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While the mixed alkali effect has received significant attention in the glass literature, the mixed alkaline
earth effect has not been thoroughly studied. Here, we investigate the latter effect by partial substitution
of magnesium for calcium in sodium aluminosilicate glasses. We use Raman and NMR spectroscopies to
obtain insights into the structural and topological features of these glasses, and hence into the mixed alkaline
earth effect. We demonstrate that the mixed alkaline earth effect manifests itself as a maximum in the amount of
bonded tetrahedral units and as a minimum in liquid fragility index, glass transition temperature, Vickers
microhardness, and isokom temperatures (viz., the temperatures at1] = 10> and 10'>? Pa s). The observed min-
ima in fragility, glass transition temperature, and isokom temperature are ascribed to bond weakening in the local
structural environment around the network modifiers. We suggest that, since the elastic properties of the investi-
gated system are compositionally independent, the minimum in Vickers microhardness is closely correlated to
the minimum in isokom temperatures. Both of these properties are related to plastic flow and the translational
motion of structural units, and hence both may be related to the same underlying topological constraints. This
indicates that there might not be any significant difference in the onset of the rigid sub-T, constraints for the inves-
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tigated compositions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Most alkali-containing oxide glasses exhibit non-additive varia-
tions of certain properties when one alkali ion is substituted by an-
other one. This phenomenon is known as the “mixed alkali effect”
and is one of the most intriguing unsolved phenomena in glass
science [1,2]. The mixed alkali effect especially manifests itself in
non-additive discrepancies in transport properties, such as diffusion,
conductivity, and viscosity. These properties are commonly referred
to as dynamic properties, in contrast to static properties such as den-
sity, refractive index, and molar volume, all of which exhibit relatively
small deviations from linearity [3,4].

The mixed alkali effect has been known for decades, yet over the
past few years it is still drawing significant attention [1,5-10]. In
contrast, the mixed alkaline earth effect has received relatively little
attention. The mixed alkaline earth effect is phenomenologically
analogous to the mixed alkali effect, i.e., it concerns substitution of
one alkaline earth ion by another one. The influence of the mixed
alkaline earth effect on glass properties is also analogous to that of
the mixed alkali effect, i.e., deviations from linearity are observed
for certain glass properties upon substitution of alkaline earth ions
[4,11-14]. Since the mixed alkaline earth effect can affect the glass
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properties in a non-predictive manner, it is important to study this
effect from both scientific and technological points of views.
Although the structural and topological origins of the mixed alkali
effect have been the subject of much experimental and modeling work,
a thorough understanding of the effect is still lacking [9,15,16]. Despite
making progress in interpreting the mixed alkali effect by establishing
phenomenological and physical models such as the strong [17,18] and
the weak [19-23] electrolyte models, the diffusion controlled relaxation
model [24,25], and the jump diffusion model [26], the experimental find-
ings can still not be completely explained by theory. Recently, the intro-
duction of the dynamic structure model [27-30] has helped to establish
a more coherent picture [9,10,31-33]. The dynamic structure model is
based on an energy landscape approach, in which the unoccupied cationic
sites initially are associated with a relatively high potential energy. As the
previously unoccupied sites become occupied, the surrounding atoms in
the glassy network are ordered. Consequently, different potential ener-
gies for these sites are created. When an ion leaves its site, the associated
potential energy relaxes back to that of the unoccupied site. Thus, there
exists a time window during which the occupation of this site by a sim-
ilar ion is energetically favored. As the relaxation time and the potential
energy associated with the ion site depend on the type of ion, each ion
creates its own preferred pathway in the network, and participates in
the evolution of the energy landscape [27,30]. Several studies have
demonstrated that the mixed alkali effect has a structural origin associ-
ated with a cationic potential energy mismatch effect. Such evidence is
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obtained from X-ray absorption spectroscopy [34,35], nuclear magnetic
resonance (NMR) spectroscopy [36,37], infrared spectroscopy [38,39],
and neutron and X-ray scattering [40] measurements. The dynamic
structure model has been supported by results from both reverse
Monte Carlo modeling [40] and molecular dynamics simulations
[29,41,42].

The mixed alkaline earth effect has primarily been investigated in
silicate and aluminosilicate glasses due to the industrial importance of
these systems, e.g., as chemically strengthened cover glasses in personal
electronic devices [43] and for modern design purposes [5]. In silicate
systems, the glass transition temperature exhibits a negative deviation
from linearity when calcium is substituted for magnesium [11,44-46].
Also, in the same system, Vickers hardness has been shown to deviate
positively from linearity and the liquid fragility index negatively
[5,14,47]. Density, molar volume and the coefficient of thermal expan-
sion all exhibit a linear dependence on composition [5,11]. These results
qualitatively agree with those of mixed alkali glasses [4].

In a systematic investigation of glass properties and their de-
pendence of the mixed cationic effect (i.e., when both alkali and alkaline
earth ions co-exist), Byun et al. [48] conclude that no “simple mechanism”
can be responsible for the observed nonlinearities. Moreover, they point
out that the deviation from linearity of certain properties must be inti-
mately connected with microscopic structural changes [48]. Hence, in
order to reveal the origin of the observed deviations of glass properties
from linearity, the accompanying structural changes must be known
[48]. In literature, the mixed alkaline earth effect has been observed as
nonlinearities in properties of various silicate [11,13,14,44-47,49,50],
phosphate [12,51], and borate glasses [52]. However, to our best knowl-
edge, the correlation between the mixed alkaline earth effect and struc-
tural changes has not yet been studied.

In this paper, we investigate both static and dynamic properties of
sodium aluminosilicate glasses containing calcium and/or magnesium
with respect to the mixed alkaline earth effect. We prepare eight glass
compositions with a molar ratio between calcium and magnesium vary-
ing from O to 1. We measure static properties such as density, molar vol-
ume, refractive index, coefficient of thermal expansion, elastic moduli,
and Vickers hardness, as well as dynamic properties such as glass tran-
sition temperature, configurational heat capacity, and liquid fragility
index. The influence of the mixed alkaline earth effect on these proper-
ties is discussed based on structural information obtained from room
temperature Raman and NMR spectroscopy measurements. Finally,
we discuss the mixed alkaline earth effect in terms of topological
changes of the networks by considering the dynamic structure model.

2. Experimental procedure
2.1. Sample preparation

The analyzed compositions of the sodium aluminosilicate glasses
under study are given in Table 1. All glasses included ~0.16 mol% SnO,
as a fining agent. To prepare the glasses, the raw materials were first
melted in a covered platinum crucible for 5 h in air at a temperature be-
tween 1450 and 1600 °C, depending on composition. In order to ensure
chemical homogeneity, the melts were first quenched in water, and the
resulting glass pieces were crushed and remelted for 6 h at 1650 °C and
finally cast onto a stainless steel plate in air. The glasses were annealed
for 2 h at their respective annealing points. The chemical compositions
of the final glasses were determined using X-ray fluorescence, and the
analyzed compositions were all within 0.5 mol% of the nominal targets
(Table 1). Room-temperature densities of the glasses were determined
by Archimedes' principle using water as immersion liquid.

2.2. Thermal expansion and strain, annealing, and softening points

Analysis of annealing and strain points involves heating a glass fiber
of specific dimensions under a specific load (ASTM C336). The fibers

Table 1
Analyzed chemical composition of the eight sodium aluminosilicate glasses under
study. Compositions were analyzed by X-ray fluorescence (+0.1 mol%).

Glass ID Composition (mol%)

SiO, AlLO3 Na,O MgO Ca0
Mg-Ca0 59.92 15.98 15.77 8.08 0.09
Mg-Ca0.8 59.93 15.98 15.83 7.33 0.78
Mg-Cal.6 60.11 15.96 15.82 6.39 1.57
Mg-Ca2.4 59.91 15.99 15.79 5.76 2.40
Mg-Ca3.2 59.73 16.00 15.75 5.14 3.23
Mg-Ca4.8 59.81 16.02 15.70 3.41 4.90
Mg-Ca6.4 59.85 15.97 15.85 1.65 6.52
Mg-Ca8 59.83 16.01 15.79 0.13 8.08

were heated to approximately 25 K above their estimated annealing
point and then cooled at a rate of 4 K/min. Annealing and strain points
(n=10">? Pa s and 11 = 103> Pas) were then determined as the
temperatures that correspond to specific elongation rates, which have
been identified by prior analysis of NIST standard glasses. Softening
points (1) = 10%° Pa s) were determined by heating glass fibers and
monitoring their elongation rate under their own weight (ASTM
(C338). The heating rate was set to 5 K/min and the softening point
was defined as the temperature at which the elongation rate was
1 mm/min. Coefficients of thermal expansion () were also determined
from this experiment, averaged over a temperature range of 25-300 °C.

2.3. Temperature dependence of viscosity

The temperature dependence of equilibrium viscosity was mea-
sured by performing beam bending, parallel plate, and concentric cylin-
der experiments. The viscosity curve of each composition is represented
by data points at 10%° Pa s (obtained via parallel plate viscometry),
10'! Pa s (obtained via beam bending viscometry), and 12-20 data
points in the range of 10" to 10° Pa s (obtained via the concentric cylin-
der method). For beam bending experiments, bars of 55 mm length and
2.5 x 2.5 mm? cross section were cut from the bulk glasses. For parallel
plate experiments, cylinders of 6.0 mm diameter and 5.0 mm thickness
were core drilled, and afterwards the flats were polished to an optical
finish. For concentric cylinder experiments, ~600 g of crushed glass
was remelted. The temperature errors associated with determining
the 10'! Pa s point by the beam-bending method and the 10%° Pa s
point by the parallel plate method are +1 and +2 °C, respectively.
The estimated error in viscosity for the high-temperature measure-
ments (by the concentric cylinder method) is logn = 40.02 (ninPa s).

2.4. Vickers microhardness

All of the prepared glass samples were polished to mirror image
finish and Vickers microhardness (Hy) was measured using a Duramin
5 indenter (Struers A/S). A total of 30 indents were conducted on each
sample using an indentation time of 10 s and an indentation load of
0.49 N. The measurements were performed in air at room temperature.

2.5. Elastic moduli

The elastic properties (Young's and shear moduli) were measured at
room temperature using resonant ultrasound spectroscopy. Prisms of
dimensions 10 mm x 8 mm x 6 mm were used to gather resonance
spectra from 100 to 300 kHz. For each sample, the first five resonant
peaks as a function of frequency resulting from excited resonant eigen-
modes were used to calculate the elastic properties.
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2.6. Refractive indices

Refractive index (n) measurements were performed at the sodium
D-line (589.3 nm) using a low range Precision Refractometer (Bausch
& Lomb) with a sodium arc lamp. The measurements were performed
on 1.0 mm thick samples with polished surfaces that were cleaned
prior to measurements with high purity ethanol. The standard devia-
tion of n is around +0.0003.

2.7. Glass transition temperature and isobaric heat capacity

Calorimetric measurements were performed on a differential
scanning calorimeter (DSC 449C, Netzsch) to determine the calorimet-
ric glass transition temperature (Tg) and the jump in heat capacity dur-
ing the glass transition (AG,). Each sample was subjected to two up and
downscans at 10 K/min to approximately 100 K above the glass transi-
tion temperature. The first scan reflects an unknown thermal history
whereas the second scan reflects the standard thermal history of a cooling
of 10 K/min [53]. A flow of 40 ml/min argon was used as protective gas
and platinum crucibles were used for both sample and reference. In
order to calculate the isobaric heat capacity (C,) of the sodium alumino-
silicate glasses, a sapphire standard of approximately the same weight
was measured before the measurement of each sample.

2.8. Structural aspects

Raman spectra were collected at room temperature on glass sam-
ples that were optically polished to a thickness of 50-80 um with
parallel top and bottom surfaces. Grinding and polishing were done
using 600 grit SiC sand paper and cerium oxide slurry. A LabRAM
HR800 Raman microscope (Horiba Jobin Yvon) was used to collect
the spectra by using a 532 nm Verdi V2 DPSS green laser as the prob-
ing light source. The experimental setup is described in detail by
Guerette and Huang [54]. Following Refs. [55,56], we have removed
the spectral background by fitting a second order polynomial to the
spectral region between 1250 and 1550 cm ™! (where no Raman bands
are present), extrapolating it to lower frequencies and subtracting it
from each spectrum.

27 Al magic angle spinning (MAS) NMR experiments were conducted
at 11.7 T (130.22 MHz resonance frequency) using a commercial spec-
trometer (VNMRS, Agilent) and a commercial 3.2 mm MAS NMR probe
(Varian/Chemagnetics). Powdered glasses were packed into aluminum-
free 3.2 mm zirconia rotors with sample spinning at 20 kHz. 0.6 s
radio-frequency pulses, corresponding to a 11/12 tip angle, were used to
excite the 2’Al central transitions uniformly and thus provide quantita-
tively accurate Al speciation. The 2’Al MAS NMR spectra were processed
without additional line broadening and referenced to aqueous alumi-
num nitrate at 0.0 ppm. 2’Al MAS NMR spectra were analyzed using
the Dmfit program [57]. This program provides a means by which to
simulate second-order quadrupolar lineshapes, and in the case of 27Al
NMR spectra, an additional parameter (Czjzek distribution) to account
for distributions in the quadrupolar interaction [58]. 2’Al MAS NMR
spectra were fit using this approach and relative peak intensities were
determined from numerical integration of the simulated AlO, and
AlOs lineshapes.

3. Results
3.1. Dynamic properties

The viscosity-temperature relationship has been the focus of several
models [59-62]. Recently, Mauro et al. [61] proposed a new and im-
proved model. This model is referred to as the “MYEGA” equation. It is
founded upon the temperature dependence of configurational entropy
[60] via the Adam-Gibbs equation of viscosity [59] and is derived based
on topological constraint theory. The model is able to account for the

configurational entropy both at the high temperature limit (a problem
with the Avramov-Milchev model [60]) and at the low temperature
limit (a problem with the Vogel-Fulcher-Tammann model [62]). Another
important feature is that all three fitting parameters of the MYEGA model
bear a physical meaning. The model is given by Eq. (1),

logn(T) = logn., . .
m
+(12—lomm)%exp[<m—l> (%—1)] 1)

where 7., is the high-temperature limit of liquid viscosity, Ty is the glass
transition temperature, and m is the liquid fragility index. m is defined
as the slope of an Angell plot at T, (Eq. (2)) [63].

d(logn(T))

"o, 2

T=Tg

By fitting Eq. (1) to the experimental viscosity data using a Levenberg-
Marquardt algorithm [64,65] (see inset of Fig. 1), we obtain the liquid
fragility index and glass transition temperature.

In Fig. 1, m is plotted as a function of the molar ratio of magne-
sium to total alkaline earth content [MgO] / ([MgO] + [CaO0]). We
note that two distinct compositional regimes exist. Initially, as calcium
is substituted for magnesium, the liquid fragility index decreases. This
trend continues until a substitution degree of 0.70 after which the fra-
gility increases upon further substitution. The largest deviation from
linearity (the dashed line) is observed at a substitution degree of
~0.63, i.e,, the largest mixed alkaline earth effect is observed at a com-
position close to the one with equal concentrations of the two alkaline
earth ions.

Fiber elongation data are presented in Figs. 2 and 3. In Fig. 2, the coef-
ficient of thermal expansion (), calculated as an average from 25 to
300 °C, is plotted as a function of the molar ratio of magnesium to total
alkaline earth content. aexhibits a linear decrease over the entire compo-
sition range, with a minimum at a ratio of magnesium to total alkaline
earth content equal to 1. The fitted linear tendency has an adjusted
coefficient of determination (R?) equal to 0.960. Isokom temperatures
at the softening (1 = 10%% Pas), annealing (n = 10'>2 Pas), and
strain points (17 = 10'3 Pa s) are plotted as a function of the molar
ratio of magnesium to total alkaline earth content in Fig. 3. The dashed
lines are guides for the eye and represent linear tendencies between the
end-member glasses, whereas the solid lines represent polynomial fits

37.0 1 R*=0.9998
@10 Log(7,,) = -1.04
T s T, = 952K
4 £ g
86.5 SR m=36.6
E
36.0 g
— N 2
= 35.5 Sa
E ~ 1000 1200 1400 1600 1800
N T(K)
35.0 + RN
am) -
34.5 ; :
34.0

0.0 0.2 0.4 0.6 0.8 1.0
[MgQOJ/([MgO]+[Ca0]) (mol/mol)

Fig. 1. Liquid fragility index (m) as a function of the molar ratio of magnesium to total al-
kaline earth content [MgO] / ([MgO] + [CaO]). m is determined by fitting the MYEGA
equation (Eq. (1)) to the measured log 1 vs. T data. The inset shows an example of this de-
termination using data for Mg—Ca8 [61]. The solid line represents the apparent relation
between m and the molar ratio of [MgO] / ([MgO] + [CaO]), whereas the dashed line rep-
resents a linear relation between the two end-member compositions. Both lines are
guides for the eye. (Am)nax is equal to the maximum discrepancy in fragility between
the linear relation and the apparent relation, i.e., the largest mixed alkaline earth effect.
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Fig. 2. Coefficient of thermal expansion (&) as a function of the molar ratio [MgO] /
([MgO] + [Ca0]). o is taken as the average value between 25 and 300 °C. The solid line is
a linear fit to data (R* = 0.960) and the accuracy of «is approximately +0.6 x 10~7/K.

to all data points. Both the strain and the annealing points generally lie
beneath the dashed line, since they exhibit a more parabolic shape,
whereas the softening temperatures exhibit linear composition depen-
dence and thus lie on the dashed line. Furthermore, both the straining
and annealing isokoms have the largest deviation from linearity at a
substitution degree of approximately 0.51. For all three points, the
isokom temperature increases as magnesium is substituted for calcium.
With an increase in isokom temperature, i.e., a decrease in viscosity, the
deviation from linearity becomes less pronounced and approaches zero
(Fig. 3). In other words, the mixed alkaline earth effect is declining as
the temperature increases.

3.2. Physical properties

Vickers hardness (Hy) is determined by using the microindentation
method. Experimental Hy values depend on the measurement con-
ditions [66-69]. Consequently all microindentation experiments have
been performed on the same indenter with the same indentation load
and time (0.49 N and 10 s), ensuring crack free indents. Fig. 4 shows
Vickers microhardness plotted as a function of the molar ratio of mag-
nesium to total alkaline earth content. The dashed line represents a lin-
ear relationship between the end-member compositions. A parabolic fit

1240 ® Softening point
A Annealing point
1200 m Strain point
s //Vk.
g = =
~
960 -
920 A

O.IO 0.I2 0.I4 0.I6 0.I8 1 .IO
[MgO}/(IMgOJ+[Ca0]) (mol/mol)

Fig. 3. Strain () = 10'>® Pa s), annealing (1 = 10'>? Pa s), and softening point
(n = 10%% Pas) as a function of the molar ratio [MgO] / ([MgO] + [CaO]). Data is mea-
sured by fiber elongation. The dashed lines represent linear relations between the isokom
temperatures and the magnesium to total alkaline earth content. The solid lines are poly-
nomial fits [64,65]. The uncertainty in the determinations of the straining and annealing
points are +2 Kand = 3 K for the determination of softening points, i.e., errors are smaller
than the size of the symbols.

matches the data well, and the largest deviation from linearity is found
at a substitution degree of 0.50.

According to the Yamane and Mackenzie model [70] the elastic
moduli control the deformation of glasses during microindentation.
Therefore, shear modulus (G) and Young's modulus (E) have been de-
termined and the results are shown in Fig. 5. It is seen that elastic mod-
uli are compositionally invariant within the measured set of glasses,
since both shear modulus and Young's modulus are constant within
the error range for all measured compositions. Since the glass is isotro-
pic, this means that the bulk modulus and Poisson's ratio must also be
constant. In Fig. 6, density and molar volume at room temperature are
plotted as a function of the molar ratio of [MgO] to [CaO] + [MgO]. The
molar volume is calculated as the molar mass is divided by the glass
density. Both density and molar volume exhibit a linear decrease as
magnesium is substituted for calcium. The measured refractive indi-
ces (n) at 589.3 nm reveal the same linear tendency, i.e., n decreases as
magnesium is exchanged with calcium (Fig. 7).

3.3. Thermodynamic fragility

The measured differential scanning calorimetry (DSC) curves are
shown in Fig. 8. The composition dependence of the measured differ-
ence in heat capacity between supercooled liquid and glass (ACp, an
indirect measure of thermodynamic fragility) and glass transition
temperatures (Tg) are shown in Figs. 9 and 10, respectively. These
values were determined from the C,-T curves obtained during the
second DSC upscan as shown in the inset of Fig. 10 [52]. The depen-
dence of Ty on [MgO] / ([MgO] + [Ca0]) deviates negatively from
linearity (dashed line), with the largest deviation at a substitution
degree of 0.54 (Fig. 10). T, increases with increasing substitution of
calcium for magnesium. The thermodynamic fragility exhibits two re-
gions of composition dependence. At low magnesium concentration,
AC, decreases as calcium is substituted for magnesium, whereas at
low calcium concentrations, AC, increases. The slope changes from
negative to positive at [MgO] / ([MgO] + [Ca0]) = 0.70 and the largest
deviation from linearity is at [MgO] / ([MgO] + [Ca0]) = 0.49.

3.4. Structural aspects

Raman spectra of representative sodium aluminosilicate glasses are
shown in Fig. 11, where the Raman intensity is plotted as a function of
wavenumber (v). The two low-wavenumber peaks are both unaffected
by composition variations, i.e., all samples have peaks positioned at
~498 cm~ ! and ~570 cm ™!, respectively. According to Galeener [71]

7.5 A

7.2 1

6.9

H, (GPa)

6.6

6.3

0.0 O.I2 O.I4 O.IG O.I8 1.0
[MgOJ/(IMgO]+[Ca0]) (mol/mol)

Fig. 4. Vickers microhardness (Hy) as a function of the molar ratio [MgO]/
([MgO] + [CaO]). The solid line represents the apparent relation between Hy and the
molar ratio of [MgO] / ([MgO] + [CaO]) whereas the dashed line is a linear extrapola-
tion between the end-member compositions; both are guides for the eye. (AHy)max iS
marked on the figure as where the largest discrepancy is between linear relation and
apparent relation, i.e., the largest mixed alkaline earth effect.
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Fig. 5. Elastic moduli as a function of the molar ratio [MgO] / ([MgO] + [CaO]). The
solid lines are linear fits. Both Young's modulus and shear modulus are determined
by resonant ultrasound spectroscopy experiments. The uncertainty of this method is
approximately 4-0.2 GPa.

these peaks are caused by silicon-oxygen-silicon bending vibrations of
threefold and fourfold silica ring structures embedded in the glass net-
work. The position of the high-wavenumber band, ~1000 cm !, varies as
magnesium is exchanged with calcium (Fig. 12). According to McMillan
[72], this peak is associated with silicon-oxygen stretching vibrations of
tetrahedral silicate units. The dashed line in Fig. 12 represents a linear
relation between the end-member compositions. We find that the peak
position diverges positively from a linear tendency, with the largest devi-
ation found at [MgO] / ([MgO] + [Ca0]) = 0.63.

MAS NMR spectra of ?’Al in representative sodium aluminosilicate
glasses under study are shown in Fig. 13. The spectra all exhibit a narrow
asymmetric peak centered around + 50 ppm, consistent with tetrahedral
aluminum groups (AI") [73]. The aluminum speciation of these glasses is
thus very similar to each other, since both position and shape of the 2’Al
resonance exhibit only minor composition dependence. Only the spec-
trum of the magnesium end-member composition is slightly broader
and more asymmetric on the more shielded side (lower shift). This is
due to the presence of higher Al coordination in this sample, such as
five-fold coordinated aluminum (AIY).

4. Discussion
4.1. Effect of alkaline earth field strength

In this section, we discuss the effects of completely substituting
magnesium for calcium on selected physical properties, i.e., we focus
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Fig. 6. Density and molar volume as a function of the molar ratio [MgO] / ([MgO] + [Ca0]).

The solid lines are linear fits to data with R? equal to 0.996 and 0.912 for density and molar
volume, respectively. Uncertainties in both values are smaller than the symbol sizes.
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Fig. 7. Refractive index (n) measured at 589.3 nm as a function of the molar ratio
[MgO] / (IMgO] + [CaO]). The solid line is a linear fit to data with R?> = 0.998. The
standard deviation of n is around 4-0.0003.

on the difference between the two single alkaline earth-containing end-
member compositions.

The high wavenumber vibrational modes of Raman spectroscopy
could be associated with higher network connectivity because more
energy is required to induce atomic vibrations (shifts in the Q"-value
of the tetrahedral SiO,4 units). Since the oxygen coordination number
of Mg? ™ is probably lower than that of Ca® ™ [74-76], the number of
affected oxygen ions in the SiO4 network decreases when substituting
Mg? " for Ca®™. This explains why the concentration of T- 0 - T bonds
(T = tetrahedral unit) increases as magnesium is substituted for cal-
cium (Fig. 12). It is also well established that tetrahedrally coordinat-
ed Mg2™ can act as a network former, contributing to an increased
population of T-O-T bonding at higher magnesium contents [77].

The magnesium-containing glass has lower density and smaller
molar volume compared to the calcium-containing glass (Fig. 6). This
difference in molar volume reflects a modification of the glass network
structure. The smaller molar volume is caused by tighter binding of ox-
ygen to magnesium, as expected from the larger field strength and
smaller size of magnesium compared to calcium [12,78]. It should be
noted that a smaller molar volume does not correspond to a denser
structure. In contrast, the structure becomes less dense indicated by a
decrease in the refractive index when substituting calcium for magne-
sium (Fig. 7). Hence, although Mg?™ has shorter and stronger cation-
oxygen bonds, the overall atomic densities of these glasses are lower
than that of the ones containing Ca>™.

Vickers hardness is a measure of the resistance towards mechani-
cal deformation of the glass and is phenomenologically related to

110

Numbers refers to the content of CaO in mol %

Cp (Jmol K™)

700 800 900 1000 1100
T(K)

Fig. 8. Heat capacity as a function of temperature for the six samples with different CaO
contents (in mol%) as indicated in the figure. The composition of each sample is given
in Table 1. The heat capacities are determined by differential scanning calorimetry at a
heating rate of 10 K/min subsequent to a cooling of 10 K/min.
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Fig. 9. AG, as a function of the molar ratio of [MgO] / ([MgO] + [CaO]). A, is the jump in
heat capacity occurring at the glass transition and it is calculated as the heat capacity at the
glass transition offset (Cj,;) minus the heat capacity at the glass transition (Cpg). Anillustration
of how to determine these characteristic heat capacities is shown in the inset of Fig. 10. The
uncertainty of this method is around +0.3 ] mol~' K~ '. The solid line represents the appar-
ent relation between AC, and the molar ratio of [MgO] / ([MgO] + [CaO]), whereas the
dashed line represents a linear extrapolation between the end-member compositions.
Both lines are guides for the eye. A(AC,)max is equal to the maximum discrepancy in AC, be-
tween the linear relation and the apparent relation, i.e., the largest mixed alkaline earth
effect.

three different deformation mechanisms: densification, elastic defor-
mation, and plastic flow [79]. The elastic moduli of the measured glasses
show no compositional dependence (Fig. 5), so according to Yamane and
Mackenzie [70] the elastic resistance in these systems should be compo-
sitionally invariant. This is in good agreement with the fact that the two
end-member compositions exhibit identical hardness. Furthermore, it is
expected that the magnesium composition is less susceptible to densifica-
tion based on its lower molar volume [70,80]. However, the magnesium
composition has a lower refractive index compared to the calcium com-
position, indicating that the former composition is more susceptible to
densification [81]. Both density and refractive index only show minor
composition variation (£ 1-2%). Thus, it is likely that densification is
also compositionally independent within the studied composition
range. Plastic flow has earlier been argued to take place above a certain
concentration of network modifiers [82]. As both end-member composi-
tions contain the same amount of alkali and alkaline earth oxides, the
plastic flow should be identical, and hence, both have similar Vickers
hardness (Fig. 4).
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Fig. 10. The glass transition temperature from differential scanning calorimetry as a
function of the molar ratio of [MgO] / ([MgO] + [CaO]). The solid line represents the
apparent relation between T and the molar ratio of [MgO] / ([MgO] + [CaO]), where-
as the dashed line is a linear relation; both are guides for the eye. (ATg)max is marked
on the figure where the largest discrepancy exists between linear relation and appar-
ent relation, i.e., the largest mixed alkaline earth effect. Inset: Method for determining
T, and characteristic heat capacities from the heat capacity curves measured by differ-
ential scanning calorimetry [53]. The uncertainty of this method is +2-3 K [88].
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Fig. 11. Raman spectra for the sodium aluminosilicate glasses. The spectra are shifted
vertically for clarity. The composition of each sample is tabulated in Table 1, with the
designation written on the right corresponding to a specific composition. The arrows
indicate the approximate peak positions.

The liquid fragility is closely related to the microstructure of glasses
and liquids. Usually for oxide compositions, at temperatures above T,
strong liquids contain a high degree of connectivity and fragile ones a
comparably low degree of connectivity [63]. More precisely, strong
liquids have a medium-range structure which is more stable towards
temperature fluctuation around Tg. As shown in Figs. 1 and 9, kinetic
and thermodynamic fragilities both exhibit the same composition depen-
dence, viz., a decrease in fragility as magnesium is substituted for calcium.
As discussed above, the higher field strength of magnesium increases the
amount of rigid constraints at Ty and hence, results in lower fragility indi-
ces. This is supported by the Raman spectroscopic data, which imply
stronger bonding in the magnesium end-member composition.

The higher field strength of magnesium is correlated with a deeper
potential energy well, resulting in a decrease of the magnitude of the
anharmonic vibrations at a given temperature, and thus, also a decrease
of the coefficient of thermal expansion [48]. This agrees with the find-
ings reported in Fig. 2, where « is found to decrease when substituting
magnesium for calcium. It is generally accepted that T, is mainly deter-
mined by both the connectivity of the network and its average bond
strength. This is supported by accurate quantitative T, predictions
using temperature-dependent constraint theory [83,84]. In our case,
the fragility, o, and Raman spectroscopic data suggest a stronger net-
work, i.e., more rigid constraints, in the Mg? " containing compositions.
Hence, the higher bond strength between magnesium and oxygen is
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0.0 O.I2 O.I4 0.I6 O.I8 1.0
[MgOJ/(IMgO]+[CaO]) (mol/mol)

Fig. 12. Peak position wavenumber (v) of the Raman peak near 1050 cm ™' as a func-
tion of the molar ratio [MgO] / ([MgO] + [CaO]). The solid line represents the apparent
relation between v and the molar ratio of [MgO] / ([MgO] + [CaO]), whereas the
dashed line represents a linear relation between the end-member compositions. Both
lines are guides for the eye. (Av)mayx is equal to the maximum discrepancy in v between
the linear relation and the apparent relation, i.e., the largest mixed alkaline earth effect.
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Fig. 13. Al MAS NMR spectra for the six selected glasses. The spectra show unchanging
lineshape for all glasses expect the magnesium end-member composition, which is slight-
ly broader on the more shielded side. The inset shows an example of deconvoluting these
data into AI"Y (dashed lines) and Al peaks (filled area), allowing for an estimation of
changes in Al coordination [85]. Multiple Al'V resonances were required to account for
the complex lineshape and are consistent with literature values for isotropic chemical
shift and quadrupolar coupling product in sodium aluminosilicate and alkaline earth alu-
minosilicate glasses. The fitting parameters for the AlY resonance match those used in Ref.
[85].

overcompensating the smaller coordination number [12], resulting in a
higher T, (Fig. 10). In other words, compared to calcium, magnesium has
more rigid constraints at the temperatures of measurement (sub-T). The
explanation is that some magnesium constraints have a higher onset
temperature than those of calcium, which results in more rigid con-
straints at sub-T, temperatures, even though the coordination number
of magnesium is lower than that of calcium. The same phenomenon is
responsible for the increase in isokom temperatures (Fig. 3), because an
increase in isokom temperature corresponds to an increase in viscosity
(for a constant temperature below Tg). This observation is in agreement
with the overall trends of the Raman spectroscopic data, fragility
and glass transition temperature data, all suggesting stronger oxygen
bonding, more rigid constraints, and more tetrahedral bonding in the
magnesium-containing compositions. From the NMR data (Fig. 13), we
conclude that AlO,4 tetrahedra in the Ca-containing glasses are essentially
all charge-balanced by a combination of Na* and Ca®*. These spectra can
be satisfactorily simulated without the need for an AlY resonance. Howev-
er, in the one instance where Ca is only present at trace levels, the need
for alkaline earth cations (Mg2™) to complement the role of Na™ is par-
tially ineffective, leading to a small population of AlY species. In detail
we find approximately 5% Al" in the Mg-Ca0 composition compared
to 0% in the remaining compositions (see inset of Fig. 13). Such quan-
tities of AlY species are consistent with high quality fitting of 27Al
MAS NMR spectra in similar systems [58,85]. Changes in aluminum
speciation in the mixed alkaline earth compositions are thus negligible,
even though we measure a slight increase of the connectivity in the
magnesium-containing end-member composition. This slight increase
in AlY of the magnesium-containing composition contributes to the
general trend, being that the magnesium-containing composition com-
pared to the calcium-containing one has higher T, isokom tempera-
tures and fragility, i.e., properties related to the connectivity.

4.2. Mixed alkaline earth effect

The mixed alkaline earth effect is observed as a deviation from
linear composition dependence. For the current glasses under investi-
gation, we find the effect manifested in the Raman spectroscopic data
(Fig. 12) as a maximum and in the Vickers hardness (Fig. 4), fragility
(Figs. 1 and 9), glass transition temperature (Fig. 10) and viscosity
data (Fig. 3) as a minimum. According to Fluegel [78], the mixed

alkaline earth effect is normally observed as a minimum in viscosity.
He observed a gradient in the slope of the viscosity-composition
plot, going from a large negative departure at low concentration of
modifier to a relatively small slope at high concentration of modifier.
Neuville and Richet [49] explain the minima in viscosity by an excess
of entropy caused by mixing, however, this behavior is in complete
contrast to the theory given by Dietzel [3]. The theory by Dietzel [3]
is that oxygen stabilized by two different alkaline earth ions is energet-
ically much more favored than oxygen stabilized by similar alkaline
earth ions [50], which should result in maxima in Vickers hardness,
isokom temperatures and Tg. The observed minima in Vickers hardness
(Fig. 4), isokom temperatures (Fig. 3), and T (Fig. 10) indicate the exact
opposite, namely that the mixed magnesium-calcium compositions ex-
perience weaker bonding than the end-member compositions.

Above we argued that both densification and elastic deformation are
compositionally independent. This suggests that plastic flow accounts
for the nonlinear composition dependence of Vickers hardness [6,86].
Faivre et al. [6] reported that the plastic flow of glass is caused by the
hopping of network modifiers, promoting slippage of the rigid parts of
the network [82,86]. This is, however, not the entire explanation, as
we may assume that the plastic flow is generated by a more cooperative
rearrangement of atoms. lonic conductivity measurements reveal a
minimum in conductivity as one alkaline earth ion is substituted for an-
other one [1]. Hence, the lowest concentration of mobile ions is at a sub-
stitution degree of 0.50 and the plastic flow according to Faivre et al. [6]
should therefore have a minimum at this composition. The minimum in
ionic conductivity at equal concentrations of alkaline earth ions is also
predicted by the dynamic structure model [30,33]. This is, however,
not what we observe in Fig. 4, since a minimum in ionic conductivity
should correspond to a maximum in hardness. If we instead consider
viscosity to be an estimate of the plastic flow, we suggest that the occur-
rence of the minimum in hardness is associated with the corresponding
minimum in isokom temperatures. Although the deformation under in-
dentation and the viscous flow under shear occur at various temperature
regions, their mechanisms are similar to large extents, i.e., both are relat-
ed to the translational motion of structural units. It can be argued that the
responsible underlying topological constraints of the mechanisms may
differ, due to the temperature dependence of these constraints. If
this is the case, an offset might occur between the minima in Vickers
microhardness and isokom temperatures at room-temperature [87].

Based on the Raman spectroscopic data, we find a relatively high con-
centration of T- O—T bonds in the mixed alkaline earth region (Fig. 12).
This might be associated with the observed negative deviation from line-
arity for the liquid fragility index, since higher network connectivity gen-
erally corresponds to a stronger liquid. However, the low-temperature
viscosity of the mixed alkaline earth compositions is lower than that of
the end-member compositions (Fig. 3). The Raman spectroscopic data
suggest that the network connectivity of the mixed Ca-Mg compositions
is higher than that of the two end-members, which normally increases
viscosity. Therefore we can infer that the decrease of viscosity observed
in this work is not related to the network connectivity, but instead is
mainly related to the local structural environment around the network
modifiers causing overall bond weakening.

5. Conclusion

We have studied the mixed alkaline earth effect in a series of
MgO/Ca0 sodium aluminosilicate glasses by substituting MgO for CaO.
We find that the mixed alkaline earth effect manifests itself as a maxi-
mum in T-O-T bonds, but a minimum in Vickers microhardness,
glass transition temperature, and isokom temperatures. We explain
the minimum in viscosity by a bond weakening in the local structural
environment around the network modifiers, viz., the minimum origi-
nates from the structural character of the modifying ions.

The viscous flow under shear and deformation under indentation
are both related to the translational motion of structural units, and
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since the elastic moduli in the investigated system are compositionally
independent, we suggest that the observed minimum in microhardness
is associated with the corresponding minimum in shear viscosity.
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