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Advances in developing high entropy alloys and ceramics with improved physical properties have greatly broad-
ened their application field from aerospace industry, public transportation to nuclear plants. In this review, we
describe the concept of entropy engineering as applicable to inorganic non-metallic glasses, especially for tailoring
and enhancing their mechanical, electrical, and optical properties. We also present opportunities and challenges
in calculating entropy of inorganic non-metallic glass systems, correlating entropy to glass formation, and in
developing functional inorganic non-metallic glasses via the entropy concept.

1. Introduction

Entropy is an extensive property of a thermodynamic system. It is as-
sociated with the confusion degree in a system, along with macroscopic
thermodynamic quantities such as volume, pressure, and temperature.
For a specific material system, entropy can be mainly of two origins:
vibrational and configurational, representing the degree of disorder due
to the vibration of molecules, atoms or ions and the diversification of
the structural configurations, respectively. In recent years, the entropy
engineering concept has been used as an effective way to tune the ther-
modynamic and physical properties of materials. This concept was pro-
posed by Yeh et al. in 2004 [1] with the purpose to develop novel al-
loys. The core of the concept is to increase the configurational entropy
of an alloy by mixing multiple equimolar or near-equimolar metal el-
ements, thereby to improve its performance. Specially, the alloys with
more than five equimolar or near-equimolar base elements are defined
as “high entropy alloys” [1,2], which would form single-phase alloys
rather than multi-phase mixture of intercrystalline compounds. Over the
past seventeen years, the high entropy alloy has been extensively studied
and a series of material systems with face-center [3-8], body-center cu-
bic [9-11] and hexagonal close packed [12-15] solid solution structure
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has been fabricated. In addition to high entropy crystalline alloys, high-
entropy amorphous alloys (metallic glasses) [16-20] have also been de-
veloped by using the concept of entropy engineering. Benefitting from
the unique structure, the high entropy alloys exhibit excellent mechan-
ical properties such as high strength [12,21], high corrosion resistance
[22] and exceptional fracture toughness [23-25]. Motivated by the sub-
stantial progress in the field of high entropy alloys, the entropy engi-
neering concept was further employed to develop novel ceramics [26].
The high entropy ceramics, including oxides [27-31], carbides [32-35],
diborides [36-39] and silicides [40,41], have been synthesized, which
exhibit remarkable properties such as high hardness [42], high corro-
sion resistance [43,44], and low thermal conductivity [45,46] compared
to conventional ceramics.

As illustrated in Fig. la-c, in contrast to metals and ceramics, mul-
ticomponent inorganic non-metallic glasses (e.g., oxide, chalcogenide,
and fluoride glasses) feature a more complicated microstructure ow-
ing to the long-range disordered network consisting of various kinds of
local-range and intermediate-range structural units [47]. For this rea-
son, these glasses can be regarded as high entropy systems. The config-
urational entropy of glasses is higher than that of its crystalline counter-
part since there is a larger fluctuation in both bond length and bond an-
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Fig. 1. Schematic illustration of the arrangement of component elements
(as represented by the circles in different colors) in the (a) high entropy alloys,
(b) high entropy ceramics, and (c) high entropy inorganic non-metallic glasses.
(d) The entropy evolution during glass formation.

gles of the structural units. Furthermore, the entropy contributed from
the diversity of composition in multicomponent glasses is believed to
be greater than that in alloys and ceramics. The components of inor-
ganic non-metallic glasses can be divided into network formers (e.g.,
Si0,, GeO,, P,05, and B,03), network modifiers (e.g., Li, O, Na,O, and
K,0), and network intermediates (e.g., Al,03, Ga;03, and ZnO). Thus,
we can introduce the concept of entropy engineering into the field of
inorganic non-metallic glasses, and thereby design novel glasses with
higher entropy. It should be noted that, to the best of our knowledge,
the entropy engineering concept has not been purposely introduced and
applied for investigating and developing inorganic non-metallic glasses.

In this review, we establish the entropy engineering concept regard-
ing inorganic non-metallic glasses. We describe the route to calculate
the entropy of inorganic non-metallic glasses and provide insight into
the influence of entropy on physical properties of inorganic non-metallic
glasses. We describe the potential applications and challenges of the en-
tropy engineering strategy for developing novel inorganic non-metallic
glasses.

2. The concept of entropy in inorganic non-metallic glass

According to the definition proposed by Boltzmann, entropy S is usu-
ally considered as the measure of the system’s disorder, which can be
expressed as (at 0 K):

S =kInQ (€8]

where k is the Boltzmann constant and Q is the number of microstates.
Clausius proposed that for a reversible process, the change in entropy
(dS) is given by the second law of thermodynamics:
1Y

T

where Q is the heat supplied to the system and T is temperature. For a
system of matter (e.g., alloys, ceramics, and glasses), the degree of the

ds = 2
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disorder can be described by both the configurational entropy (S.qns)
and the vibrational entropy (S;;,). Thus, the total entropy of a material
system may be expressed as:

S = Scont + Svib 3

where S¢ is mainly determined by the number of components and the
number of structural arrangements. An increase of these numbers could
lead to higher S, . Sy is mainly determined by the intrinsic vibrational
properties of the composed molecules, atoms, or ions. Both S, and S,
are temperature dependent in different fashions as discussed elsewhere
[48,49]. For a solid state (such as alloys, ceramics, and glasses) system,
Sconf is thought to dominate the total S of the system [50]. Thus, this
article mainly focuses on the contribution of S,

In recent years, the configurational entropy engineering strategy has
been proposed with respect to alloy and ceramic materials through mul-
ticomponent mixing. The AS_, ¢ of a system (e.g., alloys and ceramics)
due to multicomponent mixing is usually measured by mixed entropy
(ASpix)- In classical equilibrium thermodynamics, the AS,;, is defined
as the increase in the total entropy (AS) when several initially sepa-
rated equilibrium systems with different components are mixed without
chemical reaction to a new thermodynamic internal equilibrium system.
For a typical equilibrium system (e.g., alloys and ceramics), the relation
between AS, s and AS,;, after n components mixing (ignoring the con-
tribution of S,;,) can be given as [1,15]:

n
AScont = Scon(mixed system) — Z Sconf (k
k=1

h separated system) ~ ASix

n
= AS = S(mixed system) — Z S (k'™ separated system)
k=1

“

Thus, S, is tuned via changing the component elements, and mul-
ticomponent mixing is expected to generate additional configurational
entropy. As modelled for the ideal solid solution, AS,,,¢ in alloys and
ceramics can be simply calculated through Egs. 5 and 6, respectively
[1,15,511:

N
AScont = ASpyie = =R Y ¢;Inc;

i=1

()

where R is the gas constant, which is the product of Avagadro constant
N, and Boltzmann constant k, and c; is the molar fraction of the ith
metal element.

N
X h

X+Y 4

AS,

conf —

Ni

AS,. =R X/ + Y = Yxfne | ©)
i=1
where X and Y are total number of the ions occupying h and k sublattices,
Ny, and N, are the number of species occupying h and k sites, and x;" and
x;* are the molar fraction of the i element that occupies h and k sites.
According to Egs. 5, 6, it can be shown that multicomponent system,
especially equimolar mixed materials, would exhibit higher S, than
the separated systems.

As for inorganic non-metallic glasses, which are the non-equilibrium
systems, the ideal equilibrium solid solution model is not suitable for
the estimation of AS.,,;. Taking the melt-quenched non-equilibrium
glass system as the typical example, the evolution of Sy;, and S.y,¢ in
the whole process from melt state to solid state should be re-analyzed
(Fig. 1d). During glass formation, S,;, sharply decreases and its contri-
bution to the total change of entropy in the glassy state can be neglected.

Instead, S.,,s dominates, and S approximately equals S,

S ~ )

In principle, S ., ¢ of an inorganic non-metallic glass system is re-
garded as the frozen S, from the super-cooled liquid at a certain fic-
tive temperature [52]. In details, S.,¢ in inorganic non-metallic glasses
would be related not only to its composition but also to its thermal his-
tory during transformation from the liquid melt to the glassy phase.

conf
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Table 1
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The comparison of entropy engineering strategies by component diversification in alloys, ceramics and inorganic non-metallic glasses.

Phase evolution

Diversified components

Component occupation

Alloys
Ceramics
Inorganic non-metallic glasses

Single phase solid solution
Single phase solid solution
Single phase

Mainly the metal atoms
Cations or anions with the same or similar chemical valence
Cations or anions with fewer limits

Specific Wyckoff site for metal atoms
Specific Wyckoff site for cations or anions
Unspecific sites

There are two conflicting theoretical models for describing frozen S ¢
[49,53-60]. According to the conventional view, all the S, would be
frozen during glass transition and non-zero residual S, at 0 K would
be observed. Alternatively, the kinetic view considers the occurrence of
an entropy loss during the transition from the liquid to glass and the
residual S.,,¢ vanishes at 0 K. Both views agree that faster cooling rate
during glass transition leads to higher S, ¢ in inorganic non-metallic
glasses [52]. Thus, S, ¢ of inorganic non-metallic glasses is thermal his-
tory dependent [61]. For a certain thermal history, S, of inorganic
non-metallic glasses can be expressed as [56]:

N
Seont = —k Z Tr[pin(p,)]

i=1

®

where p; is the density matrix of the i microstate of total N of the
system and Tr is its trace.

Thus, for mixed non-equilibrium system, such as inorganic non-
metallic glasses, the change of the total entropy is caused by both the
diversification of the components and the quenching process (the ther-
mal history for inorganic glass). So, the change of total entropy can be
calculated via:

n
AS = S(mixed system) — z S(k’h separated System)
k=1

n
R Sconr(mixed system) — Z Sc(mf(k’h separated system) = AS,

conf
k=1

+AS’

conf

= ASmix

(©)]

where AS is the total entropy change, AS,,¢ is the configurational en-
tropy change, AS,;, is the mixed entropy, AS’., is the configurational
entropy change due to quenching process for a non-equilibrium system.

Based on above description, it is reasonable that the configurational
entropy engineering concept can be extended from the field of alloys and
ceramics to that of inorganic non-metallic glasses. Like ceramics and al-
loys, multicomponent mixed glass system may exhibit higher S, than
that of its subsystem due to the positive AS,,;,. However, Compared to
the equilibrium systems such as ceramics and alloys, S..r of the non-
equilibrium inorganic non-metallic glasses can be adjusted through ther-
mal history manipulation. Faster cooling rate during glass formation is
another approach for raising S.,,r due to the positive AS’ . For in-
stance, the hyperquenched glasses (cooling at a rate of 10° K/s) exhibit
more disordered local microstructure and significantly higher frozen en-
tropy compared with those of the glass cooled at the standard cooling
rate of 0.1 K/s [61-63]. Thus, thermal history (e.g., controlling cool-
ing rate) is another controlling factor for the configurational entropy
(AS’.ons) and physical properties of inorganic non-metallic glasses.

However, the precisely control of thermal history of inorganic non-
metallic glasses is still a challenge. Here, the configurational entropy en-
gineering for inorganic non-metallic glasses is discussed based on com-
ponent diversification (AS,,;, design).

The crucial aspects of the entropy engineering concept, which is
based on the component diversification, are demonstrated and com-
pared for alloys, ceramics and inorganic non-metallic glasses as seen
in Table 1. For alloys and ceramics, the final product of entropy engi-
neering is a novel single-phase solid solution composed of various kinds
of components. The diversification components, which are carefully se-
lected to mitigate the enthalpic penalties, would occupy the specific
Wyckoff site of the crystal cell units. The higher entropy solid solu-
tions exhibit the same or similar crystal structure (e.g., space group)
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Fig. 2. Influence of entropy on glass formation. (a) Magnitude and phase
profile of AGg.n in glass formation and crystallization process. (b) Schematic
illustration of liquid phase and crystalline phase of low entropy system (top

graph) and high entropy system (bottom graph).

compared with their lower entropy subsystems, but with larger local
disorder. The unique physical properties of high entropy ceramic and
alloy mainly result from the local disorder. As for inorganic non-metallic
glasses, entropy engineering would lead to different topological struc-
tures from that of its lower entropy subsystems. A prominent feature of
glass is that the diversification components can be selected with fewer
limits and they are supposed not to occupy a specific site.

3. Mixed entropy design for control of glass formation

The process of materials synthesis is accompanied by the evolution
of the Gibbs free energy of the system. According to the fundamental
principles of statistical mechanics, the Gibbs free energy change of the
system AGgygem1—2 can be calculated through:

AGsyatemIAZ = AHsyatemlaZ - TASSystemlaZ (10)

where AHgygem1 o is the system enthalpy change, T is the temperature
and ASgygem12 s the system entropy change. For high entropy alloys
or ceramics, the Gibbs free energy difference AGgeparated—mix D€tWeen
the separated intercrystalline phases and mixed multicomponent high
entropy phase would be expressed as:

AG = AH,; — TAS;

an

where AH,;, is the mixed enthalpy. In comparison, at high temperature:

separated—mix

AH,; < TAS,; 12)

which indicates that AGgeparated—mix 1S negative and high entropy mul-
ticomponent ceramics and alloys exhibit lower Gibbs energy compared
with that of the intercrystalline phases. The tendency of ordering and
segregation would be lowered due to the entropy stabilized effect
[15,26,64,65]. Thus, high entropy alloys or ceramics are more likely
to form random mixed solid solution instead of intercrystalline phases
during solidification.

Since the glass is a complicated non-equilibrium state that forms via
the melt-quenching process (Fig. 2a), the contribution of AS_;, to glass
formation cannot be solely ascribed to the entropy stabilizing effect, in
contrast to the cases in alloys and ceramics. In recent years, the con-
tribution of AS,;, to glass formation has been analyzed based on crys-
tallization thermodynamics. Guided by the crystallography theory, the
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total Gibbs energy difference (AG;_,.) between the liquid and crystalline
phase can be expressed as [66,67]:

AQ%=%M%&+MﬂG (13)

where Ag, and o are the free energy change (driving force) and the
interface energy change during the formation of the nuclei from the
super-cooled liquid, respectively, r is the radius of nucleus. The critical
nucleus radius r* can be calculated by [68]:

dAGIac — (14)
dr
and further:
20
o= (15)
Ag,

The nucleus with r < r* is unstable, indicating that the larger r* may
lead to higher glass formation ability. Making Ag, less negative is the
effective strategy to improve the glass formation ability. At constant
pressure, Ag, can be calculated by [69]:

2T

Ag, = AS) AT TT

T (16)

m
where AS;_,. is the total entropy difference between liquid and crys-
talline phase at melting point, which is negative, T,, is the melting point,
T is the actual temperature and AT = T,-T is the super-cooling degree.
According to Eq. (16), less negative AS;_, . corresponds to lower tendency
for crystallization, and hence, to higher glass forming ability (Fig. 2b).

It is established that the multicomponent mixed system (with higher
AS.ix) exhibits less negative AS,_,. compared with that of the separated
subsystem (with lower AS,;,) [69]. That is to say, the high mixed en-
tropy system would exhibit a greater tendency to glass formation. This
mixed entropy design strategy was called the “confusion by design” prin-
ciple for the formation of metallic glass and has become one of the im-
portant empirical rules for designing metallic glasses [70]. Although a
series of metallic glasses have been designed and fabricated, the “con-
fusion by design” principle has not yet been strictly demonstrated and
further studies still need to be done.

In addition, the contribution of AS;, to the glass formation has also
been analyzed based on crystallization kinetic theory. In crystallization
kinetic theory, glass formation ability is governed by the viscosity of
the super-cooled liquid. In highly viscous state, the diffusion of atoms
(or ions) can be effectively reduced and thus the nucleation and growth
of the crystalline phase would be suppressed, finally leading to glass
formation. According to the Adams-Gibbs model, the relation between
Scont and viscosity () of liquid can be described by [60]:

)

where A is a constant. The S_¢ of the liquid can be determined by the
Mauro-Yue-Ellison-Gupta-Allan (MYEGA) equation [49]. The Adams-
Gibbs model suggests that high S.,,¢ is inversely correlated with the
viscosity of the liquid.

According to Eq. 4, for equilibrium liquid phase, we have the expres-
sion:

A
TS, an

conf

n« exp<

n
Sont (Mixed system) = Z Seont (k™ separated system) + ASy;,
k=1

18)

Due to the positive AS;,, the multicomponent mixed system in equi-
librium liquid state exhibits higher S.,.;. Thus, based on crystalliza-
tion kinetic theory, multicomponent glass systems with higher config-
urational entropy may accelerate crystallization and decrease the glass
forming ability.

As for inorganic non-metallic glasses, the influence of entropy on
glass stability is found to be three-fold. First, high entropy is beneficial to
the formation of inorganic non-metallic glass in many cases. As a typical
example, pure TeO, cannot form glassy phase alone, due to its unstable
network structure. Enhancement of AS,;, via adding the network mod-
ifiers or intermediates such as Na,O, Nb,O5 and V,05 can stabilize the

786
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unstable structure and highly transparent functional tellurite glasses can
be fabricated [71-75]. This is consistent with above theoretical analysis.
Second, the high entropy strategy is not always feasible for improving
glass formation. For example, SiO, is one of the best network form-
ers. However, increasing the entropy of the system via diversifying the
composition (e.g., adding Li,O) will decrease the viscosity of the glass
melt, resulting in the enhancement of the glass crystallization tendency.
Third, the rational control of S, via AS,;;x design also facilitates the
densification during glass formation. As another typical example, B,O3
is a good glass former. However, it is unstable under ambient condi-
tion for long time due to its loose laminated network structure, i.e., it
is easy to degrade. It has been demonstrated that the addition of Al,04
and Na,O can promote the transformation of the loose laminated struc-
ture into the dense three-dimensional network structure, contributing to
the formation of the stable borate glass system [76-78]. Thus, entropy
engineering provides an effective avenue to tune glass formation and
glass stability, and thus, high quality glass can be obtained by entropy
engineering.

4. Entropy engineering for control of glass properties

For high entropy ceramics and alloys, besides the direct high en-
tropy effect (entropy stabilized effect), entropy engineering also leads
to indirect effects such as cocktail effect and sluggish kinetics, which
are thought to be not related to entropy directly but the modification of
local structure due to component diversification. These direct and indi-
rect effects have been demonstrated to improve mechanical, electrical
and magnetic properties of ceramics and alloys.

Although the high entropy effect of inorganic non-metallic glasses
is yet to be established as a topic of glass science, various properties of
inorganic non-metallic glasses have been found to be associated with
Sconf OF the resultant microstructure change due to component diversi-
fication. It is necessary to point out that the multicomponent glass sys-
tems account for a large proportion of commercial glass products. The
established golden rule to tune the glass properties is based on compo-
nent diversification. This strategy can be regarded as a cocktail effect or
sluggish kinetics effect for inorganic non-metallic glass. In the following
sections, several examples about the entropy-structure-property relation
in various glass systems are highlighted.

4.1. Mechanical properties

As is well known, entropic elasticity is the typical property of rub-
ber above its glass transition temperature, T, since rubber is composed
of crosslinked carbon chains. Under tension, the orientation of carbon
chain (-C-C-) results in the structural anisotropy as well as the decrease
of entropy of the system: Sjgading < Sorigin» Which are the entropy under
tension and in original state, respectively. After unloading, according
to the second law of thermodynamics, the system should spontaneously
evolve to the higher entropy state, and thus the oriented chains would
shrink through micro-Brownian motion process. The crosslinking agent
with the disulfide bonds that increases the inter-chain force can effec-
tively suppress the macro-Brownian motion of the chains, thus allowing
the chains to “memorize” the original position and finally the chains
can recover to the initial state. This intriguing entropy-dominated pro-
cess inspires us to propose a new question. That is, is it possible to gift
rigid glass with entropic elasticity via entropy engineering? Based on
the above analysis, the glass with structure like that of rubber, such as
the metaphosphate glass that is composed of long P-O-P chains and al-
kali metal species as crosslink agent, might be a potential candidate for
examining the entropy effect. Unfortunately, the entropic elasticity has
never been observed in a simple glass composition e.g., the metaphos-
phate glass, 50Li,O-50P,05 (mol%) [79].

In recent years, Hosono et al. proposed that entropic elasticity
cannot be generated in the metaphosphate glass with single alkali
metal ions [80]. Keeping this key point in mind, they tried to in-
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Fig. 3. Entropy engineering for control of mechanical properties of glass [80,81]. (a) The model structure of multicomponent entropic elastic metaphosphate
glass. (b) Structure features of the metaphosphate glass. Left: 3'P MAS NMR (top graph) and Raman spectra (bottom graph) of metaphosphate glass with different

AS,

mix

values. Right: Intermolecular energies of organic polymers and metaphosphate glass (top graph) and SAXS profiles for metaphosphate glass (bottom graph).

(c) Upper panel: Polarization images of high entropic metaphosphate glass fiber before (left graph) and after (right graph) relaxation at T,. Lower panel: Shrinkage
of the high entropic metaphosphate glass (left graph) and composition dependence of entropic shrinkage of metaphosphate glasses. (d) Strength (Upper graph) and

Young’s modulus (Lower graph) of high entropic metaphosphate glass fiber.

corporate various types of alkali metal ions (Li, Na, K and Cs) into
metaphosphate glass system to tune the entropy. They fabricated
and studied four glass compositions (mol%): 50Li,O-50P,05, 25Li,0O-
25Na,0-50P,05, 16.6Li,0-16.6Na,0-16.6K,0-50P,05 and 12.5Li,0O-
12.5Na,0-12.5K,0-12.5Cs,0-50P,05, which have different entropy
values. It was found that at the temperature above T, the elastic shrink-
age of the metaphosphate glasses were strongly composition dependent.
Diversification of the components might help achieve higher AS,;, glass
systems with increased shrinkage. The underlying physical mechanism
can be explained as follows. The increase in the types of alkali ions
might potentially enhances AS,;,, thus generating distinct inter-chain
force. On one hand, the alkali metal ions with low field strength re-
duce inter-chain interaction, thus facilitating the micro-Brownian mo-
tion and the shrinkage of the stretched chains. On the other hand, al-
kali metal ions with high bond strength act as crosslinks among the
chains. They can lock the relative position of the chains, thereby sup-
pressing the macro-Brownian motion and allowing the chains to recover
to their original states (Fig. 3a). Guided by this law, a high entropy
glass system with the composition of 12.5Li,O-12.5Na,0-12.5K,0-
12.5Cs,0-50P,05 was developed, and it exhibited the highest degree
of entropic elasticity. This system features considerably long P-O-P
chains and the best chain flexibility (Fig. 3b). Remarkably, the unprece-
dented properties such as extremely large elastic shrinkage (> 40%), no-
table anisotropy and non-Newtonian flow after loading (Fig. 3c), high
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strength (> 1400 MPa), and improved Young’s modulus (~148 GPa)
(Fig. 3d) can be realized in metaphosphate glass fibers [80-82]. The
above-mentioned results indicate that entropy engineering is an effec-
tive approach to tune the mechanical properties such as the entropic
elasticity of glass and can even help to develop new highly elastic
glasses.

4.2. Electrical properties

The electrical properties such as electrical conductivity (opposite
to resistivity) and dielectric loss of the material are strongly depen-
dent on the mobility of charge carriers. For dielectric inorganic non-
metallic glasses, the charge carriers are typically associated with rel-
atively weakly bonded species, typically the monovalent alkali metal
ions. The factors influencing the mobility of alkali ions may govern the
electrical properties of such glasses.

Naturally, large ions are less mobile and thus exhibit lower electri-
cal conductivity and dielectric loss compared to small ions. However,
single alkali-containing glass systems can only display a limited tun-
able range of electrical conductivity and dielectric loss. In 1969, Isard
et al. found that the mixed alkali effect, which was frequently observed
in glass systems with relatively high AS_;,, can be employed to effec-
tively tune the electrical properties of the inorganic non-metallic glasses
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Fig. 4. Entropy engineering for control of electrical properties of glass. (a) Electrical conductivity (c4.) or electrical resistivity (p) as a function of alkali metal
ion substitution ratio in silicate glass (left graph) [83]; phosphate glass (middle graph) [86]; and borate glass (right graph) [89]. (b) MD simulation on the cavity
volume for the glass system of (mol%)22.7(xK,0-(1-x)Na,0)-77.3Si0, reported by Y. Onodera et al [93].. Upper panel: Visualization of cavities in alkali silicate
glass with x = 0 (left graph), 0.5 (middle graph) and 1.0 (right graph). Lower panel: Distribution of the cavities volume in alkali silicate glass with x = 0 (left graph),
0.5 (middle graph) and 1.0 (right graph). (c) MD simulation on the conduction pathway for alkali ions in (mol%)50(xLi, O-(1-x)Rb,0)—-50P, 05 glass system [94].
Upper panel: Conduction pathway for Li* ions (blue) and Rb* ions (red) with x = 0 (left graph), 0.25 (middle graph) and 0.5 (right graph). Lower panel: Conduction
pathway for Li* ions (blue) and Rb* ions (red) with x= 0.75 (left graph) and 1.0 (middle graph); Blocked pathway (blue) and conduction pathway (pink) of Li* in

(mol%)25Li,0-25Rb,0-50P, 05 glass system (right graph).

[83]. Interestingly, a gradual substitution of one type of alkali ion for
other leads to a notable change of the electrical properties but in a
nonlinear manner such that the overall ionic conductivity exhibits a
pronounced minimum at approximately equimolar mixed alkali com-
position. Radiotracer studies show that the diffusivity of an alkali ion
monotonically decreases as it is replaced by another alkali ion [84].
Taking 33.3R,0-66.6Si0, (mol%) glass system with R = (Na, K) as an
example, the electrical conductivity o4 of the mixed system 8.33Na,O-
24.98K,0-66.6Si0, (mol%) is superior to that of the subsystems, be-
ing ranked as 8.33Na,0-24.98K,0-66.65i0, < 33.3K,0-66.65i0, <
33.3Na,0-66.6Si0, [83,85]. Significantly, this phenomenon has been
demonstrated universally in a wide range of glass system such as R,O-
P,05 [86] and R,0-B,0; [87-89] (Fig. 4a).

The atomistic mechanism of the observed phenomenon has been
studied through structural characterizations and simulation, including
neutron and X-ray diffractions, reverse Monte Carlo and molecular dy-
namics simulation [90-94]. It has been found that mixing of various
types of alkali ions not only modifies the topological structure of glass
matrix, but also changes the interaction among various alkali metal
ions. The reverse Monte Carlo and molecular dynamics (MD) simula-
tions show that alkali metal ions are distributed in the “channels” of
structural network, i.e., alkali metal ions can only migrate through ex-
tremely narrow pathway. Mixed-alkali system exhibits smaller maxi-
mum cavity size compared with that in the single alkali system. As a
result, the movement of the large alkali metal ion would be significantly
suppressed by the narrow channel of the high entropy mixed alkali sys-
tem, which is named as the bottleneck effect [93] (Fig. 4b). The notable
energy mismatch among different alkali metal ion sites and the low di-
mensionality of the migration pathway cooperatively reduces the ionic
jumping probability. Thus, the migration pathways of small alkali metal
ions would be partially blocked by the larger ones [94] (Fig. 4c). These
factors can be discerned directly by measuring the diffusion of a third al-
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kali ion (Rb) as trace impurity in a binary mixed alkali (Na-Cs trisilicate)
glass series [95]. These two factors (i.e., the bottleneck effect and the re-
duced ionic jumping probability) contribute to the decrease of electrical
conductibility and dielectric loss in the mixed alkali oxide glasses. The
above-mentioned mechanism can also be defined as “sluggish kinetics”,
which has been widely recognized as a prominent effect in high en-
tropy alloys and ceramics. Further, pairing of alkali ions is considered
important for the migration of alkali ions, and pairing of unlike ions
would be preferred from the perspective of entropy of mixing. Thus, it
is expected that the entropy engineered glass system such as the triple
or quadruple mixed alkali glass systems may display superior electrical
properties.

4.3. Chemical durability

There are several factors, such as the compactness of glass network
and mobility of the network modifier cations, which may affect the
chemical durability of inorganic non-metallic glasses. In addition to the
electrical properties, the chemical durability of inorganic non-metallic
glasses is also associated with the mixed alkali effect, which can re-
duce the mobility of alkali ions. For example, the hydrolysis of alkali-
containing oxide glasses mainly results from the ion exchange between
protons from the environment and alkali metal ions from glass. Thus,
the chemical durability, especially hydrolytic resistance of oxide glasses
is related to the mobility of the alkali metal ions. Like the sluggish ki-
netics effect of high entropy ceramics and alloys, the mixed alkali sys-
tems should exhibit lower mobility of alkali metal ions, and thus an
improved chemical durability can be expected [96] (Fig. 5a, b). This
improvement has been confirmed by a series of experiments [85, 97-
99] (Fig. 5¢). Therefore, it can be anticipated that the entropy engi-
neering via diversification of the alkali ions can be employed to engi-
neer the chemical durability of the mixed alkali inorganic non-metallic
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Fig. 5. Entropy engineering for control of chemical durability of glass. (a) Topological structures of Li,O0-SiO, glass and Li,0-K,0-SiO, glass [96]. (b)
Schematic illustration of hydrolysis of single and mixed alkali silicate glass. (c) Composition dependent alkali metal ions exchanged quantity for (mol%)17(xK,O-(1-
x)Na,0)-10Ca0-738Si0, (red) and (mol%)16(xK,0-(1-x)Na,0)—10Ca0-74Si0, (blue). The glass samples are immersed in HCI solutions [85].

glasses, pointing to various promising applications such as hydrolytic re-
sistant bioactive glasses, protection cover, and on-chip chemical reactor
[100].

4.4. Optical properties

The optical properties of glass are crucial for various applications
such as optical imaging, optical communication, and laser. Glass bulk
and fibers can be activated with rare-earth or transition-metal or main-
group ions via incorporation of active dopants into glass matrix. In this
case, the optical properties are governed by both the chemical state and
the chemical environment of dopants. It is necessary to note that diver-
sification of component elements of the system also affects the chemi-
cal state and their chemical environment of dopants, thus resulting in
diverse optical properties of inorganic non-metallic glasses [101-103].
The approach of components diversification, frequently employed in
entropy engineering, to enhance the optical performances of inorganic
non-metallic glasses, can be described through the following two con-
siderations.

4.4.1. Tuning the aggregation process of dopants

Modifying S, through multicomponent diversification can help ad-
just the aggregation process of the atoms or ions by so-called entropy-
stabilized effect for alloys and ceramics. Like that of the alloys and
ceramics, the strategy might be also suitable for tuning the aggrega-
tion of dopants in inorganic non-metallic glasses. To illustrate, consider
the development of high average power laser glasses doped with vari-
ous rare-earth active dopants as a typical example. In 1986, Arai first
studied the clustering of Nd3+ dopants in pure silica glass that is com-
posed of [SiO4] structural units. It was found that Nd3* dopants can-
not be well incorporated into the rigid [SiO4] network, leading to the
unwanted dopant aggregation and phase separation, and hence, the ex-
tremely poor lasing performance [104]. Furthermore, diversifying the
composition with Al,O5 and P,O5 allows to effectively prevent the un-
expected Nd3+ aggregation, and thereby to improve the luminescent
properties [102,103]. Monteil et al [105]. found that co-doping with Al
may lead to a change of the local distribution of Eu3* dopants (Fig. 6a).
Funabiki et al [106]. proposed that the co-doped P and Al played two
different roles. The role of P is associated with the formation of a unique
solvation shell, while the role of Al is directly related to the entropy
driven suppression of phase-separation (Fig. 6a). The exact roles of P
and Al are still not fully clarified. Nevertheless, some possible explana-
tions can be given as follows. The addition of Al,03 and P,O5 would
not only increase the number of the components, but also diversify the
microstructures. Especially, various types of structural units including

789

[AlO,], [AlOg], [PO4] and [POg] are presented in the structural net-
work, and therefore the S ,,r (AS,ix > 0) of the system could be higher
than that of the system with fewer structural units. Consequently, the
relative high entropy prevents the clustering of rare-earth dopants and
thereby improve the optical performance of the glass, which is similar
to the entropy-stabilized effect in alloys and ceramics. In addition to
rare-earth metal dopants, main-group (e,g., Bi) [107] and noble metal
dopants (e.g., Au and Ag) were also frequently employed in active pho-
tonics [108]. Interestingly, various kinds of the aggregation centers,
such as Bi*, Big3*, Bi nanoparticles, and Ag*, Ag,*, Ag nanoparti-
cles can be stabilized in multicomponent glass systems (Fig. 6b). In a
striking case, the chemical states of various dopants can be precisely
tuned by changing the topological structure of glass, leading to in-
triguing tunable and ultra-broadband luminescence (Fig. 6b). Although
the detailed tuning mechanism still needs to be revealed, it is sup-
posed that the entropy evolution of the systems would be a contributing
factor.

4.4.2. Adjusting chemical environment around the dopants

Entropy engineering strategy also enables the adjustment of the lo-
cal chemical environment around the dopants. As analyzed above, high
entropy systems possess extremely rich local configurations, and this
is highly favorable for inhomogeneous broadening. This may lead to
the extension or shift of the optical spectrum of the glass, which has
strong impact on optical performances, such as broadband optical am-
plification, tunable lasing and ultra-short pulse generation. The contri-
bution of multiple configurations to the inhomogeneous broadening can
be supported by experimental evidence. One typical example is the spec-
tral broadening of Er®*-doped multicomponent tellurite glass (10Na,O-
10Zn0-80TeO, in mol%) [109,110]. The structural analysis indicates
that Te-O can form various unique configuration units such as [TeO,4],
[TeO3] and [TeOs,] in glass systems (Fig. 6¢). Thus, the tellurite glass
system can be considered as a typical high entropy system. As a result,
broadband emission from Er3* dopant with the bandwidth of more than
~50 nm can be observed in this system. This is in strong contrast to the
case of Er3*-doped silica glass which only exhibits narrow emission with
the bandwidth of ~8 nm (Fig. 6¢). Another effective way to diversify the
configurations of the system for inhomogeneous broadening is the direct
diversification of glass network formers [111-115]. For example, the
Bi-doped hybrid germanium silicate glass (79.5Ge0,-17Si0,-3Al,04
in mol%) exhibits broadband and flat emission feature compared with
the pure germinate glass system (96.5GeO,-3Al,05 in mol%). The Er-
doped hybrid glass fiber shows broader optical amplification compared
with the silica fiber, and even supports laser operation beyond 1630 nm
[116]. In addition, in the Ni®*-doped system with ternary network form-
ers (25.53Li,0-21.53Ta,05-35.295i0,-17.65A1,05 in mol%), unusual
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inhomogeneous broadening with flat emission (~480 nm) has been ob-
served after nanocrystallization [117]. To clarify the origin of this phe-
nomenon, Zhou et al. employed high-angle annular dark-field scanning
transmission electron microscopy to explore the microstructure of the
above glass. They directly observed the mesoscale chemical hetero-
geneities, which were similar to the pronounced composition fluctua-
tions in high entropy alloy composed of CrFeCoNiPd [118]. They ar-
gued that this heterogeneity could genetically dominate the spectral
features of the glass. These results imply opportunity and feasibility to
develop the next-generation broadband photonic devices with signifi-
cant applications in high-capacity telecommunication, remote sensing
and defense.

5. Summary and outlook

The entropy engineering is an effective way not only for tuning the
glass forming ability, but also for controlling the mechanical, electri-
cal as well as optical properties of inorganic non-metallic glasses. Thus,
this new strategy can be valuable for developing novel functional in-

790

organic non-metallic glass materials. However, there remain challenges
as well as opportunities for applying the entropy engineering concept
in developing advanced functional inorganic non-metallic glasses. We
have pointed out four potential research directions related to entropy
engineering.

5.1. Entropy calculation for inorganic non-metallic glass

Scont can be calculated based on local configuration statistics and
thermal measurement, which are used for both the Boltzmann entropy
and the Clausius entropy, respectively. The Boltzmann entropy calcula-
tion is usually limited to alloy and ceramic materials, and is not suitable
for inorganic non-metallic glasses owing to their complex local struc-
ture. MD simulation can provide valuable information on the Boltz-
mann entropy calculation. For example, MD simulation has been re-
cently conducted in reconstructing microstructures of inorganic non-
metallic glasses, and the local configuration statistics can be potentially
achieved. Despite some progress, there is still plenty of room for this
strategy to be implemented. The main challenge for MD into quantify
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the Boltzmann entropy is to reveal the exact structures of inorganic non-
metallic glass, since the non-crystalline solids are rather complicated,
and the theoretical simulation can be time-consuming. In any case, the
Clausius entropy calculation based on experimental thermal analysis for
inorganic non-metallic glasses can be performed to verify and modify
the Boltzmann entropy obtained via MD calculations. The challenge for
the Clausius entropy calculation is associated with the lack of thermody-
namic data, especially the heat capacities of glass, super-cooled liquid,
and equilibrium liquid at various temperatures. Thus, precise entropy
calculation for inorganic non-metallic glasses is strongly dependent on
the future development of computational materials science and the ex-
pansion of thermodynamic database.

5.2. Investigation of the influence of entropy on glass stability

Understanding the influence of entropy and enthalpy on glass stabil-
ity, such as the glass formation, phase separation, clustering behavior
and homogeneity is critical for glass design based on the entropy en-
gineering strategy. Unfortunately, the existing models are insufficient
for quantitatively describing these effects. A combined method based
on both the MD and the first-principle simulation may be useful for ex-
ploring the relation between local structure and entropy at given tem-
peratures, leading to the establishment of a precise model. This model
should enable the redefinition of the contribution of entropy in both
thermodynamics and kinetics processes for glass stability and give a bet-
ter understanding of the separated influence of entropy and enthalpy on
glass stability. Once this type of model is created, the giant expansion
of the database of high entropy glass system can be expected.

5.3. New techniques for tuning entropy of inorganic non-metallic glasses

Developing high configurational entropy materials relies on the
available methods to increase the entropy of the system. The classic way
is the rational diversification of the component elements. In addition, as
a unique feature in glass, cooling process plays a critical role in freez-
ing various configurations of the structural units (AS’ ¢ design). It can
be expected that faster cooling rate potentially allows obtaining higher
Scont (AS’cons > 0). Thus, a rational control of cooling rate is supposed
to be an effective approach for adjusting S in glass. It is believed that
development of new fabrication techniques would be a promising way
to raise S, ¢ of inorganic non-metallic glasses.

5.4. Development of advanced inorganic non-metallic glasses based on
entropy engineering strategy

Entropy engineering is expected to enable the rational and efficient
development of advanced functional inorganic non-metallic glasses. The
current progress is mainly limited to the multicomponent oxide glasses,
and it is critically important to expand the category of the glass sys-
tems. More specifically, the entropy-property relation in other special
glass systems such as fluorite, chalcogenide and hybrid glasses should be
explored. It can be envisioned that a series of advanced inorganic non-
metallic glasses with greatly enhanced mechanical, electrical, chemical,
and optical properties can be developed by utilizing the entropy engi-
neering strategy. These entropy-engineered glass materials are supposed
to be the next-generation candidates for various fundamental applica-
tions. Entropy engineering for inorganic non-metallic glasses has just
been in infancy and needs to be intensively tested for a large range of
inorganic non-metallic glass systems. At this initial stage it would appear
prudent, it is significant to begin the research from the low entropy sys-
tems with simple composition and then expand it to the complex higher
entropy candidates.
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