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Abstract
Fragility is commonly quantified as the magnitude of change in viscosity at a
temperature close to the glass transition temperature (Tg). It is a critical char-
acteristic of melts used in scientific and industrial applications. The fragility of
silicate melts generally increases with the depolymerization of silicate anions
upon the addition of alkali or alkaline earth oxides. However, the effects of oxide
additives on the fragility of aluminosilicate melts remain unclear. In this study,
the effect of CaO or K2O addition on the viscosity of the 36CaO–51SiO2–13Al2O3

(mol.%) melt for the wide viscosity range of 10−1–1012 Pa s was studied. The rela-
tionship between the logarithmic viscosity and Tg-scaled temperature indicated
that themelt fragility increasedwith the addition of CaO,whereas the addition of
K2O reduced the fragility when the additive content of CaO or K2Owas less than
10.8 mol.%. The effect of the addition of K2O on fragility cannot be explained by
the depolymerization of silicate anions alone. Raman and 27Al nuclear magnetic
resonance spectroscopies of the glasses indicated that a decrease in the level of
distortion of the AlO4 tetrahedra decreased the fragility of the aluminosilicate
melt.
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1 INTRODUCTION

The viscosities of liquids increase with decreasing tem-
perature and should be ∼1012 Pa s at their glass transi-
tion temperatures (Tg), which are reference temperatures
for glass-forming systems. Previous studies1 attempted to
determine characteristics of liquids based on the tem-
perature dependences of their viscosities (η), which are
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medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

commonly expressed using Arrhenius-type Equation (1) in
the narrow temperature range at ∼Tg:

log 𝜂 = 𝑌 +
𝐸g

2.303 ⋅ 𝑅 ⋅ 𝑇
(1)

where𝑌 is a composition-dependent constant, R (= 8.314 J
mol−1 K−1) is the gas constant, and T is the absolute
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temperature. In principle, the apparent activation energy
(𝐸g) in Equation (1) can be obtained from the temperature
dependence of the η. Nevertheless, for the most part, as 𝐸g
depends on T, it spreads over a relatively large range in the
case of noncrystalline materials, that is, it decreases with
an increase of T.2,3,4 Angel5,6 quantified the slope of the
Tg-scaled Arrhenius plot of viscosity at temperatures of
∼Tg, that is, the fragility index m, which is derived using
the following equation7–11:

𝑚 =
𝐸g

2.303 ⋅ 𝑅 ⋅ 𝑇g
(2)

where m is used as an indicator to categorize liquids: (i)
strong systems that exhibit modest changes in viscosity
with temperature and (ii) fragile liquids that display drastic
changes in viscosity at temperatures of ∼Tg. Understand-
ing the factors controlling fragility is of significant interest
to glass science researchers. In industrial glass-making
processes, fragility is used as a measure of glass-forming
ability, and the working temperature range in which the
viscosity is 103–104 Pa s12,13 is appropriate for glass shaping.
Generally, shaping a strong system is simpler than shap-
ing a fragile system; thus, the compositional dependence
of fragility has been studied for industrial applications, par-
ticularly alkali silicate systems. Previous studies14–17 have
reported that the fragilities of silicate melts increase with
the depolymerization of silicate anions upon the addition
of metal oxides (e.g., alkali oxides) when the number of
nonbridging O atoms per tetrahedrally coordinated cation
(NBO/T) is<2 (an example is shown in Figure 1). However,
the effects of alkali oxides on the fragility of complex alu-
minosilicate systems remain unclear. Alkali and alkaline
earth cations (i.e., non-framework cations) exhibit alterna-
tive structural roles depending on their composition and
may function as network modifiers or charge compen-
sators.WhenAl cations occur asAlO4 tetrahedra in silicate
anions, the bridging O (BO) atoms between the Si and Al
cations (i.e., Si–OBO–Al) display residual negative charges
of −1/4 because O exhibits a formal charge of −2 and
the respective contributions of the tetracoordinated Si and
Al cations are +1 and +3/4. Non-framework cations (e.g.,
Ca2+) are required to balance the negative charges of −1/4
around the Si–OBO–Al species.18,19 The positive charges
of these non-framework cations are preferentially used to
balance the negative charge of Si–OBO–Al, and the excess
non-framework cations then act as network modifiers.20
Therefore, the aluminosilicate systems are categorized
into three types, depending on the (RO + R2O)/Al2O3
molar ratio, where R represents the alkaline earth or
alkali element: peralkaline ((RO+ R2O)/Al2O3 > 1), meta-
aluminous ((RO + R2O)/Al2O3 = 1), and peraluminous
((RO + R2O)/Al2O3 < 1).20 In the peralkaline and meta-
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F IGURE 1 Fragility indexm of binary alkali silicate melts
reported by Nascimento and Aparicio17 plotted against NBO/T. They
fit the viscosity data, which were measured by numerous
researchers, using the Vogel–Fulcher–Tammann (VFT) model (see
Equation 6).m ( = 𝐵𝑇g∕(𝑇g − 𝐶)2) was determined from the fitting
parameters of the VFT model. NBO/T is calculated from the
nominal compositions.

aluminous composition, aluminum cations tend to form
AlO4 tetrahedra because sufficient charge compensators
neutralize the negative charge near Si–OBO–Al, whereas
the five- or six- coordinated aluminum is easily formed in
the peraluminous regionwhere aluminum cations lack the
charge compensator.20 Most non-framework cations act
as charge compensators in meta-aluminous compositions,
whereas excess non-framework cations act as modifiers,
which form NBOs on SiO4 tetrahedra in peralkaline com-
positions. In peralkaline aluminosilicate melts containing
more than two types of non-framework cations, the pref-
erential roles of these cations depend strongly on their
average bond valences. These values are expressed as the
ratios of the valence numbers (Z) to the coordination
numbers (N) of the cations, that is, 𝑍∕𝑁.21 As the neg-
ative charges of −1/4 on the Si–OBO–Al BO atoms are
smaller than that of Si–ONBO (−1), cationswith lower bond
valences generally act as compensators, whereas those
with higher bond valences preferentially bond with Si–
ONBO in SiO4 tetrahedra.18,22,23 Among the aluminosilicate
glasses, CaO–SiO2–Al2O3 is one of the most critical sys-
tems for industrial glasses and melts, and alkali oxides
(e.g., Na2O andK2O) have been used as additives to control
their properties. Assuming thatN values of common alkali
cations (i.e., Li, Na, andK) are 4 (Li),24 6 (Na),24 and 7 (K),24
the estimated𝑍∕𝑁 values of these cations are 0.25 (Li), 0.17
(Na), and 0.14 (K), where the 𝑍∕𝑁 of Ca cations should be
close to 0.28 assuming N is 7,19,25 the estimated 𝑍∕𝑁 indi-
cates that K cations should have the strongest preference
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among these alkali cations to act as compensators of Si–
OBO–Al BO atoms in the calcium aluminosilicate systems.
Thus, adding K2O to the peralkaline CaO–SiO2–Al2O3 sys-
temmay result in two structural changes: (i) an increase in
the depolymerization of the silicate anions and (ii) partial
substitution of the Ca cations as charge compensators with
K cations at Si–OBO–Al. These potential structural changes
are consistent with previous structural analyses using 17O
nuclear magnetic resonance (NMR) spectroscopy,26,27 and
the former should increase fragility, as shown in Figure 1.
In terms of the effect of the latter structural change on
fragility, in meta-aluminous compositions, alkali alumi-
nosilicate melts exhibit lower fragilities than those of
alkaline earth aluminosilicate melts.28,29 Although their
detailed mechanisms remain unclear, the latter structural
change should display contrasting effects on fragility com-
pared to those of the former: The former should increase
fragility, whereas the latter should decrease fragility.
Therefore, estimating the change in the fragility of the
CaO–SiO2–Al2O3 system caused by the addition of K2O
remains challenging, and the change should differ when
CaO is added, which simply increases the NBO content of
the system. Further experimental studies are required to
elucidate these changes in fragility. In our previous study,26
we measured the viscosity of CaO–SiO2–Al2O3 melt by
adding K2O at temperatures higher than 1673 K and found
that the viscosity increased with increasing K2O content.
However, the mechanism underlying the increase in vis-
cosity remains unclear. In addition, the viscosity of the
lower-temperature region was not investigated, and the
impact of K2O addition on the fragility of the CaO–SiO2–
Al2O3 system has not been evaluated. This study investi-
gated the effect of K2O or CaO addition on the viscosity of a
peralkaline CaO–SiO2–Al2O3 melt with NBO/T< 1, which
is in the range of the composition of industrial glass mate-
rials (e.g., display glass), for a viscosity range wide enough
to derive fragility. The changes in the viscosity and fragility
observed upon the addition of K2O were compared with
those observed upon the addition of CaO.

2 EXPERIMENTAL PROCEDURES

2.1 Samples

The chemical compositions of the samples used for the
viscosity measurements are listed in Table 1. In this
study, 36 mol.% CaO–51 mol.% SiO2–13 mol.% Al2O3
(CAS), which exhibits a nominal NBO/T of 0.6, was
used as the parent composition. The nominal NBO/T
(=(2𝑋O − 4𝑋T)∕𝑋T)30 was derived from the composition,
where 𝑋O and 𝑋T are the respective atomic fractions of
the O and the fourfold coordinated species (i.e., T = Si

TABLE 1 Nominal and analyzed compositions (mol.%) and
NBO/T of the samples.

Composition (mol.%)

Samples CaO SiO2 Al2O3 K2O NBO/Ta

CAS nom.
obs.

36.0
36.9

51.0
50.2

13.0
12.9

-
-

0.60
0.63

CAS + 7.7K nom.
obs.

32.8
33.2

46.5
45.9

13.0
13.0

7.7
7.9

0.76
0.78

CAS + 10.8K nom.
obs.

31.6
32.2

44.6
43.9

13.0
13.1

10.8
10.8

0.83
0.85

CAS + 7.7Ca nom.
obs.

40.5
41.3

46.5
45.7

13.0
13.0

-
-

0.76
0.79

CAS + 10.8Ca nom.
obs.

42.4
43.1

44.6
43.7

13.0
13.2

-
-

0.83
0.85

aNominal NBO/T ( = (2𝑋O − 4𝑋T)∕𝑋T) is derived from the composition,
where 𝑋O and 𝑋T are the respective atomic fractions of the O and T species
(i.e., Si and Al).

and Al). Because the chosen compositions were in the
peralkaline region, we assumed that all Al cations form
AlO4 tetrahedra in the glass in this calculation. The
additive effect of K2O was compared with that of CaO
when the Al2O3 content remained constant. The K2O- and
CaO-doped samples are, respectively, denoted CAS + xK
and CAS + xCa where x represents the molar content
of K2O or CaO. Reagent powders of CaCO3 (FUJIFILM
Wako Pure Chemical Corporation), SiO2 (FUJIFILM
Wako Pure Chemical Corporation), Al2O3 (Sigma-Aldrich
Co. LLC), and K2CO3 (Sigma-Aldrich Co. LLC) were
carefully weighed and mixed using a mullite mortar
and pestle. The powder mixture was placed in a 30 mL
platinum crucible and melted at 1853 K for 15 min. After
melting, the samples were quenched on a copper plate
to obtain glassy samples. The quenched samples were
used for viscosity measurements in high-temperature
regions using the rotating cylinder method. For clarity,
these compositions are plotted in the (CaO+K2O)–
SiO2–Al2O3 pseudo-ternary diagram shown in
Figure 2.

2.2 Viscosity measurement in
low-viscosity region

Viscosity measurements over a wide temperature range
Tg-1873 K are required to determine the characteristics of
melts based on their viscosities. In this temperature range,
as the viscosity of the melt varies significantly from 0.1 to
1012 Pa s, these changes cannot be measured using a single
measurement technique.31 To cover the wide range of
viscosity variation, the present study used rotating cylin-
der, parallel plate methods as well as differential thermal
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F IGURE 2 Compositions of the samples plotted in a
(CaO+K2O)–SiO2–Al2O3 pseudo-ternary diagram. The gray solid
line indicates the molar content of Al2O3 of 13 mol.%, and the blue
solid lines represent the compositions with NBO/T = 1 and 0. (Color
online).

analysis (DTA). The viscosities of the sample melts in the
viscosity range of 10−1–10 Pa s were measured using the
rotating cylinder method. Detailed information on the
rotating crucible-type viscometer is provided in our previ-
ous reports.32 The quenched samples (∼40 g) were placed
in a Pt-20mass%Rh crucible (inner diameter: 30 mm and
height: 27mm) andheated to 1823K in air. A bob (diameter:
15 mm and height: 8 mm) composed of a Pt-20mass%Rh
alloy was immersed in the melt to an immersion depth
of 10 mm. The samples were melted for 60 min at 1823 K
to ensure compositional and temperature homogeneities.
After melting, the viscosity was measured at a crucible
rotation rate of 60 rpm during the cooling process in the
temperature range of 1823–1673 K in 25 K increments.
At each temperature, the samples were melted for more
than 15 min to ensure the temperature homogeneity of
the melt. The torque exerted on the bob was measured
four times. The averaged value was used to determine
the viscosities at the given temperatures. The repetitive
errors in the measurements were less than 1.5%. After
the measurements, the samples were reheated to 1823 K
and cast in a graphite mold. The obtained bulk glass was
annealed for more than 10 h at temperatures close to the
glass transition temperature. The annealed glass samples
were used for viscosity measurements in the high-viscosity
(lower temperature) region as well as for measurements
of the glass transition temperatures and structural char-
acterization. In addition, the chemical compositions of
the annealed glasses were analyzed. The CaO, SiO2, and
Al2O3 contents were evaluated using inductively coupled

plasma atomic emission spectroscopy, and the content of
K2Owas quantified using atomic absorption spectrometry.

2.3 Viscosity measurement in
high-viscosity region

Aparallel plate viscometer (PPVM-1100,OPTCorporation)
equipped with an electric resistance furnace (ARF-30KC,
ASAHI-RIKA) was newly installed and used to determine
the viscosities of the sample melts in the viscosity range
of 104–107.5 Pa s. A schematic of the viscometer is shown
in Figure 3A. The annealed glass was shaped into cylin-
ders (diameter: 10 mm and height: 5 mm) and sandwiched
between two silica glass plates (diameter: 35mmand thick-
ness: 2 mm). The sample was loaded with a weight of
0.137 kg, and the viscosity was determined by the rate of
change in the height of the cylindrical samples, as shown
in the following equation33:

𝜂′ =
2𝜋𝐹𝐻5

3𝑉
(
𝑑𝐻

𝑑𝑡

)
(2𝜋𝐻3 + 𝑉)

(3)

where 𝐹 [N] is the sum of the gravitational force, and 𝑉
[m3] is the volume of the cylindrical sample with height
𝐻 [m]. As the relaxation time of the melts is much shorter
than 1 s when the melt viscosity is 104–108 Pa s, Fontana34
continuously measured the temperature dependence of
the viscosity on the heating process at 10 K/min. Simi-
larly, the present study collected the sample displacement
every 30 s, and the viscosity of the sample was evaluated
during heating at 4 K/min. The viscosity of a standard
glass sample (SRM 717a, National Institute of Standards
and Technologies) was measured to calibrate the viscome-
ter. Figure 3B shows the measured viscosity of SRM 717a
compared with its recommended values. The difference
between the present and recommended values of logarith-
mic viscosity is approximately 0.21 at the softening points
of the SRM717a (T= 992± 5K, log 𝜂 = 6.65 Pa s). This small
difference is due to the inaccuracy of the measured sample
temperature. The present study calibrated the measured
viscosity 𝜂′ by the following equation:

Log𝜂 = 0.21 + Log𝜂′ (4)

The calibrated viscosity (𝜂) agrees well with the recom-
mended values for the temperature range of 925–1150 K.
This calibration methodology was applied to all the sam-
ples. Viscosity measurements were performed in the tem-
perature range of 1170–1270 K for the selected calcium
aluminosilicate glasses, whereas the examined tempera-
ture range was narrower for the K2O-containing samples
to avoid crystallization. To test the reproducibility of
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3826 SUKENAGA et al.

F IGURE 3 (A) Schematics of a parallel plate viscometer used in the present study. The sample temperature is monitored using a
thermocouple, which was set above the upper side silica glass plate. A thermocouple set below the lower side silica glass was used to check
the temperature homogeneity near the samples. (B) Measured (raw data) and calibrated viscosities of the SRM 717a compared with the
recommended values. (Color online).

the measurements, we prepared two pieces of samples
for the CAS+7.7K composition and performed viscosity
measurements twice. The measured logarithmic viscos-
ity for the two measurements agrees well with ±0.5%
scatter.

2.4 Measurement of Tg

The viscosity of the melt should be close to 1012 Pa s at
the Tg. The present study evaluated the Tg of the annealed
glass samples by DTA using a Thermo Plus Evo TG8120
instrument (RIGAKU Corporation). The annealed glass
samples were cylindrical (diameter, 4 mm and height,
1 mm) and placed in a Pt cell (outer diameter, 5 mm and
height, 5 mm). The samples were then heated at 10 K/min
in air. DTA curves were analyzed to evaluate Tg of the
samples.

2.5 Structural characterizations of the
glasses

The local structures of the Al cations were characterized
using 27Almagic-angle spinning (MAS)NMRspectroscopy
at approximately 300 K using a JNM-ECA 700 spec-
trometer (JEOL) under a magnetic field of 16.4 T. The
powdered sample was packed into a ZrO2 container and
spun at 20 kHz using a JEOL MAS 3.2 mm probe. The
NMR signals were measured at a Larmor frequency of

182.4 MHz and collected via single-pulse experiments with
a small tip angle (𝜋/10) and a delay of 5 s. One hun-
dred and twenty-eight scans were performed to obtain
each quantitative spectrum,35 and the chemical shifts of
the signals were referenced to a 1 M aqueous Al(NO3)3
solution.
Raman spectroscopy is an appropriate technique for

characterizing the structures of aluminosilicate anions.
Raman spectra of the sampleswere obtainedusing amicro-
Raman spectrometer (XploRA, Horiba) equipped with a
green Ar-ion laser (532 nm). Raman scattering was per-
formed four times with an exposure time of 100 s in the
wavenumber range of 25–1500 cm−1, and the intensities
of the obtained spectra were normalized relative to their
integrated intensities.36 To characterize the detailed com-
positional dependence of the Raman spectra in the range
of 200–1200 cm−1, the effect of the temperature and exci-
tation line on the normalized intensity (𝐼normalized) was
corrected by the following equation37:

𝐼corrected = 𝐼normalized ⋅

{
𝜈3
0
⋅ 𝜈 ⋅
[1 − exp (−ℎ𝑐𝜈∕𝑘𝑇)]

(𝜈0 − 𝜈)
4

}
(5)

where ℎ ( = 6.62607 × 10−34 J s) is the Planck constant,
𝑘 ( = 1.38065 × 10−23 J K−1) is the Boltzmann constant,
c ( = 2.9979 × 1010 cm s−1) is the speed of light, T is the
absolute temperature, 𝜈0 is thewavenumber of the incident
laser light (107/532), and 𝜈 is the measured wavenumber in
cm−1.
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SUKENAGA et al. 3827

F IGURE 4 (A) Differential thermal analysis (DTA) curves of the glass samples. The green lines indicate lines tangent to the curves
before and after the glass transition. Their intersection was evaluated as Tg. (B) Tg variation of the CAS glass with the addition of K2O or CaO.
(Color online).

TABLE 2 Observed Tg by differential thermal analysis (DTA)
and fitting parameters for the temperature dependence of the
viscosity using Vogel–Fulcher–Tammann (VFT) and MYEGA
models.

VFT parameters
MYEGA
parameters

Samples Tg/K A B C m 𝐥𝐨𝐠 𝜼∞

CAS 1079 ± 2 −3.64 3677 844 52 −1.43
CAS + 7.7K 1059 ± 2 −3.76 4037 803 47 −1.58
CAS + 10.8K 1052 ± 2 −3.89 4280 783 45 −1.71
CAS + 7.7Ca 1079 ± 2 −4.04 3699 849 55 −1.78
CAS + 10.8Ca 1081 ± 2 −4.11 3685 853 56 −1.82

3 RESULTS AND DISCUSSION

3.1 Sample composition and glass
transition temperature

Table 1 shows the analyzed compositions of the sam-
ples after the viscosity measurements in the low-viscosity
region. The analyzed compositions agreed well with the
nominal values. The present study displays the data using
nominal compositions.
Figure 4A shows the DTA curves of the glass sam-

ples. The present study defines Tg as the intersection of
a line tangent to the curve before the transition begins
and another line tangent to the curve immediately after
the glass transition.38 The evaluated Tg is plotted in
Figure 4B and listed in Table 2. As shown in Figure 4B,
Tg of the CAS glass decreased by adding K2O, whereas
Tg of the CAS glass was not sensitive to the addition of
CaO. The present study defines the viscosity of the sam-
ples as 1012 Pa s at the observed Tg by the present DTA
measurements.

F IGURE 5 Relationship between log 𝜂 and 10 000/T for the
CAS melt compared with reported values26,39–42 for similar
compositions. The solid black line displays the fitted
Vogel–Fulcher–Tammann (VFT) curve for the present viscosity data
for the CAS melt. *C, CaO (mol.%); S, SiO2 (mol.%); A, Al2O3

(mol.%).# DA, dilatometer; DT, DTA; DS, differential scanning
calorimetry; ID, indentation method; P: parallel plate method; RC,
rotating cylinder method. (Color online).

3.2 Viscosity and fragility

Figure 5 compares the relationship between the logarith-
mic viscosity (log 𝜂) and reciprocal temperature (1/T) for
the CAS melt with those reported in the literature26,39–42
for a similar composition. The viscosity and Tg values
of glasses with compositions close to those of CAS have
been measured by several researchers. As shown in
Figure 5, these reported values have relatively large scatter
(e.g., ±40% for the low-viscosity region), which should be
because different research groups measure and process
the data in different ways, although the principle of
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3828 SUKENAGA et al.

F IGURE 6 (A) Effect of K2O or CaO addition on the temperature dependence of the viscosity for the CAS melt. The solid and dashed
lines indicate fitting curves by the Vogel–Fulcher–Tammann (VFT) model. (B) Viscosity data in the high-viscosity region measured by the
parallel plate method. (C) Viscosity data in the low-viscosity region measured by the rotating cylinder method. (Color online).

the measurement is the same. Our viscosity data were
plotted in a scattered range, depending on the research
group. This verifies the reasonableness of the proposed
methodology. Looking at the temperature dependence of
the viscosity, the relationship between log 𝜂 and 1/T is not
linear. To express viscosity evolution with temperature,
the most popular empirical model is as shown in the VFT
following equation43:

log 𝜂 = 𝐴 +
𝐵

𝑇 − 𝐶
(6)

where A, B, and C are fitting parameters. The variation in
viscosity with respect to the temperature was reproduced
well by the VFT model (Figure 5).
Figure 6A shows the effect of adding K2O or CaO

on the temperature dependence of the viscosity of the
CAS melt. The VFT equation reproduces the temperature
dependence. The VFT fitting parameters (A, B, and C) are
summarized in Table 2.

As shown in Figure 6B, in the high-viscosity region, the
viscosity of the CAS melt decreased with the addition of
K2O or CaO. This tendency indicates that theNBO concen-
tration should dominate the viscosity in the high-viscosity
region.
In the low-viscosity region, as shown in Figure 6C,

the viscosity of CAS decreases with the addition of CaO,
whichmay be explained by the depolymerization of silicate
anions, as indicated by the increase in NBO/T. Conversely,
the viscosity of the CAS increases with the addition of
K2O. A similar tendency has been reported in previous
studies26,44,45 for similar compositions and more compli-
cated systems.46–48 However, the underlying mechanism
of the viscosity increase in calcium aluminosilicate melts
by adding K2O remains unclear. A possible mechanism for
this phenomenon is discussed in Section 4.2.
To evaluate the fragility of the sample melts, log η of

the samples is replotted against the Tg-scaled temperature
(Tg/T), as shown in Figure 7. Because the present study did
not measure the viscosity of the samples at temperatures
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SUKENAGA et al. 3829

F IGURE 7 (A) Log η of the sample glasses is plotted against Tg-scaled temperature (Tg/T). The dashed and solid lines represent the
fitting curve obtained the MYEGA model (Equation 7). The red and blue arrows represent the direction of stronger and more fragile
behaviors. (B) Effect of the addition of K2O or CaO on the derived fragilitym of the CAS glass. (Color online).

close to the glass transition temperature, it was difficult to
derive m by fitting the viscosity data using a linear func-
tion (Equation 1). Mauro et al.10 have developed a viscosity
model (theMYEGAmodel) usingm as a fitting parameter:

log 𝜂 = log 𝜂∞ + (12 − log 𝜂∞) ⋅
𝑇g

𝑇

⋅exp

[(
𝑚

12 − log 𝜂∞
− 1

)(
𝑇g

𝑇
− 1

)]
(7)

where log 𝜂∞ is an infinite temperature viscosity. The
relationship between log η and Tg/T was well fitted by
Equation (7). The derived m of CAS, as shown in Table 2
and Figure 7, increases with the addition of CaO, which is
consistent with the results of a previous study,49 whereas
the opposite effect is observed when K2O is added. CaO
and K2O are common components used to control the
physical properties of glasses; however, these additives
have contrasting effects on the fragility of the CAS melt.

3.3 Raman spectroscopy

Figure 8A shows the Raman spectra of the glasses.
Aluminosilicate glasses exhibit Raman signals in the
boson (∼200 cm−1, 𝜈1) and low- (400–600 cm−1, 𝜈2 and
𝜈3), middle- (600–800 cm−1, 𝜈4), and high-wavenumber
regions (800–1200 cm−1, 𝜈5).
The Raman signals in the boson region reflect the rota-

tional motions of the almost rigid tetrahedra.50 Generally,
the peak positions of the boson signals generally shift to
higher frequencies with increasing distortion of the TO4
tetrahedra (T:Si or Al). Figure 8B shows the 𝜈1 signals
of the Raman spectra. The peak position of the 𝜈1 signal
does not change with the addition of CaO, but the signal
shifts to a lower frequency when K2O is added to CAS.

A similar trend was reported when Na was substituted
with K in alkali aluminosilicate glasses,50 and thus, the
levels of distortion of the TO4 tetrahedra decrease with
the addition of K2O.
To facilitate the comparison of the Raman spectra in

the low- and high-wavenumber regions, the temperature
and excitation line effect was corrected using Equation (5)
and shown in Figure 8C. The Raman signals in the low-
wavenumber region are related to the motions of the O
atoms in the Si–O–Si linkages, and the peak positions of
the signals are associated with the presence of three- to six-
membered (or larger) rings. As shown in Figure 8C, two
shoulder peaks are observed at approximately 500 (𝜈2) and
570 cm−1 (𝜈3) in the Raman spectrum of the CAS glass. The
position of the 𝜈2 signal is close to that of the reported D1
band (in the spectra of silica and aluminosilicate glasses),
indicating the presence of –T–O–T– (T:Si or Al) four-
membered rings.51 The 𝜈3 signal at 570 cm−1 is observed
at a slightly different position compared to that of the D2
band (607 cm−1), which indicates the presence of –Si–O–
Si– three-membered rings in a silica glass.51 However, the
peak at ∼570 cm−1 is also observed in the spectrum of
the CaAl2Si2O8 glass and may be assigned to the –T–O–T–
three-membered rings in the aluminosilicate glass.52 The
intensity of 𝜈2 decreases relative to that of 𝜈3 by adding
K2O or CaO to the CAS glass. Hence, the relative frac-
tion of four-membered rings decreases with the addition
of these non-framework species to the CAS glass, whereas
the relative fraction of three-membered rings increases.
Broad, weak signals are observed in the middle-

wavenumber regions (𝜈4) in the spectra of all samples. This
signal is due to the SiO4–SiO4 intertetrahedral linkages,53
but no clear changes based on the composition are
observed.
The Raman signal in the high-wavenumber region,

which is assigned to the T–O stretching vibration,
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3830 SUKENAGA et al.

F IGURE 8 (A) Raman spectra of the present aluminosilicate glasses and the (B) magnified spectra in the range 50–200 cm−1. (C)
Intensity corrected Raman spectra of the glasses. Temperature and excitation line effects on the area-normalized intensity were corrected
using Equation (5). (Color online).

generally shifts to a lower wavenumber with increasing
NBO/T and Si substitution with Al. The center of gravity of
signal 𝜈5 shifts to a lower wavenumber upon the addition
of K2O or CaO to the CAS glass, as shown in Figure 8C.
Deconvolution of the 𝜈5 signal is challenging because of
the heavy signal overlap. Although it is difficult to exper-
imentally determine the NBO/T values based on Raman
spectra, a previous 17O (17O) MAS NMR study26 on CaO–
K2O–SiO2–Al2O3 glass indicated that the experimentally
determined NBO/T values are close to the nominal values
determined using the compositions. Moreover, the atomic
ratio of Al to Si (Al/Si) in the CAS glass increases after the
addition of K2O or CaO, as shown in Table 1. The shift of
the 𝜈5 signal to lower wavenumbers is caused by increases
in the NBO/T and Al/Si ratios. Overall, the Raman spec-
tra of the CAS, CAS+K, and CAS+Ca glasses reveal that
two types of structural variations occur when K2O or CaO
is added to the CAS glass:

∙ The levels of distortion of the TO4 tetrahedra decrease
with the addition of K2O to the CAS glass, whereas the
addition of CaO displays little effect on TO4 distortion.

∙ The relative fraction of smaller (three-membered) rings
increases with the addition of K2O or CaO.

3.4 27Al MAS NMR spectroscopy

Figure 9 shows the 27Al MAS NMR spectra of the glasses.
The spectrum of the CAS glass displays a main signal
and a small shoulder at ∼60 and ∼30 ppm, respectively.
The former is assigned to tetrahedrally coordinated Al
cations (AlO4),54,55 and the latter indicates the presence
of pentacoordinated Al species (AlO5).54,55 The inten-
sity of the signal assigned to AlO5 decreases with the
addition of K2O to the CAS glass, whereas it does not
change significantly with the addition of CaO. The signals
representing AlO4 exhibit asymmetric line shapes with
tails toward the low-frequency regions, mainly because of
quadrupolar interactions, which may be characterized by
the quadrupole coupling constant (CQ). The linewidth of
the CAS glass decreases with the addition of K2O. The
CzSimple model in the DMFIT program (French National
Centre for Scientific Research, France)56 was used to sim-
ulate the line shapes of the signals representing AlO4 and
AlO5 (Figure S1), and the fitting results are shown in
Table 3. The fitting results show that AlO4 is the major
species of aluminum cation in the present glasses. The
obtained area fraction of the AlO5 signal for the annealed
CAS glass is approximately 2%, which is slightly lower
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SUKENAGA et al. 3831

F IGURE 9 (A) 27Al magic-angle spinning (MAS) NMR spectra of the present aluminosilicate glasses and (B) effect of the K2O or CaO
addition on the CQ of the AlO4 sites derived from the 27Al MAS NMR spectra. (Color online).

TABLE 3 Fitting parameters of the 27Al magic-angle spinning
(MAS) NMR spectra of the present aluminosilicate glasses.

Area fraction (%) CQ (MHz)
Samples AlO4 AlO5 AlO4 AlO5

CAS 98 2 6.4 6.3a

CAS + 7.7K 99 1 5.2 5.2a

CAS + 10.8K >99.5 <0.5 5.1 5.0a

CAS + 7.7Ca 98 2 6.4 6.3a

CAS + 10.8Ca 98 2 6.3 6.3a

aFixed parameter.

than that in our previous report35 (∼5%) for quenched glass
with a similar composition, where the area fraction was
obtained by Gaussian fitting. This small difference could
be due to the difference in the fitting methodology, as
well as the thermal history (i.e., fictive temperature) of
the glasses. The area fraction of the minor AlO5 species
is approximately 2% in the CAS- and CaO-added glasses,
whereas the K2O-added CAS glass contains a lower con-
tent of AlO5 species (1%). This tendency may be explained
by the smaller 𝑍∕𝑁 values of the K cations (∼0.14) rela-
tive to those of the Ca cations (∼0.28) because the negative
charges of the BOs close toAlO5 are larger than those of the
BOs close to AlO4.18,19 Overall, the area fractions of AlO4
in the glasses are >97%, which validates our assumption
that the Al cations occur as AlO4 tetrahedra when calcu-
lating the NBO/T of each composition (Table 1). Moreover,
the AlO4 signals of the CAS and CaO-added glasses exhibit
larger CQ values than the AlO4 signal of the K2O-added
CAS glass (see Figure 9B and Table 3). The CQ of AlO4
increases with the shear strain parameter |𝜓| of the AlO4
tetrahedron, as defined by the following equation57:

|𝜓| =∑
i

|tan (𝜃i − 𝜃ideal)| (8)

The sum is over six O–Al–O bond angles 𝜃i, and 𝜃ideal
is the ideal O–Al–O bond angle (109.5◦), as shown in

F IGURE 10 Schematic of the structure of an AlO4

tetrahedron.58 𝜃i indicates an O–Al–O bond angle.

Figure 10. The derived CQ values of the glasses indicate
that the shear strain (mainly due to the field strengths of
the compensator cations) decreases with the addition of
K2O to the CAS glass, whereas the addition of CaO does
not significantly affect the shear strain of AlO4. This trend
is consistent with the variation in the boson peak in the
Raman spectrum (Figure 8B).

4 DISCUSSION

4.1 Relationship between the fragility
and glass structure

Figure 11 schematically shows the possible structures of
Ca- and K-doped aluminosilicate glasses. Aluminosilicate
glass comprises network structures and weak channels.59
The former are generated via the connection of framework
cations via BOs with charge compensators, and the latter
contains network modifiers and NBOs. The fragility of the
melts reflects the structures of both regions. The additive
effect of CaOon the fragility of theCAS can be explained by
the increased number of weak channels, represented by an
increase in NBO/T. Conversely, explaining the decreased
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3832 SUKENAGA et al.

F IGURE 11 Schematic of the in-plane structure of an
aluminosilicate glass. The blue and yellow tetrahedra, respectively,
represent SiO4 and AlO4. (Color online).

fragility with the addition of K2O based on NBO/T alone
is difficult, and the decrease in fragility should correlate
with variations in the network structures. The fragility
of the network liquid varies as functions of ring size
distribution60 and the rigidities of the local structures
close to framework cations (e.g., Si4+ and Al3+).49 Molec-
ular dynamics simulations indicate that large rings (e.g.,
six-membered rings) are flexible and stress-free, with no
internal driving force for structural deformation, whereas
smaller rings are relatively strained and thus may exhibit
internal stress.60 Shi et al.60 proposed the averagemedium-
range distance (MRD/Å), which is an indicator of ring size
distribution.MRD/Åmaybe calculated using the following
equation:

𝑀𝑅𝐷∕Å = 𝑓≤4 ring × 3.15 + 𝑓5 ring × 3.70 + 𝑓≥6 ring × 4.30
(9)

where 𝑓m ring is the relative fraction of the m-membered
ring, which can be determined from the total neutron
scattering of the sample. Although determining the quanti-
tative ring-size distributions (i.e.,MRDs) of the samples is
challenging, their Raman spectra indirectly indicate that
the relative fraction of smaller rings generally increases
with the addition of K2O to the CAS (Figure 8). The vari-
ation in the ring size distribution may not explain the
decreased fragility due to K2O addition of, and thus, the
rigidities of the local structures close to the Al cations may
affect the fragility. Behrens and Schultz61 proposed that
the distortion of the O–T–O bonds (i.e., the shear strain of
AlO4) reduces the energy required to cleave the T–O bond.

The observed CQ of AlO4 in the K2O-added CAS + K indi-
cates that the cleavage and reformation of the Al–O bonds
are less pronounced than those in the CAS glass (Table 3).
The decrease in the fragility of the CAS with the addition
of K2O is likely due to the decrease in the shear strains of
the AlO4 tetrahedra.

4.2 Possible mechanism of viscosity
increase in CAS by K2O addition in the
low-viscosity region (Hypothesis)

To discuss the viscosity ofmelts in the low-viscosity region,
it is necessary to understand which types of structural
characteristics dominate it. The logarithmic viscosity of
the aluminosilicate melts decreases nonlinearly with the
reciprocal temperature by elevating the temperature of the
melts for the wide viscosity range 10−1–1012 Pa s. One of
the most successful models for explaining this nonlinear
relationship is the Adams–Gibbs (AG) model,62 which is
represented by the following equation:

log 𝜂 = 𝐴e +
𝐵e

𝑇 ⋅ 𝑆conf (𝑇)
(10)

where 𝐴e and 𝐵e are constants, and 𝑆conf (𝑇) is the con-
figurational entropy, which may be determined based on
calorimetric data. The AG model assumes the presence of
a cooperatively rearranged region (CRR) in the glass struc-
ture. When the number of molecules in the CRR is defined
as 𝑧(𝑇), its relationship with 𝑆conf (𝑇) is represented by the
following equation63:

𝑧 (𝑇) =
𝑠∗
conf
⋅ 𝑁A

𝑆conf (𝑇)
(11)

where 𝑠∗
conf

is the configurational entropy of a single
molecule and 𝑁A is Avogadro’s number. Because 𝑠∗

conf
is constant depending on the composition and 𝑆conf (𝑇)
should increase with increasing temperature, 𝑧(𝑇) gen-
erally decreases with increasing temperature. Therefore,
when the temperature is approximately Tg (i.e., in the
high-viscosity region), the variation in the size of the
CRR (i.e., 𝑧(𝑇)) should dominate the temperature depen-
dence of the viscosity. However, in a high-temperature
melt with a viscosity close to or lower than 1 Pa s (i.e.,
the low-viscosity region), the size of the CRR (i.e., 𝑧(𝑇))
is so small that the average bond strength determines the
viscosity.64 As K2O addition decreases the viscosity of sili-
catemelts without alumina in the low-viscosity region,65,66
the viscosity (i.e., the average bond strength of the melt)
increase in the K2O-added melts should be related to the
interaction between potassium cations and the local struc-
ture near aluminum cations. Previous molecular orbital
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SUKENAGA et al. 3833

calculations67 for aluminosilicate frameworks indicate
that the bond strengths of the Al–OBO and Si–OBO bonds
near potassium cations are higher than those near calcium
cations in aluminosilicate frameworks, where aluminum
cations form AlO4 tetrahedra. This bond strength varia-
tion, depending on the types of nearest non-framework
cations (i.e., K+ and Ca2+), should partially contribute to
the viscosity increase in theCASmelt by addingK2O.How-
ever, this contribution will not be the dominant factor in
the viscosity increase because the viscosity of molten sili-
cates without alumina does not increase with the addition
of K2O, even if the strength of the Si–OBO bonds increases.
Another aspect of the local structure that can affect the

viscosity of aluminosilicate melts is the ordering of the
Si and Al cations in the framework. This is known as
Löwenstein’s rule,68 which indicates that the Si–OBO–Al
linkage is energetically more favorable than the combina-
tion of Si–OBO–Si and Al–OBO–Al species because of the
higher negative charge onAl–OBO–Al than on the Si–OBO–
Al bridging oxygens. In most cases, Löwenstein’s rule is
applicable to crystalline aluminosilicate, whereas the rule
is partially violated in some aluminosilicate glasses and
melts in the peralkaline region.69,70 Generally, the strength
of T–OBO–T (T= Si or Al) bonds decreases with decreasing
bond angle.71 As the bond angle of Al–OBO–Al is normally
narrower than those of the Si–OBO–Si and Si–OBO–Al
bonds,71 the formation of Al–OBO–Al species can decrease
the viscosity of aluminosilicate melts in the low-viscosity
region. The signal of Al–OBO–Al was undetectable in
the previous 17O NMR spectrum of the CAS glass at
room temperature27; however, a non-negligible amount
of Al–OBO–Al exists in the molten calcium aluminosili-
cates at elevated temperatures (e.g., > 1673 K)72–74 because
its fraction generally increases with increasing tempera-
ture. In addition, the amount of Al–OBO–Al depends on
the melt composition. Lee and Stebbins72 reported that
the Al–OBO–Al fraction in calcium aluminosilicate melts
was higher than that in alkali aluminosilicate systems.
This tendency indicates that the formation of Al–OBO–Al
linkages is suppressed by adding K2O to the CAS melts.
The remaining aspect of the local structure that affects

the average bond strength of the melts is the coordina-
tion number of the aluminum cations. It is well known
that the coordination number of aluminum cations in
silicate varies from four to six depending on the compo-
sition and temperature, where the field strength (Z/r2) of
aluminum cations increases with a decrease in their coor-
dination number. In glass samples at room temperature,
four-coordinated aluminum is the major species (>97%)
in the present glass samples. However, an in situ 27Al
NMR study75 of a 43.1CaO–44.4SiO2–12.5Al2O3 (mol.%)
melt indicated the fraction of five-coordinated aluminum
cations increases by elevating temperature and should

be close to 20% at 1673 K. In contrast, the formation of
five-coordinate aluminum cations was not pronounced
for peralkaline sodium aluminosilicate melts.50 This indi-
cates that the presence of alkali cations suppresses the
increase in the coordination number of aluminum cations
in molten aluminosilicates. This is due to the lower bond
valence of alkali cations than that of calcium cations,
where five-coordinated aluminum cations tend to increase
the negative charge on the Si–OBO–Al bridging oxygen.19
Similarly, the addition of K2O to the CASmelt should sup-
press the formation of five-coordinated aluminum cations.
Eventually, it is still hypothetical, but the K2O-induced
viscosity increase in the CAS melt in the low-viscosity
region can be explained by the reduction of disordered
species (i.e., Al–OBO–Al, five-coordinate Al) by adding
K2O to the molten CAS. In situ high-temperature struc-
tural characterization76 is required to directly prove this
hypothesis regarding the mechanism of viscosity increase
in the low-viscosity region.

5 CONCLUSIONS

In this study, the additive effects of K2O and CaO on
the viscosity of a calcium aluminosilicate melt and the
obtained data were used to evaluate the fragility of the
compositions. The fragility of the calcium aluminosilicate
melt increased with the addition of CaO, mainly because
of the increased number of nonbridging O atoms. This
trend is consistent with the results of a previous study
on silicate melts. Conversely, the fragility of the calcium
aluminosilicate melt decreased with the addition of K2O,
despite an increase in the number of nonbridging O atoms.
This anomalous trend can be explained by the decreased
shear strains of the AlO4 tetrahedra, which increased
the resistance of the Al–O bonds to cleavage during melt
flow. The addition of an appropriate amount of K2O to the
aluminosilicate melt expanded its working temperature
range, facilitating the shaping of the aluminosilicate
glass. We also discuss a possible mechanism for the
viscosity increase in the CAS melt by adding K2O to the
low-viscosity region. This is still hypothetical; however,
the content of disordered species (i.e., Al–OBO–Al, five-
coordinate Al), which is undetectable in glass samples at
room temperature but non-negligible in the molten state,
should dominate the anomalous viscosity increase.
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