be ascribed
to the differences in the dominant parameters of 7, and
phonon MFP. Assuming that 7, is the temperature at which
the structure of glass starts to relax via viscous flow, T,
should be influenced by the mobility of the oxygen atoms
near the metallic cations.®*%> As the oxygen atoms between
silicon and lead atoms (Si—O—Pb) have a higher mobility
than those between two silicon atoms (Si—O-Si), Si—-O—Pb
bonds should behave in the breakage of the silicate network
structure from the viewpoint of viscous flow (7;). In con-
trast, phonon MFP was dominated by the connectivity of
the polyhedral species. The corner-sharing Si—-O—Pb linkage
acts as a connected part of the network structure for phonon
propagation. Although the compositional dependence of
T, and phonon MFP obtained opposite conclusions on the
structural role of lead cations, the structural role of lead
cations is categorized differently depending on the types of
properties. Zachariasen® proposed empirical rules to distin-
guish oxide components based on the glass-forming abili-
ties. According to these rules, oxygen polyhedra of metallic
cations must share corners rather than edges or faces to form
glass. Interestingly, the classification of the structural role of
metallic cations by phonon MFP conforms to Zachariasen’s
rules®® for the polyhedral connectivity in the chosen compo-
sitions. Further studies on the phonon MFP of oxide glasses
containing other types of framework and nonframework
cations with detailed structural information are required
to fully understand the origin of the composition-induced
variation in phonon MFP.

6. Conclusion

This study investigated the variation in the phonon MFP
of binary silicate glasses at 298 K by adding M,,0 (M"*:
Li*, Na*, Ca**, Sr**, or Pb?*). The MFP decreased with an
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increase in SiOs~MOy linkages in the glasses. The MFPs
of alkali and alkaline earth silicate glasses are similar when
the number densities of oxygen atoms between the silicon
and metallic cations (nsi_o-wm) are comparable. This indicates
that the MFP does not strongly depend on the type of alkali
or alkaline earth cation. However, the MFP of lead silicate
glass was higher than those of the alkali and alkaline-earth
silicate systems when nsi_o-vm is comparable. This tendency
can be explained by the differences in the fraction of edge-
sharing linkages where phonons tend to be scattered. Our
phonon MFP data indicate that lead cations partially act as
framework cations from the viewpoint of phonon propaga-
tion.
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