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To investigate the combined effects of sodium and potassium on thermal conductivity, a series of
borosilicate glasses with precise compositions (65.0Si0,-5.0B,03 (17.6 — x)Na,O-xK,0O-7.5Ca0-4.9MgO)
was synthesized, where R = [K,Ol/([Na,O] + [K,Ol). As R increased systematically, a pronounced
nonlinear variation in thermal conductivity, characteristic of the mixed alkali effect, was observed. Within
the phonon gas model framework, the thermal conductivity was primarily governed by changes in
sound velocity, as both volumetric heat capacity and phonon mean free path remained nearly constant
across the glass series. NMR and Raman spectra revealed nonlinear evolution in the local coordination
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environment of silicon cations with increasing R. These structural changes, coupled with anomalous
variations in atomic packing fractions, provided atomic-scale evidence for the observed thermal
DOI: 10.1039/d5cp00489f conductivity trends. This study not only deepens the understanding of the physical mechanisms

governing thermal properties in borosilicate glasses but also provides valuable insights for designing
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1. Introduction

Oxide glasses have found widespread applications in diverse
fields, including electrical devices and building materials.
Among their critical properties, thermal conductivity has gar-
nered significant attention due to its potential to address
pressing challenges in energy storage, renewable energy pro-
duction, and energy efficiency.’™ This has spurred interest in
developing novel glass compositions with tailored thermal
conductivity, ranging from extremely high to low values, to
meet specific application requirements.*™®

Significant progress has been made in understanding the
thermal conductivity of oxide glasses through extensive
research. A well-established finding is that thermal conductivity
decreases with network depolymerization,” with the extent of
this reduction influenced by both network-forming cations
(e.g., Si and B)® and modifying cations (e.g., alkali and alkaline
earth metals).” Kim et al.”'® demonstrated that thermal con-
ductivity in Na,0-SiO, glasses is primarily governed by struc-
tural changes in the silicate network, while in the Na,0-B,0;
system, it can be expressed as a function of the relative fraction
of 4-coordinated boron within the tetraborate-dominated
region. In addition, their work further evaluated the effects of
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advanced materials with precisely tailored thermal performance.

ionization potential variations for different cations on thermal
conductivity in alkali borate glasses. Using the ionization
potential parameter, defined as the ratio of cation charge (2)
to the square of the cation radius (r), i.e., Z/r?, the impact of
cation types on the structure and thermal conductivity of oxide
glasses was assessed."® The higher the Z/r> value, the stronger
the structural rigidity and bond strength will be, leading to an
increment in thermal conductivity.'"'? Therefore, the ioniza-
tion potential parameter can be used to evaluate the thermal
conductivity of oxide glasses.

Furthermore, the influence of network modifier ions on
thermal conductivity has been investigated by Rasmussen
et al.,"* who employed the quasi-harmonic Green Kubo method
to investigate modified sodium silicate glasses, demonstrating
that the increase of Na,O content induces vibrational localiza-
tion and reduces the contribution of mid-high frequency modes
to thermal conductivity, ultimately resulting in a decrease in
thermal conductivity. Interestingly, Sukenaga et al.'* discovered
that lead ions can partially act as framework cations in binary
silicate glasses. They further demonstrated that the phonon mean
free path (MFP) serves as a useful parameter to distinguish
framework cations (e.g, Pb®") from non-framework cations
(e.g, Li*, Na¥, Ca*, Sr*") in silicate glasses. Lead cations partly
act as framework species and exhibit higher MFP due to reduced
phonon scattering, while non-framework cations disrupt the sili-
cate network and enhance scattering. In thermal management
strategies for electronic devices, Kirchner et al'® reveals that a
large and systematic decrease in thermal conductivity can be
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obtained by shorter intermediate ordering distances controlled by
stronger constraints from the substrate surface atoms. The largest
effect on thermal conductivity is observed for SiO, films on Si
substrates, which can reach one-third of the bulk value. Recently,
our group'” reported the dual-regime thermal conductivity beha-
vior in magnesium-calcium mixed borosilicate glasses. The
atomic-scale structural origins of these phenomena were eluci-
dated by the complementary Raman and NMR spectra.

To understand the thermal transport in glass materials, it is
essential to understand the scattering mechanisms of phonons.
Noguchi'® showed that the thermal conductivity estimated by
molecular dynamics simulations was closer to the experimental
value of the laser flash method than those of the hot wire
method above 1200 K. The decrease of thermal conductivity
measured in the range of 1250-1550 K was attributed to the
decrease in the bulk modulus of 33.3Na,0-66.7Si0, melt.
Furthermore, Hiroshima'” investigated alkali silicate glasses,
revealing that reduced sound velocity is the primary factor
driving thermal conductivity reduction at room temperature,
although phonon mean free path dependencies also play
a significant role. Complementing these findings, Serensen
et al.® established a strong positive correlation between sound
velocity and thermal conductivity in modified silicate and
borate glasses. Their analysis of diffuson-mediated heat trans-
port mechanisms revealed distinct behaviors: borate glasses
exhibit heat transport dominated by diffusive vibrational
modes, while silicate glasses demonstrate contributions from
both diffusive and propagative modes. These differences stem
from variations in low-frequency phonon mean free paths,
which are intrinsically linked to differences in atomic rigidity
between silicate and borate networks. Such fundamental
understanding of thermal conductivity is essential for design-
ing advanced materials with optimized thermal properties."®"°

While numerous studies have focused on simple binary
glass systems, such as borosilicate and alkali metal silicate
glasses, research on industrially relevant and complex glass
compositions remains limited. To address this gap, we selected
an industrially significant borosilicate glass composition-glass
wool (65.0Si0,-5.0B,03-17.1Na,0-0.5K,0-7.5Ca0-4.9Mg0)-as the
base composition. A series of borosilicate glasses with various R
(R refers to the molar ratio of [K,O]/([Na,O] + [K,O])) were
prepared using the melt-quenching method to investigate the
effects of sodium-potassium mixing on thermal conductivity.
Using the phonon gas model, we analyzed the relationships
between thermal conductivity, sound velocity, and phonon mean
free path. Furthermore, the atomic-scale structural origins of
these effects were elucidated through Raman spectroscopy and
nuclear magnetic resonance (NMR) analysis.

2. Experimental procedure
2.1. Sample preparation

Through a conventional melt-quenching method, a series of
borosilicate glasses with the molar composition of 65.0Si0,-
5.0B,03 (17.6 — x)-Na,0-xK,0-7.5Ca0-4.9MgO were prepared,
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corresponding to R (R refers to the molar ratio of [K,0]/([Na,O] +
[K,0]))= 0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0. Using 99.9% pure SiO,,
B,03, Na,CO;, K,CO;, CaCO;, and MgCO; as raw materials,
for each glass composition, a 150 g bulk glass was prepared.
To ensure chemical homogeneity, they were thoroughly mixed by
an agate mortar and a pestle for about 2 h. The mixed powder
was then transferred into a Pt90Rh10 crucible, and introduced
into the furnace at 1200 °C to minimize boron volatilization and
prevent spraying due to rapid decomposition of carbonate. Then
the melt was held at 1470 °C for 40 min to homogenize the melt
and to release the bubbles trapped inside. Subsequently, the
melt was cast onto the graphite mold in air to form a bulk glass.
To release the stress, the obtained glass was annealed for about
2 h near the respective glass transition temperature (7). Finally,
the annealed bulk glass was cut into appropriate blocks for
different characterizations. Based on the inductively coupled
plasma atomic emission spectroscopy (ICP-AES), only a minor dis-
crepancy (£0.5 mol%) compared to their nominal compositions
exists.

2.2. Characterizations of thermal and physical properties

By using a standard calorimetric method, Tgs were evaluated
under Ar according to a differential scanning calorimetry (DSC)
instrument (STA 449 F1, Netzsch) with an accuracy of +2%.
To obtain the standard T, two runs of DSC up- and down-scans
at 20 °C min~ ' were conducted. The DSC output of the first up-
scan reflected the enthalpy response of a sample with unknown
thermal history (i.e., an unknown quenching rate), whereas that
of the second up-scan exhibited the enthalpy response of the
sample with a well-defined thermal history (the cooling rate of
20 °C min ).

Thermal expansion coefficients (CTE), and dilatometric soft-
ening temperatures (74) were conducted using a horizontal
dilatometer (Netzsch DIL 402PC, Germany). And the dilatometric
run was made from room temperature to 700 °C at 5 °C min "
according to a polished bulk glass with the dimensions of
5 mm x 5 mm x 25 mm. Silica glass was used as the reference
material.

Using the transient plane source (TPS) method, thermal
constants, i.e., thermal conductivity (k) and the volumetric heat
capacity (C), can be obtained by using the thermal constant
analyzer (TPS-2500 S, Sweden).”>*' During the measurements,
the polished glass was cut into two plates with a size of 25 mm
x 25 mm X 8 mm. Selecting the 5465 probe as the detector,
based on the repeatability of measured thermal constants at
room temperature we chose the appropriate heating time (10 s)
and power (50 mW). By averaging the values of measured
thermal constants for at least ten times, the values of thermal
constants were obtained within an accuracy of +2%.

The density (p) of these glasses was determined using the
Archimedes method, with measurements taken in air and deio-
nized water at 25 °C (density of water = 0.998 ¢ cm™>). Each glass
sample was weighed ten times to ensure accuracy, and the final
density was reported as the average of the ten measurements.

Young’s modulus, shear modulus and bulk modulus of
these glasses were determined by an ultrasonic measurement
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gauge. The ultrasonic wave propagated in the polished glasses
with the dimensions of 15 mm x 15 mm x 6 mm includes the
longitudinal wave and the transversal one. These velocities of
the sound waves were measured using ultrasonic pulse-echo
techniques (45MG, Olympus, USA). The test was performed
using two transducers; one was M208 for longitudinal wave
(10 MHz) and another was M110 for the transverse wave (5 MHz).
Glycerin and burnt honey were used as bonding materials between
samples and transducers. Each glass sample was weighed ten
times to ensure accuracy, and the final velocities were reported
as the average of the ten measurements. Elastic parameters
such as Young’s modulus (E), shear modulus (G) bulk modulus
(K) and Poisson’s ratio (¢) was obtained using the following
standard equations:

G(3pVi® — 4G)

=T =0 ®
G = pVy® (2)
K=pV?®— (g)G (3)
o= % -1 (4)

where p is density, vy, and vy are the velocities of longitudinal
and transversal waves, respectively.

2.3. Structural characterizations

Using a HORIBA Lab RAM HR Evolution Raman microscope,
Raman scattering measurements were performed with a back-
scattering geometry at room temperature. A semiconductor (4 =
532 nm) green laser with 100 mW power as the probing light
source was used to collect the Raman spectra for an acquisition
time of 15 s, where Raman scattering signals can be acquired
and averaged by hundreds of scans (>200). The range of the
Raman spectrum was from 200 to 1600 cm™ " and the resolution
was better than £1 em ™"

In addition, to probe the coordinated surroundings of B
and Si in the present glasses, 'B and *°Si NMR spectra of
the glasses were obtained at 9.4 T on a Bruker Advance DSX
500 spectrometer. ''B and *°Si chemical shifts are referenced
to a 1 M aqueous solution of boric acid (19.6 ppm) and
tetrakis(trimethylsilyl)silane (—9.8 ppm), respectively.

3. Results and discussion

22,23 35 shown

In good agreement with those from the literature,
in Fig. 1, here we also observed a clear mixed alkali effects on
the glass transition temperature (7), the dilatometric softening
temperature (T4), and the coefficient of thermal expansion
(CTE). That’s to say, for the 65.05i0,-5.0B,03 (17.6 — x)-Na,O-
xK,0-7.5Ca0-4.9MgO glasses investigated in this work, T, and
Tq4 exhibit a negative deviation from additivity with a maximum

drop of 44 °C in T, and 52 °C in Ty at the nearly equal-molar
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composition, respectively; while the CTE indicates a positive
divergence from linearity with a maximum rise of 0.92 x
107® K' at a similar equal-molar composition R = 0.5.
Although complete consistency was not arrived at in the
glassy community, several models has been given to explain
the related physical mechanism.>**” Recently, based on
the topological constraint theory, a structural model was
presented to elucidated the origin of these mixed alkali effects.
Due to the difference in alkali radii, the thus induced network
strain is considered to be the structural origin of mixed alkali
effects.””

Similar to the above observed mixed alkali effect on CTE,
here the thermal conductivity (k) also exhibits a positive devia-
tion from linearity. As shown in Fig. 2A, with the increase of R,
a decrease of 0.11 W m ' K ! in thermal conductivity occurs
from 0.9185 Wm ' K ' at R = 0.0 to 0.8120 W m ' K ' at
R = 1.0, representing an overall reduction of 12%. And the
maximum deviation, 0.02 W m~* K7, also appears at about
the equal-molar composition R = 0.5. That’s to say, within the
present investigated glassy system, mixed alkali effect on
thermal conductivity appears.

3.1. Physical mechanism of mixed alkali effects on thermal
conductivity

Thermal conductivity refers to the ability of a material to con-
duct heat, which is defined as the quantity of heat that
passes in unit time through a plate of particular area and
thickness when its opposite faces differ in temperature by
one kelvin.

The phonon gas model (PGM), which treats transport of
phonons as quasiparticles that can be modeled like gas mole-
cules, has been successfully used to understand heat conduc-
tion in crystalline solids.'®**° Moreover, it is also applicable
to the calculation of thermal conductivity in oxide glasses and
remains an important tool for understanding the behavior of
thermal conductivity in amorphous solids.**! With this
assumption, the phonon gas model offers an intuitive way to
understand the variables that influence thermal conductivity in
oxide glasses.

In order to explore the physical mechanism about the
compositional dependence on thermal conductivity in the
present oxide glasses, PGM was used to quantitatively evaluate
the impacts of sound velocity, volumetric heat capacity and
phonon mean free path on thermal conductivity. Within the
phonon gas model framework,'”** thermal conductivity and be
calculated as the product of three physical parameters accord-
ing to the following equation,

1

where k is the thermal conductivity, C is the volumetric heat
capacity, vp is the Debye sound velocity and [ is the phonon
mean free path. This formula offers an intuitive way to link
thermal conductivity with changes in these three parameters
(Table 1).
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Fig. 1 Thermal performances. (A) Temperature dependence of calorimetric curves obtained at 20 °C min~* under argon and (B) dilatometric curves
measured at 5 °C min~! for the 65.05i0,-5.0B,053 (17.6 — x)-Na,O-xK,0-7.5Ca0-4.9MgO glasses with different molar ratios R, where R is equal to the
molar ratio of [K,Ol/([Na,O] + [K,Ol). Taking the glass with R = 1.0 as an example, inset in B indicates how to determine the values of the dilatometric
softening temperature (Ty). (C) Variation of T4 from A and T4 from B as a function of the molar ratio R. (D) Dependence of CTE from B on R, where CTE is
taken as the average value between 50 and 500 °C. Dashed line: the linear correlation between the two endmembers.

In addition, vp can be obtained according to the following

equation,*>
S1/1 2
Vp = g <V7L3 + E) (6)

where 11, and vr are the longitudinal and transversal sound
velocities, respectively.®?*

As shown in Fig. 4A, both the longitudinal and transversal
sound velocities decrease as the R value increases. And the vp
calculated using eqn (5) also exhibits a positive deviation from
linearity as shown in Fig. 2B. With increasing the K,O content,
it drops from 3823 m s~ at R = 0.0 to 3544 m s ' at R = 1.0,
representing an overall reduction of approximately 7.30%. And
the maximum deviation of 70 m s~ " appears at about the equal-
molar composition R = 0.5. These reductions in Debye sound
velocity may be likely related to the drop in thermal conductivity.
And this positive correlation between 1, and k was further
confirmed by the near-linear relationship throughout the entire
compositional range from R = 0.0 to 1.0 as shown in Fig. 3A.
In addition, Lordsch et al.*® also observed a similar compositional
trend of thermal conductivity on sound velocities for the binary

13298 | Phys. Chem. Chem. Phys., 2025, 27,13295-13304

alkali borate glasses. Additionally, similar relationship between
sound velocity and thermal conductivity have been also observed
in other series of glasses.*

Furthermore, as shown in Fig. 2C, different from the depen-
dence of v, and k on R, with the increase in R, the volumetric
heat capacity C exhibits a negative deviation from additivity.
C first steeply decreases from 1.9186 J cm *> K ' at R = 0.0 to
1.7195Jem 2 K~ ' at R = 0.3. And at R = 0.3, there is a maximum
deviation of 0.11 J cm™® K™ from linearity. Then a slower drop
in C appears up to 1.6174 J cm *> K™ ' at R = 1.0, indicating that
the volumetric heat capacity change less at high potassium
compositions. And the maximum change of about 0.3 J cm ™ K™*
in C is very small. Finally, as shown in Fig. 3B, there is a clear
nonlinear relationship between k and C. And the dependence of
thermal conductivity on volumetric heat capacity is not so strong.

In addition, by combining the measured thermal conductivity,
volumetric heat capacity, and Debye sound velocity, the phonon
mean free path can be calculated using eqn (5). Even though this
can’t give correctly absolute values of /, the compositional depen-
dence on [ can be valid (Fig. 2D). In contrary to the compositional
dependence of k and vy, on R, the phonon mean free path exhibits
a non-linear increase from 3.73 x 107" m at R = 0.0 to

This journal is © the Owner Societies 2025
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Fig. 2 Compositional dependence of (A) thermal conductivity (k) and (C) volumetric heat capacity (C) at room temperature of the 65.0Si0,-5.0B,03
(17.6 — x)-Na,O-xK,0-7.5Ca0-4.9MgO glasses as a function of different molar ratios R, where R is equal to the molar ratio of [K,Ol/([Na;O] + [K,Ol).

(B) Debye sound velocity (p) at room temperature plotted as a function of different molar ratios R. (D) Compositional dependence of the phonon mean

free path (/) on R. Dashed line: the linear correlation between the two endmembers.

Table 1 Density (p), longitudinal sound velocity (1), transversal sound velocity (1), Debye sound velocity (vp), thermal conductivity (), phonon mean
free path (/) and volumetric heat capacity (C) of the as-prepared glasses with R = 0.0-1.0 in this work

p v, vr Vp K l C
R (g cm™?) (ms™) (ms™ (ms™) Wm K (107" m) Jem? K™
0.0 2.5298 6240 3430 3823 0.9185 3.7298 1.9186
0.2 2.5219 6230 3420 3813 0.9119 4.1256 1.7516
0.4 2.5171 6160 3390 3778 0.8976 4.1965 1.6984
0.5 2.5139 6130 3370 3756 0.8832 4.2036 1.6782
0.6 2.5107 6100 3340 3724 0.8736 4.2269 1.6650
0.8 2.5012 5990 3290 3668 0.8430 4.2493 1.6226
1.0 2.4754 5780 3180 3544 0.8120 4.2496 1.6174

4.25 x 107'° m at R = 1.0. Certainly, the maximum change of
0.52 x 10 '% in [ is also very small. In addition, the maximum
positive deviation of 0.27 x 10~ "°m from linearity occurs also at
R =0.3. Finally, as shown in Fig. 3C, the dependence of thermal
conductivity on the phonon mean free path is also very weak,
indicating a nonlinear relationship.

In summary, the Debye sound velocity and thermal con-
ductivity exhibit a strong positive correlation, with a near-linear
relationship as shown in Fig. 3A. In addition, the changes
in the volumetric heat capacity and the phonon mean free
path are both minimal. The phonon mean free path for this

This journal is © the Owner Societies 2025

series of glasses is expected to be relatively small and changes
less, which is consistent with previous literature.”'”**> There-
fore, the variation in Debye sound velocity for this series
of glasses can be the dominant factor contributing to the
evolution in thermal conductivity. Certainly, composition
dependence of the phonon mean free path and volumetric heat
capacity also affect the thermal conductivity. At the same time,
the different nonlinear behavior of Debye sound velocity, volu-
metric heat capacity and phonon mean free path results in the
nonlinear evolution of thermal conductivity for the investigated
glasses.
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() for the glasses with different R investigated in this work. The dashed line is a guide for the eye.

3.2. Structural origin of mixed alkali effect on thermal
conductivity

Firstly, similar to the previous reports,®”*® with the gradual

substitution of Na by K, here we also observed an abnormal
drop in density or a clear enhancement in molar volume as
shown in Fig. 5. Considering the larger atomic weight of K
cations than that of Na cations, given that no atomic packing
fraction (Cg) alters the present borosilicate glasses can exhibit
an increase in density with increasing the molar ratio R.
Therefore, with the gradual substitution of Na cations by K
cations, there may induce a clear drop in C,. That’s to say,
atomic-scale pores increase with adding more content of K
cations,®® which can be helpful to reduce the phonon scatter-
ing. This increase in atomic-scale pores may be the cause why
the phonon mean free path exhibits an abnormal rise with
increasing R as shown in Fig. 2D.

Furthermore, compared to Na' cations, K' cations own a
slightly less FS (field strength) due to their relatively larger ionic
radius; and thus have a lower I (ionization potential), together
with a weaker cation-oxygen bond strength, as listed in Table 2.
Considering its simplicity, the ionization potential is often used
for describing the systematic relationship between a metal
cation and its field strength in oxide systems."® Usually, a lower

13300 | Phys. Chem. Chem. Phys., 2025, 27,13295-13304

Table 2 Physical and chemical properties of related cations

Cations M CNY—  rionl/A  FSYA2  Ey ok mol™t  [f/—

Na 6 1.02 0.178 84 0.961
7 1.12 0.164 72 0.797
8 1.18 0.156 63 0.718

K 6 1.39 0.134 80 0.518
7 1.46 0.127 69 0.469
8 1.51 0.122 60 0.439

“ Coordination number (CN).” Ionic radius (rie,) reported by
Shannon.*® ¢ Cation field strength SFS) is calculated based on cations
in different coordination numbers.’® The equation is as follows: FS =
Znpe+l(rves + 7o2+)”. Here, Zyp2+ represents the charge carried by the cation
M?*, while rye2+ and rez- denote the ionic radius of the M** cation and
the O*>~ anion, respectively, as reported by Shannon.*® ¢ Bond strength
of M—O single-bond linkage (Ey.o).>° ¢ Ioization potential (1) is a
function of the charge () and ionic radius (r) of the cation,*” I = Z/r>.

I means a weaker linkage, and thus a softer structure, further
leading to a lower modulus.*® As verified by the evolution of
moduli on R (Fig. 4B-D), with adding the content of K' cations,
E, G and K all exhibit a positive deviation from the linear
reduction. Similarly, based on the above-mentioned eqn (1)-(4),
longitudinal sound velocity 14, and transversal sound velocity v

This journal is © the Owner Societies 2025
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Fig. 4 Compositional dependence of (A) longitudinal sound velocity (1) and transversal sound velocity (1), (B) Young's modulus E, (C) Bulk modulus K
and (D) Shear modulus G at room temperature as a function of the molar ratio R (R is equal to the molar ratio of [K,Ol/([INa,O] + [K,Ol)).

also exhibit a similar evolution as shown in Fig. 4A, that can play a
key role to control the variance of thermal conductivity on the
molar ratio R for the studied glasses.

In addition, to further probe the atomic-scale structural
origin of mixed alkali effect on thermal conductivity, *'B, and
*°Si NMR spectra (Fig. 6), together with the corresponding
Raman spectra (Fig. 7) for the present borosilicate glasses, were
obtained in detail.

With the gradual substitution of Na cations by K cations, no
clear change can be observed about the characteristic peaks
ascribed to By, (three coordinated B, near 10 ppm) and B,, (four
coordinated B, near 0 ppm)*"** as shown in Fig. 64, indicating
that B cations mainly exist as B,y and no observable transforma-
tion between B, and B, occurs. According to the previous
reports,”’ this can be ascribed to the characteristics of excess
network modifiers (alkali cations and alkali earth cations)
within the present borosilicate glassy system. Based on the
widely adopted structural model,**** the alkali cation can act as a
charge balancer and/or network modifier in the glass structure.
In this work, the fraction of [BO,,]” species is predominant in the
glass structure as shown in Fig. 6A. This identified that the
corresponding part of alkali ions should act as charge balancers,
compensating the negative charge of [BO,/,] units.

However, we observed a clear shift about the characteristic
peak ascribed to *°Si (Fig. 6B), revealing the subtle variance
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Fig. 5 Compositional dependence of the density (p) and molar volume of
the 65.0Si0,-5.0B,03 (17.6 — x)-Na,O-xK,0O-7.5Ca0-4.9MgO glasses as a
function of different molar ratios R, where R is equal to the molar ratio of
[K201/(INaQl + [K2Ol). The dashed line is a guide for the eye.

about the local coordinated surroundings of Si cations with
increasing R. More precisely, for the pure Na endmember, the
NMR peak of *°Si is located at —91 ppm. While for the pure K
endmember, a shift of about 3 ppm in peak location appears
toward the more negative chemical shift. Particularly, similar to
the evolution of thermal conductivity with increasing R shown
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Fig. 6 (A) B NMR spectra of the 65.05i0,-5.0B,05 (17.6 — x)-Na,O-xK,0-7.5Ca0-4.9MgO glasses, where R is equal to the molar ratio of [K,Ol/(INa,Ol +
[K>01). (B) 2°Si NMR spectra of the glasses with different R. (C) Dependence of the peak position (1) near —91 ppm as a function of the molar ratio R.
Dashed line: the linear correlation between the two endmembers.
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Fig. 7 Structural characterizations. (A) Raman spectra of the 65.0Si0,-5.0B,05 (17.6 — x)-Na,O-xK,0O-7.5Ca0-4.9MgO glasses with different R, where R is

equal to the molar ratio of [K,Ol/(INa,O] + [K,Ol). For clarity, the spectra are shifted vertically. (B) Dependence of the peak position () near 1090 cm ™~ as

a function of the molar ratio R. Dashed line: the linear correlation between the two endmembers.

in Fig. 24, the shift in the characteristic NMR peak location of the peak located at about 1100 cm ™" within the region of 1000
%98 also exhibits a positive deviation from additivity (Fig. 6C).  to 1200 cm ™', no other clear evolution in Raman spectra can be

Further structural information about the atomic-scale struc-  observed. According to the previous reports,*>*°® this peak
tural evolution comes from Raman spectra (Fig. 7). Except for could be ascribed to the stretching vibration of [SiO,] related
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structural units. According to previous work,*” the increase in
Si-O stretching force in the network structure ought to induce
this peak to shift toward the higher wavenumber, thereby
strengthening the rigidity of the glass network. For the pure
Na endmember, this peak locates at 1089 cm™'; when it comes
to the pure K endmember, this peak shifts to 1100 ecm .
Similar to the evolution of thermal conductivity on R, the
dependence of this peak site on R also exhibits a positive
deviation from linearity.

For xR,0-(1 — x)SiO, (R = Li, Na, K) binary glasses, the
addition of alkali ions will cause the formation of non-bridging
oxygens to break the network structure.'® This ultimately leads
to a reduction in thermal conductivity. The observed trend in
thermal conductivity, ie., Li,0-2Si0, > Na,0-2Si0, > K,O-
2Si0, glasses, can be attributed to the combined differences
in volumetric specific heat capacity, sound velocity and mean
free path. Moreover, compared to single-cation systems, mixed
alkali cations could induce a further reduction in thermal
conductivity due to the well-known mixed alkali effects. This
further reduction in thermal conductivity for the mixed alkali
silicate glasses was ascribed to their shorter phonon mean
free path compared to the single alkali glasses.'”” Recently, our
group'” observed that the thermal conductivity of mixed alkaline-
earth (i.e., Ca-Mg) borosilicate glasses only exhibited a partial non-
linear variation on compositional change in thermal conductivity.
This phenomenon was attributed to atomic-scale structural transi-
tion, which likely modifies network connectivity and cation field
strength distribution, thereby influencing phonon propagation
characteristics through changes in interatomic bonding configura-
tions. Therefore, for the present mixed alkali glasses, the observed
non-linear evolution on R in thermal conductivity should be
attributed to the mixed alkali (i.e., Na-K) effect. Considering the
similar positive deviation behavior observed on Raman, NMR
spectra and thermal conductivity with the gradual substitution
of Na cations by K cations, the subtle evolution in the local
coordinated surroundings of Si cations within the glassy network
can also be a main atomic-scale structural origin of the mixed
alkali effect on thermal conductivity.

4. Conclusions

Through systematic compositional adjustment of R (R = molar
ratio of [K,0]/([Na,O] + [K,O])) from 0.0 to 1.0, a series of
borosilicate glasses were successfully fabricated to investigate
the effects of sodium-potassium mixing. The thermal conduc-
tivity, along with other thermal properties such as glass transi-
tion temperature (7,), dilatometric softening temperature (Tg),
and coefficient of thermal expansion (CTE), exhibited a distinct
nonlinear variation characteristic of the “mixed alkali effect”
as the R value increased. Within the framework of the phonon
gas model, the observed changes in thermal conductivity were
primarily attributed to variations in Debye sound velocity, as
both volumetric heat capacity and phonon mean free path
showed minimal alterations. Notably, the phonon mean free
path demonstrated a positive deviation from additivity, which
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can be explained by the abnormal increase in atomic-scale
pores manifested as an unusual density reduction with increas-
ing K,O content. Structural characterization through NMR and
Raman spectroscopy revealed that the evolution of thermal
conductivity with increasing R was closely correlated with
atomic-scale structural changes. Both the >*°Si NMR peak shifts
and Raman spectral features exhibited positive deviations from
additivity, mirroring the trend observed in thermal conductivity.
These findings provide atomic-scale insights into the structural
origins of the mixed sodium-potassium effect on thermal con-
ductivity. This study offers valuable guidance for tailoring the
thermal properties of borosilicate glasses through strategic com-
positional design, paving the way for optimized material perfor-
mance in specific applications.
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