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SUMMARY

Glasses with high hardness, high Young’s modulus, and high fracture toughness
become crucial materials which are urgently needed in the protective covers
for various electronic displays. Here, a paradigm is presented that the conceptual
design of high-entropy materials is adaptable to high performance oxide glasses.
We designed the multi-component glass compositions of 18.77R,03-4.83Y,03-
28.22Ti0,-8.75Zr0,-39.43Al,0; (R = La, Sm, Gd) and elaborated successfully
the glassy samples through a containerless solidification process. The as-pre-
pared samples demonstrated the outstanding mechanical and optical properties.
The measured hardness, Young’s modulus, and indentation fracture toughness of
the high-entropy (R = Gd) glass are 12.58 GPa, 177.9 GPa, and 1.52 MPa-m°°,
respectively, in which the hardness and Young’'s modulus exhibit the highest
value among the reported oxide glasses. Structural analysis revealed that the
excellent mechanical properties are attributed to the large dissociation energies
and the high field strength of Al,O3, TiO,, and ZrO, and the complex interaction
between atoms caused by high entropy.

INTRODUCTION

Glasses with high hardness, high Young'’s modulus, and high fracture toughness have a wide range of ap-
plications in the protective covers for electronic displays on smartphones, laptops, tablets, and wearable
devices owing to their high resistance to scratching and sharp contact damage. Cover glasses are the
outermost layer of electronic displays and the most vulnerable part of wearable devices under external
force. Higher hardness, Young's modulus, and fracture toughness are able to reduce the glass thickness
while retaining sufficient durability. In order to enhance the conventional cover glasses, such as soda
lime silicate (Na,O-CaO-SiO,) glass and alkali alumina-silicate (R,O-Al,03-SiO,) glass, chemical strength-
ening is widely used and the mechanical properties are improved by an ion exchange process (Nordberg
etal., 1964; Morozumi et al., 2015). However, the shape design is limited, and it is difficult to reprocess once
the glass is chemically strengthened; most importantly, the chemical strengthening is not the internal me-
chanical strengthening. Transparent ceramics and glass-ceramics have been developed in the latest
decade and recognized as competing materials with cover glass. They demonstrate the natural higher
hardness, Young's modulus, and fracture toughness compared to glasses; however, the extremely high
cost and complex process of ceramics and glass-ceramics still restrain the cost-efficient application of
these crystalline products. Accordingly, synthesizing glasses with intrinsically high hardness, high Young's
modulus, and high fracture toughness is of great significance.

The Young's modulus E of glass can be estimated by the Makishima and Mackenzie equation (Makishima,
1973), in which E is in proportion to the atomic packing density and the sum of the dissociation energy of
each component. The Vickers hardness H, of glass was in association with Young’s modulus by Yamane and
Mackenzie equation (Yamane and Mackenzie, 1974) inwhich Hyis in proportion to E. For the fracture tough-
ness of glass, the bond energies of oxides are the most important factors, which can be expressed in terms
of the dissociation energy. Therefore, in order to obtain glass with high hardness, high Young's modulus,
and high fracture toughness, the atomic packing density and the dissociation energy of components are
primary factors for glass composition design. Among metallic oxides, alumina (Al,O3) possesses the high-
est dissociation energy (Gajzo3 = 133.8 kJ/em?3) (Makishima, 1973). Hence, it is reasonable that the glasses
with high hardness, high Young'’s modulus, and high fracture toughness contain a great quantity of Al,O3,
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as reported in Ry;O03-Al,03-SiO; glasses (R = rare earth ion, Y, or Sc) and 25Li20-20AI1203-55B20; glass
(Stevensson and Edén, 2013; Johnson et al., 2005; Du, 2009; Inaba et al., 2000; To et al., 2021). The atomic
packing density of glass increases with the coordination number of Al and decreases with the ionic volume
of oxide components. The coordination number of Al in glasses could be improved by introducing the high
field strength cations into the network. For example, Mattias and Masuno et al. found that rare earth ions/
Y3+/Sc3* (Yamane and Mackenzie, 1974; Stevensson and Edén, 2013; Johnson et al., 2005; Du, 2009; Inaba
etal,, 2000) or Ta®" (Rosales-Sosa et al., 2015) in the aluminate glasses can significantly increase the fraction
of high-coordinated Al. Therefore, selecting components with high field strength, coupled with a higher
Al,O3 content, is expectable to get larger Al coordination and enhance the mechanical properties of oxide
glasses. Masuno et al. prepared the 32R,03-68A1,03 glasses (R = La, Sm, Gd, Er, Tm, Y), which possess the
maximum hardness at the time among oxide glasses (between 8.4 GPa and 11.1 GPa) (Rosales-Sosa et al.,
2018). However, as an intermediate oxide, the existence of a large amount of Al,O3 would result in the
decrease of the glass-forming ability and, more severely, the failure of vitrification of high alumina-con-
tained glasses (Sun, 1947). Adding a certain amount of SiO, enables to improve the glass-forming ability
(Han et al., 2019); however, the glasses would be impaired by the decreased mechanical properties and
relatively low dopant concentrations (Johnson et al., 2005; Hehlen et al., 1997). Currently, with the rapid
development of electronic equipment, seeking an alternative way to obtain the high hardness, high
modulus, and high fracture toughness glasses becomes more urgent.

Recently, the concept of high entropy is widely concerned and studied in alloys and ceramics. Usually, the high-
entropy materials are considered to be composed of five or more components, and the mole fraction of each
component is between 5% and 35% (Yeh et al., 2004). It exhibits extraordinary properties compared to the tradi-
tional materials due to the existence of the four effects which included high-entropy effect (Tong et al., 2005; Li
and Zhang, 2009; Senkov et al., 2010; Del Grosso et al., 2012; Ng et al., 2012; Lucas et al., 2012), sluggish diffusion
effect (Cheng et al., 2006; Tsai et al., 2013), lattice distortion effect, and cocktail effect (Ranganathan, 2003; Yeh,
2006; Zhao et al., 2020). Among that, lattice distortion effect is unique to crystals and cocktail effect is the total
change in performance, which has no remarkable influence on glasses because of the random amorphous dis-
tribution atoms. The reported work on high-entropy metallic glasses demonstrates that the complex interaction
between atoms due to the diversity of components can improve the hardness and compressive strength of
glasses (Kim et al., 2020). Additionally, the increase of entropy can improve the stability of amorphous in ther-
modynamics and therefore improve the glass-forming ability (Li and Zhang, 2017). Meanwhile, the effect of slug-
gish diffusion caused by the complex interaction between atoms can also promote the formation of amorphous
by increasing the viscosity of the glass melts.

Herein, based on the multicomponent compositional design, we elaborated successfully the high-entropy
18.77R,03-4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,03 (R = La, Sm, Gd) glasses which are containerlessly
molten and solidified by using an aerodynamic levitation process. The optical, thermal, and physical prop-
erties of glasses are investigated. Results demonstrate that the prepared high-entropy glass possesses ul-
trahigh hardness, Young's modulus, and fracture toughness, coupled with good thermal stability and
excellent transmittance performance. The conceptual design of high-entropy glasses can be extended
to the system of high hardness, high Young's modulus, and high fracture toughness glasses, targeting
wide applications in the protective covers for electronic displays on smartphones, laptops, tablets, and
wearable devices.

RESULTS AND DISCUSSION

Vitrification of high-entropy aluminates

The cooling curves of the levitated melts with high-entropy 18.77R,03-4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,04
(R=La, Sm, Gd) compositions are given in Figure 1A, in which the inset picture shows three as-prepared samples.
The temperature of samples decreased at the cooling rate of approximately 175 K/s once turning off the lasers.
Norecalescence is observed on the cooling curves. All of the samples are transparent and colorless except for R =
Sm glass with light yellow. Figure 1B presents the X-ray diffraction patters of the samples, and only a unique amor-
phous peak is found. Therefore, it is reasonable to deduce that the as-prepared samples are in glassy state.

To verify the morphology of the elemental distribution of the high-entropy glasses, scanning electron mi-
croscope (SEM) observation and corresponding energy dispersive spectroscopy (EDS) mapping of samples
are performed in R = La glass. Energy spectrum analysis (Figure 1C) shows that the glass samples consist of
six elements including La, Ti, Zr, Y, Al, and O, which is consistent with the nominal composition and no other
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Figure 1. Amorphous characterization of the high-entropy 18.77R,05-4.83Y,03-28.22TiO,-8.75ZrO,-
39.43Al,0; (R = La, Sm, Gd) glasses

(A) Solidification cooling curves of the as-synthesized glass samples, and the inset picture shows the prepared glass
beads, which are transparent and colorless except for R = Sm glass which is light yellow.

(B) X-ray diffraction patters of the glass samples. Results demonstrate that the as-synthesized high-entropy glasses are all
completely amorphous.

(C) Energy spectrum diagram of R = La glass sample.

(D) Comparison of measured and nominal composition of each component in R = La glass sample.

(E) SEM image and corresponding EDS mapping of the high-entropy glasses (R = La). The elements are homogenously
distributed.

impurity ions are observed. Figure 1D shows a comparison of measured and nominal composition of each
component, and it is clear that all of the measured composition is highly consistent with the ingredients.
Figure 1E shows the SEM image and corresponding EDS mappings of the high-entropy glass (R = La).
The surface and fracture of samples are smooth, homogeneous, crack free, and dense. EDS mappings
on the polished surface indicate that all of the elements are homogenously distributed at the microscale
and no phase separation is observed.

Thermal analysis

The complexity of preparing glasses in bulk depends on the thermal stability and glass-forming ability
of amorphous. Figure 2A shows the differential thermal analysis (DTA) curves of the high-entropy
18.77R,03-4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,03 (R = La, Sm, Gd) glasses. The glass transition temper-
ature T, crystallization temperature Tp, and kinetic window AT (4T = Tp-Tg) are obtained from DTA curves,
which are illustrated in Figure 2B. The glass transition temperature T4 and the crystallization temperature
ToforR=La, Sm, and Gd glass are 832°C, 849°C, and 862°C and 918°C, 919°C, and 925°C, respectively. The
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Figure 2. Thermal stability and glass forming ability of the high-entropy 18.77R,03-4.83Y,05-28.22TiO,-
8.75Zr0,-39.43Al,0; (R = La, Sm, Gd) glasses

(A) Differential thermal analysis (DTA) curves of the glass samples.

(B) The glass transition temperature Tg, crystallization temperature Tp, and kinetic window AT (4T = Tp-Tg) of R = La, Sm,
and Gd glass samples.

Results demonstrate that the as-synthesized glasses have a good thermal stability and strong glass-forming ability.

temperature difference between Tgand T, (4T = T,—T,) for R = La, Sm, and Gd glass is 86°C, 70°C, and
63°C, respectively. The temperature difference 4T is a measurement of the thermal stability of glass, which
is also closely related to the glass-forming ability and determines the possibility of bulk glass preparation.

In this work, the AT of the obtained glass samples is all larger than 60°C and reached the maximum 86°C
when R = La, which is much higher than that of previous work on 54A1,03-46Ta,0s5 glasses (4T = 54°C) (Ro-
sales-Sosa et al., 2015). The higher 4T indicates that the as-synthesized glasses possess a better thermal
stability and stronger glass-forming ability, these make it possible that prepare bulk glasses without
network former. Compared with the 54Al,03-46Ta,0s glass, the higher 4T can be partially contributed
to the lower Al,O3 content. As an intermediate oxide, less Al;O3 amount in our high-entropy glasses will
lead to low coordinated Al and thus higher bond strength, according to Sun’s glass formation criteria
(Sun, 1947), which is beneficial to increase the glass stability. Additionally, the complex interaction between
atoms caused by high entropy may also play a role in the promotion of 4T. The entropy of the prepared
high-entropy glasses is calculated as 10.95 J-mol™"-K™" and is much higher than that of the 54Al,0s-
46Ta,05 glass (5.74 J-mol™"-K™"); higher entropy indicates that atomic interactions in glass systems are
more complex. In the melting state, the sluggish diffusion of atoms can lead to an increase in the viscosity
of the glass melt, making it easier to form glass during solidification.

Optical properties

Optical transmittance is one of the mostimportant parameters for cover glasses used for electronic displays;
therefore, transparent and colorless cover glasses are both indispensable. R = Sm glass is transparent but
with a light yellow color; hence, the optical transmittance of glass in 190-2500 nm and 2500-7000 nm wave-
length range is only performed in R = La and Gd glass. Figure 3 shows the transmittance spectrum of the
high-entropy 18.77R,03-4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,03 (R = La, Gd) glasses in the UV-visible
(Figure 3A) and NIR region (Figure 3B). From the figure, it can be observed that both R = La and Gd glass
had a good transmittance in the UV-visible and NIR region. The transmittance at 390 nm-780 nm is higher
than 80% for R = La glass, and it has a maximum transmission of 86.8% in the visible region. For R = Gd glass,
the transmittance at 390 nm-780 nm and the largest transmission in the visible region are 76.9% and 84.0%,
respectively. The transmittance of the obtained glass samples is much higher than that of the previous high
hardness and high Young’s modulus glass on 54A1,03-46Ta,0s (81%) (Rosales-Sosa et al., 2015), although
the latter is half as thick as the former. By comparison, the as-synthesized glasses have a wide range of trans-
mission windows in visible and near infrared regions except R = Sm glass, and the cutoff wavelengths of UV
and infrared for both glasses are about 325 nm and 6813 nm, respectively. The absorption band at approx-
imately 4250 nm for R = La and Gd belongs to the vibration of ambient CO, (Ma et al., 2015).

Mechanical properties
Hardness and Young’s modulus

The hardness and Young's modulus of the as-synthesized high-entropy 18.77R,03-4.83Y,03-28.22TiO,-
8.752r0,-39.43A1,03 (R = La, Sm, Gd) glasses are measured, and the results are illustrated in Figure 4.
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Figure 3. Optical properties of the high-entropy 18.77R,03-4.83Y,03-28.22Ti0,-8.75Zr0,-39.43Al1,0;3 (R = La,
Gd) glasses

(A) Transmittance spectrum of the glasses in the UV-visible region.

(B) Transmittance spectrum of the glasses in the NIR region.

Results demonstrate that the as-synthesized high-entropy glasses possess a higher transmittance in the UV-visible region
than the previous high hardness and high Young’'s modulus glass on 54Al,03-46Ta,0s (81%) (Rosales-Sosa et al., 2015).

The hardness and Young's modulus fluctuate greatly when the displacement of the surface is smaller than
500 nm and then became stabilized while the pressure depth is increased to 900 nm (Figures 4A and 4B).
This can be due to the presence of surface stress when the pressure depth is relatively shallow, and the
intrinsic hardness of glass is obtained while the pressing depth is larger than 900 nm. The hardness and
Young's modulus increase while the R in the glasses changes from La to Gd. Figure 4C shows the load
displacement into the surface curve of glass samples, and it also revealed that the hardness increases
with the R = La to Gd as the load increases continuously at the same pressure depth. The measured hard-
ness and Young's modulus of glasses are summarized in Table 1.

Vickers hardness (H,) versus Young's modulus (E) for high-entropy 18.77R;03-4.83Y,03-28.22TiO,-
8.75Zr0,-39.43A1,05 (R = La, Sm, Gd) glasses in comparison with those of other high performance oxide
glasses are presented in Figure 4D (Rosales-Sosa et al., 2015, 2016, 2018; Segawa et al., 2010). For the
most oxide glasses, their hardness and Young's modulus are lower than 10 GPa and 140 GPa. The hardness
of the prepared high-entropy glass is in the range of 11.65 GPa-12.58 GPa, and the Young's modulus of the
prepared high-entropy glass is between 162.0 GPa and 177.9 GPa, which are considerably larger than the
values of conventional oxide glass. To our knowledge, the reported maximum values of hardness and
Young's modulus are obtained on 32R,03-68Al,05 glasses, whose hardness is between 8.4 GPa and
11.1 GPa, with the Young's modulus of 122.3 GPa-162.9 GPa (Rosales-Sosa et al., 2018). Specifically, the
obtained glass samples in this work exhibit much higher values than the 32R,03-68A1,03 glasses except
the Young's modulus of R = La glass (162.0 GPa). The comparison shows that the high-entropy
18.77R,03-4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,03 (R = La, Sm, Gd) glasses exhibit the superior hardness
and Young's modulus among the oxide glasses.

Indentation fracture toughness

Glasses with high hardness and Young's modulus can effectively improve the crack initiation resistance and
reduce the probabilities of sharp contact damage of cover glass. However, once the collapsing force is high
enough and results in the crack nucleation or the flaws and cracks are pre-existing on the surface, the
fracture toughness of glass is of great important in resisting the growth of flaws and cracks. Here, Vickers
indentation is used to identify the fracture toughness of the as-synthesized high-entropy 18.77R,O3-
4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,03 (R = La, Sm, Gd) glasses, and the results are shown in Figure 5.
Figure 5A shows the diagrammatic sketch of the measurement on the crack length, and the inset pictures
show the scanning electron micrographs of indentations performed in R = La, Sm, and Gd glass. The inden-
tation is square like, and the cracks are extended at the end of four corners; there are no ring-type cracks
observed on the surface, which indicated that the selected load is appropriate and the effect of densifica-
tion flow on testing during the indentation process is reduced in visibility.

The measured fracture toughness (Kjc) and average crack length (c-a) of glass samples are shown in Figure 5B.
The fracture toughness of the high-entropy glasses increase with R changing from La to Gd; conversely, the
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Figure 4. Hardness and Young's modulus of the high-entropy 18.77R,03-4.83Y,03-28.22Ti0,-8.75ZrO,-
39.43Al,0;3 (R = La, Sm, Gd) glasses

(A) The measured Young's modulus displacement into surface curve of the glass samples.

(B) The measured Vickers hardness displacement into surface curve of the glass samples.

(C) The obtained load displacement into surface curve of the glass samples.

(D) Vickers hardness (Hy) versus Young's modulus (E) for as-synthesized high-entropy glasses together with some high
hardness and high Young's modulus glasses.

Results demonstrate that the as-synthesized high-entropy glass possesses the highest hardness and Young's modulus

among oxides glass.

crack length decreases as R goes from La to Gd. Under the same load, glasses with higher fracture toughness
can exhibit stronger resistance to crack growth, and this results in the decrease of crack length. Notably, the
fracture toughness of R = La, Sm, and Gd glass is 1.21 MPa-m®3, 1.39 MPa-m®®°, and 1.52 MPa-m®?, respec-
tively, which is much larger than the values of current commercially available oxide glasses, such as silicates,
borates, borosilicate, etc., which is reported to be lower than 1 MPa-m®® (Quinna and Swab, 2013; To, 2019;
Ostergaard et al., 2019; Rouxel and Yoshida, 2017; Yao, 2016; Scannell et al., 2017; Vullo and Davis, 2004; Wie-
derhorn et al., 1974; Mezeix, 2017; Kato et al., 2010; Reddy et al., 1988), as shown in Figure 5C (areas below the
gray short dash line). Currently, the highest fracture toughness of oxide glasses is reported to be 1.36 MPa m®®
usingthe single-edge pre-cracked beam method (To et al., 2021). In this work, the measured fracture toughness
of R = Sm and Gd glass exhibits an almost comparable value to that of maximum record. Generally, there are
errors in the fracture toughness measured by indentation methods, the overestimated values for silicate-rich
glasses and underestimated values for stiffer and harder glasses (Dériano et al., 2004). However, it can be
considered that the prepared high-entropy glasses possess extraordinary fracture toughness owing to its sili-
cate-free and extremely high hardness and Young's modulus of glass samples. The prepared high hardness,
high Young's modulus, and high fracture toughness 18.77R,03-4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,03
(R=La, Sm, Gd) glasses, coupled with their good glass-forming ability and excellent transmission performance,
indiacte a great potential application on the future’s electronic devices.

Structural analysis

Hardness and Young’s modulus

The atomic packing density and the dissociation energy of components are the most important two factors
to synthesize the high hardness and high Young’s modulus glasses. For the prepared high-entropy
18.77R,03-4.83Y,03-28.22Ti0,-8.75Zr0,-39.43A1,03 (R = La, Sm, Gd) glasses, it is noted that the
measured hardness (12.58 GPa) and Young's modulus (177.9 GPa) of R = Gd glass are much larger than
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Table 1. lonic radii of R (R = La, Sm, Gd) cations, density (p), atomic packing density (C,), Young’s modulus (E), and
Vickers hardness (Hy) of the high-entropy 18.77R,05-4.83Y,03-28.22TiO,-8.75Zr0,-39.43Al,0;3 (R = La, Sm, Gd)
glasses

R lonic radii®/nm p/(g/cm3) Cq E/GPa H\/GPa
La 0.1061 4.565 0.5711 162.0 11.65
Sm 0.0964 4.831 0.5780 170.0 12.26
Gd 0.0938 5.011 0.5871 177.9 12.58

The radius of the oxide ion is 1.35 A. The maximum standard deviation of the Young's modulus E and Vickers hardness Hy was
within £0.8 GPa and +0.06 GPa, respectively.
2Shannon ionic radii for sixfold coordination.

those of the 32R,03-68A1,03 glass, which is reported to have the highest values among oxide glasses (when
R = Er possess the highest hardness 11.1 GPa and Young's modulus 162.9 GPa) (Rosales-Sosa et al., 2018).
All of the prepared high-entropy glasses have the same component except R,Og; therefore, the increased
hardness and Young's modulus of glass samples from R = La to Gd can be owing to the difference in R,O3.
Inaba et al. reported that different rare-earth oxides have the similar dissociation energy (60-70 kJ/em®),
and the dissociation energy is not directly related to the ion radius (Inaba et al., 2000). The increased hard-
ness and Young's modulus values of 18.77R,03-4.83Y,03-28.22Ti0,-8.75Zr0,-39.43A1,05 (R = La, Sm, Gd)
glasses are thus caused by the different atomic packing density. The measured density and the calculated
atomic packing density Cg4 of the glass samples are listed in Table 1; Figures 6A and 6B show their variation
with the ionic radii of R (R = La, Sm, Gd) cations. From the figure, it can be observed that the density and the
atomic packing density Cg of glasses are increased with the decrease of the ionic radii, which indicated that
selecting components with smaller ionic radii is conducive to increase the atomic packing density Cq. Fig-
ure 6C illustrates the effect of the atomic packing density (Cg) on Vickers hardness and Young's modulus of
glass. It can be observed that both values are monotonically increased with the packing density Cg. Accord-
ingly, the increased hardness and Young's modulus of glass samples from R = La to Gd is owing to the
decreased ionic radii, which is consistent with the previous work on 32R,03-68Al,05 glasses (R = La, Sm,
Gd, Er, Tm, Y) (Rosales-Sosa et al., 2015). Compared with the previous high hardness and high Young's
modulus oxide glasses, such as Al;O3-Si0,-R,03, 54A1,03-46Ta,0s, 32R,03-68A1,03, and Al,03-SiO,
(Inaba et al., 2000; Rosales-Sosa et al., 2015, 2016, 2018), the improved hardness and Young's modulus
of the as-synthesized high-entropy glasses can be partially contributed to the increased atomic packing
density Cg. The atomic packing density Cg of the obtained glass samples varies from 0.5711 to 0.5871,
and while changing the cations R from La to Gd, these values were much larger than those of the conven-
tional silicate glasses and the majority of high hardness and high Young's modulus glasses (Inaba et al.,
2000; Rosales-Sosa et al., 2015, 2018). Additionally, the addition of ZrO, and TiO, can also improve the
hardness and Young's modulus, whose dissociation energy is much larger than that of rare-earth oxides
and silicon dioxide (Makishima, 1973; Inaba et al., 2000). Entropy may also affect the hardness and modulus
of oxide glasses, although it has not been reported so far in oxide glass, and the relevant research has been
confirmed in metallic glass (Argon, 1979; Chen et al., 2015; Kim et al., 2020). For low-entropy glasses, the
shear deformation resistance of glass is relatively small owing to the simple atomic interaction. For high-
entropy glasses, there is a complex interaction between atoms due to the diversity of components, which
make atomic motion and shearing more difficult than conventional oxide glasses with simple atomic inter-
action during compressive deformation.

The atomic packing density Cq is positively correlated with the coordination of Al. Thus, to identify the co-
ordination information of glass samples, 27Al NMR spectroscopy is performed in R = La glass, and the re-
sults are presented in Figure 6D. Although all of the spectrums are broad owing to the amorphous nature of
the glass, three distinctive peaks are observed in about 75 ppm, 45 ppm, and 10 ppm. These peaks are as-
signed to 4-coordinated Al (A", 5.coordinated Al (AI®)), and 6-coordinated Al (A}, respectively
(Schmicker et al., 1999; Neuville et al., 2006; Licheron et al., 2011). For a better study of the coordination
condition of the glass, Gaussian fitting is used to quantify the fraction of Al coordination species. The thin
dash in the spectrum corresponds to each of the components: blue dash (Al14)), green dash (AI®), and black
dash (AI®). Based on the integration of the peak areas, the fractions of 4-coordinated Al (A, 5-coordi-
nated Al (AlI®), and 6-coordinated Al (Al are estimated to be 55.3%, 31.0%, and 13.7%, respectively.
The estimated average oxygen coordination number for Al is 4.584. High oxygen coordination number
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Figure 5. Fracture toughness (Kc) of the high-entropy 18.77R,03-4.83Y,03-28.22Ti0,-8.75Zr0,-39.43Al1,03
(R = La, Sm, Gd) glasses

(A) Diagrammatic sketch of the measurement on the crack length for fracture toughness (K|c), and the inset pictures show
the scanning electron micrographs of indentations performed on R = La, Sm, and Gd glass.

(B) The fracture toughness (Kc) and average crack length (C-A) of R = La, Sm, and Gd glass samples.

(C) Fracture toughness (Kic) versus Young's modulus (E) for as-synthesized high-entropy glasses together with some
commercial oxide glasses and high fracture toughness oxide glasses.

Results demonstrate that the as-synthesized high-entropy glass possesses extraordinary fracture toughness among
oxides glass.

for Al (AIP!, AlY) can improve the atomic packing density Cg of glass and thus obtain excellent mechanical
properties. The fractions of 5-coordinated Al (Al and 6-coordinated (Al)) for conventional aluminates
glasses generally ranged from 3 to 30% and from 1 to 2%, respectively (Pahari et al., 2012; Takahashi
etal., 2015; Tangeman et al., 2004), which are considerably smaller than those of the prepared high-entropy
glasses, especially for 6-coordinated (Al"¥). It has been suggested that the amount of Al'™ and Al¥lin alumi-
nate glasses can be improved by the cations with high field strength (Stevensson and Edén, 2013; Johnson
et al., 2005; Du, 2009; Inaba et al., 2000; Rosales-Sosa et al., 2015). Ti** and Zr** cations possess larger field
strength compared with rare-earth cations due to the higher valence and smaller ionic radii. Accordingly,
the increased highly coordinated aluminum (AI® and Al"¥) can be owing to the addition of Ti** and Zr**
cations, which results in the larger atomic packing density Cg and thus improves the hardness and Young's
modulus.

Indentation fracture toughness

Fracture toughness (Kc) represents the ability of a material to prevent crack propagation, similar to hard-
ness and Young's modulus, and itis highly related to the bond energy of component oxides and the density
of obtained glass samples. As presented in Figure 5B, the fracture toughness of the high-entropy glasses
increases with R changing from La to Gd. This can be partly owing to the increased glass density from R = La
to Gd (Figures 6A and 6B). On the other hand, a decrease in the ionic radii of R increases the bond energy,
and more energies are needed to crack extending, which result in the enhancement of fracture toughness.
As presented in Figure 5C, the prepared high-entropy glasses exhibit extraordinary fracture toughness
compared with the commercial oxide glasses (borates, silicates, borosilicates, etc. [To et al., 2021; Yao,
2016; Scannell et al., 2017; Vullo and Davis, 2004; Wiederhorn et al., 1974; Mezeix, 2017; Kato et al.,
2010; Reddy et al., 1988]) and the current high fracture toughness oxide glasses (To et al., 2021; Dériano
et al., 2004). The dissociation energy of the widely used oxides on conventional glasses, such as B,Os,
SiO,, P,Os, and alkali metal oxides, is 77.8 kl/cm?, 64.4 k/cm?, 62.7 kJ/cm?, and 23.4-83.6 kJ/cm?,
(23.4 kd/em® for K0, 37.2 kd/cm? for Na,O, 40.5 kJ/em? for BaO, 48.5 kJ/cm? for SrO, 64.8 kd/cm? for
Ca0, and 83.6 kJ/cm?® for MgO) respectively (Makishima, 1973). The component oxides in this work are
R,03, TiOy, ZrOy, Y503, and Al,O3, and their dissociation energy is 60-70 kd/em?3, 86.5 kJ/cm?®, 97.0 kJ/
ecm®, 74.0 kd/ecm?®, and 133.8 kJ/cm?, respectively (Makishima, 1973; Inaba et al., 2000), which is much larger
than that of conventional oxide glasses. Additionally, in the prepared high-entropy glasses, the content of
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Figure 6. Structure analysis of hardness and Young’'s modulus of the high-entropy 18.77R,0;-4.83Y,05-
28.22Ti0,-8.75Zr0,-39.43Al1,0; (R = La, Sm, Gd) glasses

(A) Effect of the ionic radii of R (R = La, Sm, Gd) cations on the density (p) of glass samples.

(B) Effect of the ionic radii of R (R = La, Sm, Gd) cations on the atomic packing density (C,) of glass samples.

(C) Effect of the atomic packing density (Cg) on Young's modulus and Vickers hardness of glass samples.

(D) 27 AINMR spectroscopy of the high-entropy R = La glass. The black line and red dash line are the experimental curve and the
total fitting curve, respectively, and other three fitting dashes are blue dash (A, green dash (AI®), and black dash (Al'%).
Results demonstrate that the high hardness and Young's modulus can be owing to the large cationic field strength of Ti**
and Zr**, the large dissociation energy of Al,O3, TiO,, and ZrO,, and the complex interaction between atoms due to the
diversity of components.

TiO,, ZrO,, and AlL,O3 (with high dissociation energy) is larger more than 80%, while the B,O3, SiO,, and
P,Os (with lower dissociation energy than TiO,, ZrO,, and Al,O3) take the vast majority in the conventional
oxide glasses, and the lower dissociation energy of the component oxides lead to the decreased fracture
toughness of glass.

The coordination numbers of the commercial B,O3-, SiO,-, and P,Os-based oxide glasses are usually 2-3,
1-4, and 1-3, respectively, and the higher coordination numbers are conducive to obtained tougher glass.
As exhibited in Figure 6D, the fractions of Al™, AIB and Al'®! are estimated to be 55.3%, 31.0%, and 13.7%,
respectively, which are much higher than the values of commercial oxide glasses. Figure 7A shows the ef-
fect of entropy on the fracture toughness (Kc) of oxide glasses (To et al., 2021; Yao, 2016; Scannell et al.,
2017; Vullo and Davis, 2004; Wiederhorn et al., 1974; Mezeix, 2017; Kato et al., 2010; Reddy et al., 1988).
Interestingly, although there are differences in composition, the fracture toughness values of glasses
show a tendency of increases with the increase of entropy, which indicates that the fracture toughness
of oxide glass may be related to entropy. The increased fracture toughness in a constant entropy on the
areas where the upward arrows are located is due to the increased pressure during the preparation pro-
cess, which translate the low coordinated B (B®!) and Al (AIY) to high coordinated B (B and Al (AI),
AlY, respectively (To et al,, 2021). The improved fracture toughness by entropy may be speculated to
the bending growth of cracks due to the complex interaction between atoms. For low-entropy glasses,
it is usually composed of one or two major oxides and a small amount of other oxides; therefore, the types
of coordinated atoms are monotonous. Once a crack is formed, it tends to extend in a line-like way owing to
the structural similarity, as shown in Figure 7B. For high-entropy glasses, it is generally composed of five or
more oxides, and the content of each oxide is thought to be between 5% and 35%, which increases the di-
versity of coordinated atoms and exhibits complex interaction between atoms. The structural multiplicity of
high-entropy glass may increase the resistance of line-like crack extending and lead to bending growth, as
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Figure 7. Effect of entropy on the fracture toughness (Kc) of oxide glasses

(A) The fracture toughness of varying glasses, as obtained by means of various experimental methods as a function of
entropy.

(B and C) Diagram of different styles of indentation crack extends and coordination situation in different entropy, and the
crack 1 and crack 2 are corresponded to low entropy and high entropy, respectively.

Results demonstrate that the high fracture toughness can be owing to the large dissociation energy of Re;O3, Al,O3, TiO,,
and ZrO,, the high coordinated Al, and the possible existence of bending growth of cracks caused by high entropy.

shown in Figure 7C. Under the constant external force, the bending growth of cracks may slow down the
linear release of stress and thus results in an increase in fracture toughness.

Conclusion

The mechanical and optical properties of high-entropy 18.77R;03-4.83Y,03-28.22TiO,-8.75ZrO,-
39.43A1,03 (R = La, Sm, Gd) glasses prepared by an aerodynamic levitation technique are investigated.
The glass of R = La and Gd is colorless and transparent in the visible region, meanwhile, displaying excel-
lent optical properties. The density of glasses increases with the decrease of the ionic radii, and the
atomic packing density Cg4 increases with the decrease of the ionic radii. Results demonstrate that the
ionic radii size has a great influence on the atomic packing density Cg. The Young's modulus and Vickers
hardness are monotonically increased with the packing density Cg, and the measured E and H, values of
R = Gd glass are 177.9 GPa and 12.58 GPa, respectively, which exhibits the highest hardness and Young's
modulus among oxide glasses. The prepared samples possess extraordinary fracture toughness among
oxide glasses (1.21-1.52 MPa-m®3). The high atomic packing density Cg is attributed to the addition of
Ti** and Zr** cations, which possess high field strength. Accordingly, the high atomic packing density Cg,
the large dissociation energy of Al,O3, TiOy, and ZrO,, and the complex interaction between atoms due
to the diversity of the components are all contributing to the improvement of hardness and Young's
modulus of glass. The high fracture toughness can be owing to the large dissociation energy of
Re;03, Al,O3, TiO,, and ZrO,, the high coordinated Al, and the possible existence of bending growth
of cracks caused by high entropy.

The obtained results allow us to give some suggestions on enabling oxide glasses that have intrinsically
high hardness, high Young's modulus, and high fracture toughness: (i) employing oxides with large disso-
ciation energy, such as Al,O3, ZrO,, and TiO,, (i) employing oxides with high field strength, such as ZrO,
and TiO,, e.g., to improve the coordination numbers, and (iii) increase the entropy of the system by adjust-
ing the amount of different oxides when (i) and (i) are determined. We believe that the successfully synthe-
sized high-entropy glass in this work can offer a great opportunity to design new high hardness, high
Young's modulus, and high fracture toughness oxide glasses.

LIMITATIONS OF THE STUDY

In this work, the conceptual design of high-entropy materials is generalized to oxide glasses and success-
fully prepared the ultrahigh hardness, Young's modulus, and fracture toughness oxide glass with the
compositions of 18.77R,03-4.83Y,03-28.22Ti0,-8.752r0,-39.43A1,05 (R = La, Sm, Gd). However, the
size of glass samples is still relatively small due to the limitation of the containerless melting approach.
Considering the applications, the next step will be to explore the large size preparation of the glass. We
have previously expanded the samples obtained by the containerless melting approach to the centi-
meter scale by hot pressing (Wang et al,, 2019; Han et al., 2019), which can meet the requirements of
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cover glass for some small wearable devices, such as smart watches. Additionally, we can also improve
the glass-forming ability and reduce the melting point of glass by adding some of other oxides, such as
silicon oxide and alkali metal oxide, so that the new glass can be prepared by the conventional melt-
quenching methods.
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La203

Sinopharm chemical reagent co. Itd

Cat# 52003861

Gd,03 Sinopharm chemical reagent co. Itd Cat# 52002964
TiO, Sinopharm chemical reagent co. Itd Cat# 51026992
Y,03 Sinopharm chemical reagent co. Itd Cat# 52007264
Sm,03 Aladdin chemical reagent co. Itd Cat# S108775
ZrO, Aladdin chemical reagent co. Itd Cat# 2104398
Al,O3 Aladdin chemical reagent co. Itd Cat# A140802
Other
X-ray diffractometer Rigaku Corporation Smartlab 9
Differential thermal analyzer NETZSCH STA499F3
Field Emission scanning electron Microscope JEOL JSM-7610F
UV-VIS-NIR spectrophotometer Varian Cary 5000
Fourier transform infrared spectrometer Varian FTIR Excalibur 3100
Nanoindenter Keysight technologie G200
Vickers hardness tester Shanghai Jvjing Precision Instrument HV-1000IS
Manufacturing Co., Ltd
JNM-ECZ600R spectrometer JEOL JNM-ECA600
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jiangiang Li (jgli@ipe.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Materials and glass synthesis

Glasses were fabricated by an aerodynamic levitator equipped with laser heating (Li et al., 2017). The de-
tails of the preparation of glass by aerodynamic levitator is shown below. High purity oxide powders La,O3,
Gdy03, TiO,, Y203 (Sinopharm chemical reagent co. ltd, 99.99% purity) and Sm,O3, ZrO,, Al,O3 (Aladdin
chemical reagent co. ltd, 99.99% purity) were used as raw materials and mixed stoichiometrically with the
nominal composition of 18.77R,03-4.83Y,053-28.22Ti0,-8.752r0,-39.43A1,03 (R = La, Sm, Gd) in molar ra-
tio. Then, the well mixed powders were pressed into pellets and crumbled into small pieces. Prior to
synthesis, all pieces were pre-sintered at 600°C for 2 hr in air to increase pieces’ strength. Pieces of
~60-200 mg were then levitated on the nozzle of an ADL furnace by oxygen flow and heated to melt by
three CO; lasers. Keeping the molten state for 10-20 s to ensure homogeneity, then turning off the laser
to rapid solidification. The obtained samples (beads with 3 mm in diameter) were colorless and transparent.

14 iScience 24, 102735, July 23, 2021


mailto:jqli@ipe.ac.cn

iScience

Characterization and testing

The structure of glass samples was identified by X-ray diffraction (XRD, Smartlab 9, Rigaku Corporation,
Tokyo, Japan). The glass transition temperature T4 and onset crystallization temperature T, were measured
by a differential scanning calorimeter (Differential thermal analysis (DTA), STA499F3, NETZSCH, Selb, Ger-
many) from room temperature to 1200°C at a heating rate of 10°C/min in Ar atmosphere. Field Emission
Scanning Electron Microscope (FE-SEM, JSM-7610F, Tokyo, Japan) with energy dispersive spectroscopy
(EDS) were used to verify the homogeneity of the element distribution. Prior to SEM observation, the
bead glass samples were polished to pellet on both sides and the cleaned pellets were then sputtered car-
bon coating for a better conductivity. The accelerating voltage and probe current of SEM were 15 kV and 8,
respectively. The transmittance spectrum of glass in 190-2500 nm and 2500-8000 nm wavelength range
were obtained by UV-VIS-NIR spectrophotometer (Cary 5000, Varian, America) and Fourier transform
infrared spectrometer (FTIR Excalibur 3100, Varian, America), respectively. Before measurement, glass
samples were double polished and cleaned up (1.0 mm in thickness). The density was measured using a
gas pycnometer (Micromeritics Accupyc Il 1340, Atlanta, GA). The hardness and Young's modulus of the
samples was measured by nanoindenter (Keysight technologie-G200) with a depth of 2000 nm, each sam-
ples were carried out at least three indentations using a diamond indenter. The fracture toughness was
measured by a Vickers hardness tester (Shanghai Jvjing Precision Instrument Manufacturing Co., Ltd,
Shanghai, China) under a load of 49 N with a loading time of 10 s. In order to increase the accuracy of mea-
surement, each samples were carried out at least nine indentations using a diamond indenter in different
areas, all measurements were performed at 25°C with a relative humidity of 50%. To identify the coordina-
tion information of glass samples, 2’ Al NMR spectroscopy was performed on a JNM-ECZ600R spectrom-
eter (JEOL, Tokyo, Japan). The spinning rate was 12 kHz and a 3.2 mm diameter zirconia tube was used.
The relaxation delay and scanning time were 5 s and 1 hr, respectively. The 2’Al chemical shift in ppm
was referenced to an external 1 M AICl; solution.

Calculation of the entropy S
The entropy S of the high-entropy glass samples are calculated by the formula:

N
S=— RZX,-'DX,-
i=1

Where R is the molar gas constant, x; is the mole fraction of cation i, N is the number of cations.

Calculation of the fracture toughness Kc

The fracture toughness K¢ of the high-entropy glass samples are calculated by the formula (Anstis et al.,
1981):

E 0.5 P
Ki = 0.016(H—> s

v

Where Eis the Young's modulus, Hy is the Vickers hardness, Pis the supplied load, cis the average distance
from the middle of the indentation to the end of the cracks.

Calculation of the atomic packing density Cg4
The atomic packing density Cg4 of the high-entropy glass samples are calculated by the formula:
X Vi
c, - P>
M
Where p is the measured density, M is the molecular mass of the glass, x;is the molar fraction of oxide i, V;is
the ionic volume of oxide i. The ionic volume is given by the formula:

4
V, = N,_\gq'::(mrA3 +nro®)

Where Nu is Avogadro’s number, m and n are the number of atoms in the A,,O,, oxide, ra and ro are the

ionic radius of cation and oxygen, respectively. Shannon and Prewitt ionic radii are used (Shannon and Pre-
witt, 1969). The radius of the oxide ion is 1.35 A.
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