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Physical aging is a long-lasting research hot spot in the glass community, yet its long-term effects remain
unclear because of the limited experimental time. In this study, we discover the extraordinary aging effects
in five typical lunar glassy particles with diameters ranging from about 20 to 53 micrometers selected from
Chang’e-5 lunar regolith. It is found that geological time scales’ aging can lead to unusually huge modulus
enhancements larger than 73.5% while much weaker effects on hardness (i.e., varies decoupling evolutions
of Young’s modulus and hardness during aging) in these lunar glassy samples. Such extraordinary aging
effects are primarily attributed to the natural selected complex glassy compositions and structures, consistent
with high entropy and minor element doping criteria, prevailing under the special lunar conditions and the
extensive aging time for the lunar glasses. This study offers valuable insights for developing high-performance
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and stable glassy materials for radiation protection and advanced space explorations.

INTRODUCTION

Glass has been regarded as the fourth state of conventional matters
besides gas, liquid, and solid (1) and is one of the most vital and
influential materials for the development of human society (2).
Nowadays, glasses have become necessities in our daily lives, used
as mirrors, windows, screens, cutting tools, containers, adornments,
lamps, fibers, etc. With the progress of modern civilization, the
demand for advanced glasses is increasing day by day to cope
with the global challenges from the environment and energy to
health care and information technology (3). Therefore, it is of
great importance to clarify the relationship between the structure
and properties of glasses and thus provide guidance for the devel-
opment of high-performance glasses.

Glass is generally in thermodynamic nonequilibrium because of
the preparation method of fast cooling, which introduces the
quenched-in structural defects. As a result, physical aging (or struc-
tural relaxation) inevitably occurs below the glass transition temper-
ature (Tg), driving glass toward a lower energy state with the time
evolution. Physical aging causes the structure and properties of glass
to evolve with time (4), and these effects directly influence the
stability of glass. This makes physical aging a long-lasting research
hot spot in the glass community. For instance, it will cause the
brittle glasses to become even more brittle, which directly affects
their service security and prevents them from being widely used
as structural materials (4). In particular, the long-term aging
effects of glass attract key focus because they may determine the
lower limit of the energy state and the corresponding limit of struc-
ture and property of glass. Related works showed various or even
controversial results. For instance, Zanotto (5), as well as Gulbiten
et al. (6), demonstrated by numeric calculations that the stained-
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glass windows can hardly flow at room temperature (RT) in a
human time scale and the related famous urban legend that the
glass windows in medieval cathedrals are thicker in the lower
parts might be a rumor. Pérez-Castaneda et al. (7) reported the hy-
perstability of two-level systems and boson peak in the amber glass
even after 110 million years of aging. Meanwhile, Welch et al. (8)
showed that 1.5 years of RT aging produced a measurable shrinkage
in the Corning Gorilla Glass. For another, it was reported that ultra-
stable organic glasses (9), polymer glasses (10), and metallic glasses
(MGs) (11) could be prepared by vapor depositions, which have
properties similar to those thermally expected after aging the corre-
sponding ordinary glass for hundreds to thousands of years. Recent-
ly, our group (12) demonstrated that a Ce-based MG approached a
much more stable state without crystallization after 17.7 years of RT
aging. However, because of the very limited experimental time or
the very limited glass variety that have aged for enough long time,
the long-term aging effects of glasses have not yet been well
clarified.

Lunar glasses, which are a common component in lunar regolith,
originate mainly from meteorite impacts (13). They have experi-
enced extremely long time scale’s weathering and aging (about mil-
lions to billions of years) but maintained the glassy nature (14, 15).
As weathering mainly affects the surface region (~100 to 200 nm) of
lunar glasses (16), the inner part of lunar glasses could be the ideal
model to evaluate the long-term aging effects of glasses. For
another, the glass content (mainly including glassy particles and ag-
glutinates) in the lunar regolith generally increases as its maturity
(indicates how long a grain has been exposed at the surface) increas-
es, and it is up to ~60 to 70% volume fraction in some highly mature
Apollo lunar regolith (17, 18), indicating that glass (or glassy state)
might be the most suitable and stable material (or structural state) in
space environment. It is in line with the experimental results that
glassy materials have better irradiation resistance and comparable
overall mechanical properties relative to their crystalline counter-
parts (19). Meanwhile, glass is also a common component of the
regolith for many other planets, such as Mars, Mercury, and
Venus, and large asteroids (20). Thence, glassy materials have
great application potentials in space exploration. As lunar regolith
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provides the most economical and convenient raw materials for
space exploration, glassy materials made from lunar regolith
should be given priority. Therefore, clarifying the aging effects of
lunar glasses, which have similar chemical compositions to the
local regolith (13, 15), is of great importance for the material selec-
tion and design of future lunar and interplanetary explorations.
Moreover, studies on the aging effects of the natural chosen lunar
glasses, which have rather complex chemical composition [major
elements such as O, Si, Fe, Mg, Al, Ca, and Ti, as well as some
other minor elements such as Na, K, S, etc. (13)] may also shed
light on the understanding of the physical aging of multicomponent
glassy materials such as MGs and high-entropy (HE) glasses, hence
beneficial for material design and property control of these newly
developed materials.

In this work, five typical glassy particles with relatively large size
were intentionally selected from the lunar regolith returned by
Chang'e-5. These particles include four spherules with diameters
ranging from 20 to 53 um and one ellipsoid of similar size. The
five particles, referred to as particles I to V were chosen so that
their extreme long-term aging effects can be studied. As the glassy
particles are very small [note that almost all glassy particles in the
lunar regolith of Chang'e-5 are less than dozens of micrometers in
diameter (17)], we quantitatively evaluate their aging effects by
transmission electron microscopy (TEM) observation and nanoin-
dentation tests [a common micro- and nanomechanical testing
method (21)] rather than the traditional thermal methods. The ex-
amined samples are all cut from the inner part of the glassy particles
to eliminate the effects of weathering. Note that the fresh glassy par-
ticles (i.e., the initially formed glass particles by impacting) can
hardly be obtained by the available instruments, as they were
derived from the micrometeorites impacting the moon with fast
cooling rates [hundreds to thousands of Kelvins per second (22,
23)]. Here, we create some rejuvenated samples for these glassy par-
ticles, which are taken as the reference samples to partially evaluate
their aging effects, by heating the hyperaged (H-A) ones (i.e., the
returned glassy particles that have experienced weathering and
aging over extremely long time) up to the supercooled liquid
region, holding for 60 s, and then cooling down to RT at relatively
lower cooling rates. Theoretically, as the structure and energy state
of each rejuvenated sample lies between the corresponding fresh
one and the H-A one, as shown in Fig. 1, it is rational to partially
evaluate the aging effects of each lunar glassy particle by using the
rejuvenated sample as the reference one. Moreover, to experimen-
tally verify the rationality of such partial evaluation method, apart
from the lower cooling rate (~40 K/min) applied for all the glassy
particles, a higher cooling rate (~240 K/s) was additionally
applied for glassy particles IV and V. The samples obtained by
the lower cooling rate and the higher cooling rate are termed as
less-rejuvenated (L-R) one and more-rejuvenated (M-R) one, re-
spectively. It is found that the very long-term aging effects of
lunar glasses, although composition dependent, are generally very
remarkable. Particularly, the partially evaluated aging-induced in-
crements of Young's modulus are as high as dozens of percentages
in these lunar glassy particles, which is hardly reported before in
other glasses. Moreover, various degrees of decouplings between
the Young's modulus and hardness are observed in these glassy par-
ticles. The study delves into the underlying mechanisms behind the
peculiar aging-induced increments of Young's modulus and the de-
coupling of changes in Young's modulus and hardness in lunar
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glasses. This work also provides valuable insights and a comprehen-
sive guideline for the design of innovative high-performance glassy
materials with adjustable mechanical properties.

RESULTS
Thermal properties of lunar glasses
We first conducted thermal analysis with two successive heating
runs for the lunar regolith to determine the thermodynamic char-
acteristic signals [such as T, and crystallization temperature (T)]
and the relative content of the lunar glasses. A spoon of lunar reg-
olith of ~20 mg was weighed for thermal analysis. As shown in
Fig. 2A, in the first heating curve, T, and T of the measured
lunar regolith were 936 and 1030 K, respectively. The measured vit-
rification, crystallization, and melting temperatures are consistent
with those previously reported in other lunar regolith samples
(23). In the second heating curve, a pronounced vitrification
signal (T, = 935 K) is followed by a sharp crystallization exothermic
event (Ty = 1083 K) and a much weaker melting endothermic peak.
The glass transition in the second heating curve originates from the
complete vitrification of the lunar regolith after melting and
quenching in the first heating run. The glass nature of lunar regolith
in the second heating run is demonstrated in fig. S1. Note that the
crystallization enthalpy ratio between that in the first heating run
(partially vitrified of 28.8 J/g) and that in the second heating run
(completely vitrified of 180.5 J/g) is ~16.0%, which is in line with
the glass phase fraction in the lunar regolith of Chang'e-5 [~16.6
wt % (17) and 15.5 wt % (24)]. This result confirms that the vitrifi-
cation and crystallization signals observed in the first heating curve
originate from the lunar glasses contained in the lunar regolith.
Furthermore, to study the geological time scales’ aging effects on
the thermal properties of the lunar glasses, a new spoon of original
lunar regolith sample (~20 mg) was only heated to 973 K in the su-
percooled liquid region at 40 K/min, held for 60 s, and then cooled
down to RT at 40 K/min under a purified argon atmosphere, thus
erasing the thermal history of the H-A glasses to obtain the L-R
sample with the same composition (an identical procedure as the
obtainment of the L-R glassy particles). As shown in Fig. 2B, T,
of the L-R sample was measured to be 928 K, which is 8 K lower
than that of the corresponding H-A sample (936 K). The increase
of Ty (AT) in lunar glasses upon aging suggests an enhanced kinetic
stability, as higher temperatures are required to dislodge the atoms
from the trapped glassy configuration into a mobile equilibrium su-
percooled liquid. It is in line with the results of previous studies that
the H-A glass had a higher T, than the corresponding fresh or re-
juvenated one (11, 12, 25). Meanwhile, the H-A sample exhibits a
more pronounced endotherm in the proximity of the glass transi-
tion with respect to the L-R one, as illustrated in the inset of Fig. 2,
indicating that the H-A sample is in a lower thermodynamic energy
state compared to the L-R one. Note that the AT of 8 K and the en-
dothermic discrepancy in the proximity of the glass transition
between the H-A sample and L-R one correspond to the partially
evaluated average aging effects of the whole lunar glasses rather
than to any individual lunar glassy particle. According to the me-
chanical results in the later part, it can be expected that AT and the
enhancement of endotherm in the proximity of the glass transition
between the H-A sample and M-R one could be larger than those
observed in Fig. 2B. However, we cannot obtain the M-R sample for
the whole lunar glasses as the higher cooling rate can be only
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Fig. 1. Schematic diagram of the structure and energy state of glasses by different cooling rate. (A) Potential energy landscape showing relaxation processes in
glasses. (B) Change in volume or enthalpy of the supercooled liquid during the thermal process at constant pressure. In this study, the fresh sample indicates the initially
formed glass particle by impacting with fast cooling rate; the H-A sample means the returned glassy particle that have experienced weathering and aging over an
extremely long time; and the rejuvenated sample indicates the glassy particle obtained by heating the H-A one up to the supercooled liquid region, holding for 60
s, and then cooling down to RT at relatively lower cooling rate. As the volume and energy state of glass are proportional to the cooling rate, the structure and
energy state of the rejuvenated sample lies between the corresponding fresh one and the H-A one. In the hypothetical scenario where a supercooled liquid can infinitely
supercool at an extremely slow rate, the supercooled liquid will be frozen into a glass at a certain temperature T, (Kauzmann temperature) above absolute zero, under-
going a glass transition. Ty represents the lowest temperature point at which a liquid undergoes the glass transition. The glass transition occurring at Ty is considered as

the thermodynamic idealization of the glass transition, resulting in the formation of an idealized glass for amorphous materials.

achieved by flowing gas, which is not suitable for our
powder sample.

As the lunar glasses are very fine and mixed with the crystalline
minerals, it is inoperable to isolate enough pure glass samples from
the lunar regolith for more elaborately thermal analysis. Moreover,
from the heat flow curve of the entire lunar regolith, it is hard to
precisely extract the key characteristics [such as sub- T, endothermic
peak, the specific heat step at T, and the fictive temperature (Tf)
(26, 27)] of lunar glasses for traditional thermal analysis, as the base-
line signal of the heat flow for the crystalline components of lunar
regolith is too strong. Therefore, to study the aging effects of lunar
glasses more accurately, we intentionally selected five typical glassy
particles (termed as particles I to V) with relatively large sizes for
TEM observation and nanoindentation tests. The determination
of Tg and T of lunar glasses in Fig. 2A provides a basis for the sub-
sequent rejuvenation treatment for these glassy particles.

Morphologies and compositions of the lunar glassy
particles

In these five glassy particles, one is a partial ellipsoid (particle II)
with an equivalent diameter of ~28 pum, and the remaining four
are spherules including particle I with a diameter of ~53 um, parti-
cle ITI with a diameter of ~20 um, particle IV with a diameter of ~26
pm, and particle V with a diameter of ~22 pum, as shown in fig. S2 (A
to E). The energy-dispersive spectrometry (EDS) spectra indicate
that the main constituent elements of these glassy particles are O,
Si, Fe, Ca, Al, Mg, and Ti from the perspective of geological
science. Glassy particle I contains the minor element Na, and
glassy particles IT and IV contain the minor element K. The specific
compositions of these five particles are listed in table S1, where the
concentrations of SiO,, FeO, CaO, Al,O;, MgO, and TiO, are
~37.10 to 60.31 wt % [~40.22 to 65.25 atomic % (at %)], ~9.12 to
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28.53 wt % (~8.22 to 25.20 at %), ~4.81 to 19.43 wt % (~5.57 to
22.57 at %), ~7.58 to 17.71 wt % (~4.72 to 11.27 at %), ~2.75 to
12.24 wt % (~4.47 to 18.64 at %), and ~1.31 to 6.32 wt % (~1.05
to 5.14 at %), respectively. According to the specific geochemical
criteria [i.e., the ratios of MgO/AL,O; (28) and CaO/Al, 05 (29)],
all the five glassy particles belong to impact glass with MgO/
Al,Oj ratios <1.25, and particle IV originates from highland (with
CaO/Al,0; ratio <0.75), while the other four originate from mare
(with CaO/ALO; ratios >0.75), as shown in fig. S3.

Aging condition and time scales

The mean surface temperature of the moon cycles from 120 to 380 K
during a month-long lunar day (30). Although it has been reported
that fast temperature cycling with a period of several minutes can
lead to rejuvenation in some MGs (31); the slow temperature
cycling with a period of about 655 hours on the moon should not
have such rejuvenation effect. Therefore, the lunar glassy particles
were aged at cycling temperature between 120 and 380 K (i.e.,
0.13T, to 0.41T,).

Moreover, the lunar glassy particles should have experienced
long-lasting radiation by solar wind, solar flares, and galactic
cosmic rays (30), as the lunar regolith of Chang’e-5 have a high ma-
turity (17). Note that the unusually low glass content in the mature
lunar regolith of Chang'e-5 should be attributed to the relatively
gentle impact environment (32). Generally, they were mainly affect-
ed by the solar wind (made up of ~90% proton, 7% o particle, and
very few other elements), which has a much higher flux with a lower
energy (~1 KeV/u), with a characteristic penetration distance of a
few tens of nanometers (33). Therefore, like many other lunar soil
particles reported before (16, 34), a radiation-induced rim with a
thickness of ~60 nm formed on the surface of glassy particle I
because the rim has identical constituent elements with the inner
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Fig. 2. Heat flow curves of a spoon of lunar regolith of ~20 mg. (A) The original sample was first heated to 1723 K to ensure complete melting and then cooled to RT in
a furnace (black curve). It was then heated for a second time at the same heating rate of 40 K/min (purple curve). (B) The original sample of a new spoon of lunar regolith
was first heated to 973 Kin the supercooled liquid region (black curve), held for 60 s, and then cooled down to RT, thus erasing the thermal history of the H-A lunar glasses
to obtain the L-R sample. It was then heated to 973 K for a second time at the same heating rate of 40 K/min (red curve).

part (16), as shown in fig. S4. Radiation-induced defects and nano-
crystals (Fe) formed in the rim. Moreover, rare gases might be also
injected in the rim. Therefore, to eliminate the effects of solar wind,
the examined samples were cut from the inner parts of the glassy
particles (more than 10 pm away from the surface), where the
solar wind can hardly reach, as we mentioned in the last paragraph
of Introduction. Solar flares and galactic cosmic rays (protons, neu-
trons and heavy particles) with a much lower flux but higher energy
(from <1 MeV/u to >100 MeV/u) have a characteristic penetration
distance from millimeters to meters (30). They would alter the
structure of the inner parts of the glassy particles. Glass may
undergo aging, rejuvenation, or even crystallization upon irradia-
tion, depending on both the glass (composition, structural, and
energy states) and irradiation conditions (particle type, particle
energy, particle dosage, and temperature) (35, 36). Generally,
apart from crystallization, low dose and low energy irradiation
may lead to aging in the high-energy glasses, while high dose and
high energy irradiation will result in rejuvenation in the low-energy
glasses (36—38). Therefore, at the very early stage, the lunar glassy
particles in a high energy stage will relax toward a lower energy
state upon irradiation, i.e., the irradiation ages them and reduces
their structural defects in this stage. Then, when the energies of
the lunar glassy particles reach a much lower level, irradiation
may rejuvenate them to some extent and increases their structural
defects. After that, the lunar glassy particles will tend to an equilib-
rium state at which irradiation-induced defects was balanced by the
thermal-reduced defects.

Third, the lunar glassy particles should be also directly or indi-
rectly affected by the micrometeorite impacts, which will generate
both mechanical and thermal effects (39). In addition, apart from
crystallization, it may generate aging or rejuvenation effects on the
lunar glassy particles, depending on both the glasses and impact
conditions. Therefore, the examined aging effects in these lunar
glassy particles should be the complex combined effects of
thermal, mechanical, and irradiation factors on the moon under
the weathering condition.

Ideally, the age of the lunar glassy particles should be examined
via radioisotope dating. However, radioisotope dating can hardly be
carried out in these lunar glassy particles, as their sizes are too small
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(40). Alternatively, the exposure age of the glassy particles can be
estimated according to the statistical relationship between the thick-
ness of the radiation-induced rim and the exposure age of the lunar
soils (41). To reserve enough samples for the subsequent multi-
round mechanical tests and structural characterizations, we can
only fabricate the outer cross-sectional samples of particles I and
IT with relatively large sizes and examine their radiation-induced
rim. As shown in fig. S4, the rims for both glassy particles I and
IT originated from solar wind irradiation, as they have identical con-
stituent elements with the inner part of the glassy particles (16). The
thickness for both rims is ~60 nm, which might be roughly corre-
sponding to an exposure age of ~2 million years (16). Therefore, the
aging time of these two glassy particles should be more than 2
million years. In view of the result that the thickness is also ~60
nm for the radiation-induced amorphous rim in a recently exam-
ined plagioclase particle in the same regolith of Chang'e-5, it can
be speculated that most particles in these mature lunar regolith of
Chang'e-5 may have the same exposure time of ~2 million years. On
the other hand, according to the recent results, the aging time of the
lunar glasses of Chang'e-5 should be no more than 2 billion years
(42, 43). Therefore, the aging time of these glassy particles of
Chang’e-5 might be in the range of 2 million to 2 billion years. It
is in line with a very recent result that the age of the examined
215 lunar glassy beads of Chang'e-5 varies from 4 million years to
2 billion years (14). Therefore, it qualitatively proves that these five
lunar glassy particles should have aged for millions to billions
of years.

Mechanical property change and structural evolution of the
lunar glassy particles

Figure 3A shows the relative changes of the reduced Young's
modulus (E;) and hardness (H) between the H-A sample and the
rejuvenated one(s) of the glassy particles. It can be seen that, al-
though the H-A sample has higher E, and H than the rejuvenated
sample for all the glassy particles, the increments of E. and H
between the rejuvenated sample and H-A sample are diverse. Par-
ticularly, the increment of E, between the L-R sample and the H-A
one is most notable for particle I of 66.4% and followed by particle
IV of 38.3%, particle II of 34.0%, particle IIT of 11.0%, and particle V
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Fig. 3. Comparison of the reduced Young's modulus and hardness between
the H-A sample and the rejuvenated one(s) for the glassy particles. (A) Relative
changes of the reduced Young's modulus and hardness between the H-A sample
and the L-R one or and the M-R one. (B) The reduced Young's moduli and hardness
of the H-A and L-R samples for particle | obtained by 16 indents of nanoindenta-
tion tests, with their average values indicated by the dotted lines.

of 8.5% in sequence. The corresponding increments of H are 4.0,
19.0, 6.1, 0.6, and 0.9%, respectively. As a higher elastic modulus
is generally accompanied with a higher hardness in glasses (44,
45), various degrees of decouplings between E, and H occur in
these glassy particles, with the most notable decoupling in particle
L. Moreover, the increments of E, between the M-R sample and the
H-A sample are even larger for glassy particles IV and V, with the
value of 73.5 and 50.6%, respectively. The corresponding increment
of H increases to 40.0% for glassy particle V and abnormally reduces
to 10.3% for glassy particle IV, which further confirms the decou-
pling between E, and H. Thence, the geological time scales’ aging-
induced modulus increment should be >66.4% in particle I, >34.0%
in particle IT, and >11.0% in particle III by a relatively limited eval-
uation and >73.5% in particle IV and >50.6% in particle V by a more
complete evaluation. To the best of our knowledge, such aging-
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induced huge modulus increments in lunar glassy particles I, IV,
and V have been seldom reported before in other glasses.
Figure 3B shows representatively the detailed data of E, and H of
the L-R and H-A samples for glassy particle I. To reduce the exper-
imental error, at least 16 indents were made for each sample. For
glassy particle I, both E, and H of the L-R sample fluctuate in a mod-
erate range, with average values of 49.1 + 3.5 and 7.4 £ 0.5 GPa, re-
spectively. In sharp contrast, E, of the H-A sample is substantially
higher than that of the L-R one, with an average value of ~81.7 + 4.5
GPa, while H of the H-A sample is quite close to that of the L-R one
(the two values overlap in their 1-sigma uncertainty), with an
average value of ~7.7 + 0.3 GPa. The detailed data of E, and H of
the rejuvenated and H-A samples for other glassy particles can be
found in fig. S5. In other words, geological time scales’ aging results
in relatively huge increments of E,, while there are much weaker
effects on H in these lunar glassy particles.

The structure characteristics of the rejuvenated and H-A samples
for all the glassy particles were examined by TEM. Figure 4 (A and
B) shows the cross-sectional TEM images of the L-R sample and the
H-A one for glassy particle I showing the most extraordinary aging
effects. The entire cross sections for both samples display a uniform
contrast, which is a common feature of the amorphous phase. The
corresponding halo-like selected-area electron diffraction (SAD)
patterns in the insets of Fig. 4, A and B, as well as the maze-like
high-resolution TEM (HRTEM) patterns in Fig. 4 (D and E)
confirm the interior glassy structures for both the L-R and H-A
samples. The glassy structures of the rejuvenated and H-A
samples for other glassy particles are also verified in figs. S6 to S9.
It confirms that all the glassy particles have retained the glassy struc-
ture even after aging for millions to billions of years. However, it
seems that some discrepancies may exist between the H-A sample
and the rejuvenated one(s) for these glassy particles. Generally, the
contrast of the HRTEM image for the H-A sample is more homo-
geneous than that for the rejuvenated one(s), especially for glassy
particle I with the H-A sample and the L-R one shown in Fig. 4
(E and D, respectively). Meanwhile, the comparison of the SAD
pattern between the H-A sample and the L-R one shown in
Fig. 4C indicates distinct structural changes in this lunar glassy par-
ticle after aging, as the diffractive halo radius of the H-A sample is
obviously larger than that of the L-R one. Furthermore, we obtained
the normalized one-dimensional static structure factor S(q) (g is the
scattering vector) from the SAD patterns by using the profile anal-
ysis of SAD tools of the Digital Micrograph software, which is a
powerful tool for studying the microstructure changes of the nano-
crystalline and glassy materials (46, 47). The first maximum of S(q)
was fitted by a pseudo-Voigt function (48). The first peak position
q: for glassy particle I shifted toward a higher value, with the mean
value shift from 2.144 A~" of the L-R sample to 2.246 A~" of the H-
A one, which indicates that the average interatomic distance is ap-
parently decreased (note that the mean value of q; were obtained
from three SAD patterns of three randomly selected regions in
both the L-R and H-A samples). According to the power-law rela-

tionship in glass (49), q; - va = C, where v, is the atomic volume, Dy
is the fractal dimension (ranging from 2.27 to 2.65 for silica glasses),
and C is a constant. Thence, v, of the H-A sample is about 0.884 to
0.900 times that of the L-R one. This result suggests that a sharp
volume shrinkage between the H-A sample and the L-R one (10.0
to 11.6%) occurs in glassy particle I. Using the same analysis
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Fig. 4. Structural characteristics of the L-R and H-A samples for glassy particle I. Bright-field cross-sectional TEM images of (A) the L-R sample and (B) the H-A one.
Each inset shows a diffractive halo-like SAD pattern, indicating the fully glassy structure. HRTEM images of (D) the L-R sample and (E) the H-A one. (C) Comparison of the
SAD pattern between the L-R sample (left) and the H-A one (right). (F) Structure factor S(q) of the L-R and H-A samples obtained from SAD patterns shown in (C).

method, volume shrinkages between the H-A sample and L-R one
in glassy particles II, III, IV, and V are 5.3 t0 6.2%, 2.0 to 2.4%, 5.5 to
6.4%, and 1.6 to 1.9%, respectively. Moreover, the volume shrinkag-
es between the H-A sample and the M-R one in glassy particles IV
and V are 10.8 to 12.5% and 7.3 to 8.4%, respectively. Therefore, the
volume shrinkages after geological time scales’ aging should be
>10.0 to 11.6% in particle I, >5.3 to 6.2% in particle II, and >2.0
to 2.4% in particle III by a relatively limited evaluation using the
slowly cooled sample and >10.8 to 12.5% in particle IV and >7.3
to 8.4% in particle V by a more complete evaluation using the fast
cooled sample. To the best of our knowledge, in line with the cor-
responding huge modulus increments, such aging-induced huge
volume reductions in lunar glassy particles I, IV, and V have
either hardly been reported before in other glass systems.
Furthermore, to reveal the detailed structural discrepancy
between the H-A sample and the rejuvenated one(s) for these
glassy particles, we examine them by the high-angle annular dark
field scanning TEM (HAADF-STEM) imaging and super EDS
mapping. For glassy particle I with the nominal composition of
Siyg.40s50 gFeg sCay 1Al; Mg, oTiy oNag ¢ (at %), a heterogeneous
contrast, with nanoscale bright domains (~2 to 5 nm in diameter)
randomly distributed in the dark matrix, can be observed in the L-R
sample, as shown in Fig. 5A. According to the elemental maps and
the EDS curves of the representative bright (#1) and dark (#2) areas
shown in Fig. 5B, the bright domains are severely rich in Na; mildly
rich in Mg; and mildly poor in Ca, O, and Si, relative to the dark
matrix. In sharp contrast, a pretty homogeneous contrast is ob-
served in the H-A sample, with all elements (i.e., Fe, O, Si, Al, Ti,
Mg, Ca, and Na) homogeneously distributed, as shown in Fig. 5C.
Meanwhile, few differences can be observed in the EDS curves
between the selected areas #1 and #2 in Fig. 5C (Fig. 5D).

Chen et al., Sci. Adv. 9, eadi6086 (2023) 8 November 2023

Similarly, the rejuvenated samples are generally more heteroge-
neous than the H-A ones for all other particles, according to the
HAADE-STEM imagings and super EDS mappings of glassy
particles II to V shown in figs. S10 to S13, respectively. Particularly,
for glassy particle II with the nominal composition of
Siy5,0s55 sFey sCay sAls ;Mg7 1 Tip 4Ko 5 (at %), the bright domains
in the L-R sample are mildly rich in Ca and K and mildly poor in
Mg, Al and Si, relative to the dark matrix, as shown in fig. S10. For
glassy particle IV with the nominal composition of
Siyy 6057.4Fe; 1Cay 1 Alg sMg, 6 Tig 4K 5 (at %), the bright domains
in the M-R sample are severely rich in Al; mildly rich in Ca, Mg,
and Fe; and mildly poor in Si and K, relative to the dark matrix,
as shown in fig. S12. For glassy particles III and V with the
nominal composition of Si;g¢Os; sFeg ¢Caio1Al; sMg, 0Tiy 5 (at
%) and Si;g0O0s6,Fes ,Cay gAls sMgs sTi; 5 (at %), respectively, no
apparent element segregations happen in their rejuvenated
samples as shown in figs. S11 and S13, indicating that the contrast
heterogeneity in the HRTEM images for these samples shown in
figs. S7 and S9 might be caused by the free volume (FV) segrega-
tions. The results above indicate that, in addition to the volume
reduction, geological time scales’ aging also leads to the homogeni-
zation of both element and FV distribution in these lunar glassy
particles.

The structural heterogeneity of glass is associated with nanoscale
structure fluctuation, which possibly inherits from spatially hetero-
geneous dynamics in supercooled liquids before glass transition
(50). A higher cooling rate can reserve more structural characteris-
tics of the melt in glass, which usually exhibits as a higher energy
state with more structural defects, a higher friction temperature,
and a lower density (51), as shown in Fig. 1. Generally, aging or
structural relaxation lowers the energy state of glass by reducing
its defect content, leading to a more densely packed and more
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Fig. 5. EDS analysis of the L-R and H-A samples for glassy particle I. HAADF-STEM images and elemental maps of (A) the L-R sample and (C) the H-A one. EDS curves of
the selected areas #1 and #2 in the HAADF-STEM images in (B) panel (A) and (D) panel (C).

homogeneous structure in the more relaxed (i.e., more stable) glass
(52). Therefore, the rejuvenated sample with a higher cooling rate
has a more loosely packed and more heterogeneous structure than
the aged or relaxed one. For these lunar glassy particles (belongs to
silicate glasses), the nanoscale heterogeneity in the rejuvenated
samples should be inherited from their melts, of which the chemical
heterogeneity is the intrinsic attribute (53), by heating them up to
the supercooled liquid region and cooling them down. More pre-
ciously, the rejuvenated samples should have lower network con-
nectivities with more segregated cations and FV and more
nonbridging oxygens (NBOs) (54, 55) and, hence, more loosely-
packed structure than the H-A ones. Such structures might be dy-
namically favored and inherited from the supercooled liquids by

Chen et al., Sci. Adv. 9, eadi6086 (2023) 8 November 2023

cooling (56). Upon aging or relaxation for an extremely long
time, the “structural defects” (such as segregated cations, FV, and
NBOs) in the lunar glasses are decreased by the atomic diffusion
accompanied by bond breaking and building (57), leading to the
more closely packed and more homogeneous stable lunar glasses.
The magnitude of the elastic moduli in glass is governed by both
the atomic bond energy and the atomic packing density (Cg), of
which the latter is more important (58). C, is defined as the ratio
between the minimum theoretical volume occupied by the ions
and the corresponding effective volume of glass, Cy = p > fiVi/>"
fiM;, for the ith constituent with A.B, chemical formula,
Vi = 4/3nN(xr, + yry), where p is the specific mass, N is the Avo-
gadro number, r, and rp are the ionic radii, f; is the molar fraction,
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and M, is the molar mass (59). One the one hand, volume shrinkage
will directly result in the increase of p and, hence, the increase of C,.
On the other hand, the homogenization of element distribution will
also lead to the increase of C, as high values of C, are favored by
chemical disorder (58). Therefore, the combined effect of both the
volume shrinkage and the homogenization of element distribution
led to the increments of E in these lunar glassy particles after geo-
logical time scales’ aging. As the increasing amplitude of E was re-
ported to be about four to six times that of p in other silicate glasses
(45, 60, 61), the examined huge increments of E in particles I, IV,
and V (66.4, 73.5, and 50.6%, respectively) might be mainly caused
by the corresponding volume shrinkages (10.0 to 11.6%, 10.8 to
12.5%, and 7.3 to 8.4% respectively). It is also supported by the
result that a 70% reduction of E was observed in the shear band
(SB) region (62), where the reduction of p was less than 10% relative
to the undeformed matrix in MGs (63, 64).

DISCUSSION

Decoupling mechanism between elastic modulus and
hardness in the lunar glassy particles

The elastic modulus measures the material's resistance to elastic de-
formation, while hardness describes the material’s ability to with-
stand surface indentation involving localized plastic deformation.
Thence, the elastic modulus is only determined by the original
structure, while hardness is determined by the instant structure
during plastic deformation, which is also affected by the original
one. To uncover the underlying decoupling mechanism between
E and H in these lunar glassy particles, the load-displacement
curves and the corresponding residual indent morphologies of the
rejuvenated and H-A samples for these glassy particles were first
examined.

As shown in Fig. 6A, except for glassy particle IV, apparent pop-
ins indicated by the arrows, which correspond to the activation of
SBs (65), can be observed in the representative load-displacement
(P-h) curves for the other four glassy particles (the detailed nano-
indentation curves of the H-A and rejuvenated samples for the five
glassy particles can be found in figs. S14 and S15). Moreover, more
pop-ins are observed in the P-h curves of the rejuvenated sample
than in those of the H-A one for particles II, III, and V. It is in
line with the residual indent morphologies shown in Fig. 6B that
more SBs are observed in the rejuvenated sample than in that of
the H-A one for particles I, III, and V. Note that, for particle I,
more pop-ins exhibited in the P-h curve of the H-A sample than
in that of the L-R one, which seems to contradict with the result
that much more SBs are observed in the L-R sample than in the
H-A one. It should be attributed to the reason that high-density
shear banding deformation in the L-R sample of particle I suppress-
es the pop-ins (66). For particle IV, neither pop-ins show in the P-h
curves nor apparent SBs show in the indents of the rejuvenated and
H-A samples.

During indentation deformation, two competitive mechanisms,
i.e., densification and shear flow, jointly determine the permanent
deformation in glass (21). Generally, densification needs a lower ac-
tivation stress, hence resulting in a lower hardness than shear flow
(21). For the glassy particles I, II, III, and V, as more SBs formed in
the rejuvenated sample than in the H-A one (Fig. 5), the proportion
of shear flow in the rejuvenated sample might be larger than that in
the H-A one and hence results in hardening effect in the

Chen et al., Sci. Adv. 9, eadi6086 (2023) 8 November 2023

rejuvenated sample. That is why decoupling between the elastic
modulus and hardness happens in these four particles. For
another, the proportion of shear flow generally decreases as the
network cation [Si*', AI*", and B*>' (53)] content increases and
the modifier cation [such as Na*, K*, Ca®*, Mg>", and Fe*" (53)]
content decreases in silicate glasses (21). Particle IV has relatively
more network cations (Si**and AI** of ~33.1%) than other particles
(Si*'and AI’* of ~22.0 to 25.5%) and hence might suppress the
shear flow and shear banding deformation upon indentation. Its de-
coupling mechanism needs to be further clarified.

Furthermore, the microstructural evolution underneath the in-
denters of the rejuvenated and H-A samples for glassy particles I,
IV, and V were elaborately examined. Note that the cross-sectional
TEM specimens of the residual indents for these samples were fab-
ricated by focused iron beam (FIB) in the positions indicated by the
yellow rectangles shown in Fig. 6B.

For glassy particle I, plenty of SBs indicated by the arrows can be
observed in the indent of the L-R sample as shown in Fig. 6B. It
could be attributed to the more loosely packed structure with nano-
scale heterogeneity and lower network connectivity of the L-R
sample (Fig. 5, A and B), which is beneficial for the generation of
multiple SBs (21, 67). Meanwhile, abundant nanocrystals formed
underneath the indenter as shown in Fig. 7A, which should be as-
cribed to the greatly enhanced atomic mobility during shear defor-
mation (68). Although single SB can be hardly distinguished, as all
SBs interacted with each other, two main shear directions can still be
roughly identified, which are indicated by the arrows in Fig. 7A. In
the relatively more-compressed while less-sheared region (region a),
the glassy structure almost remained inset with only some tiny
nanocrystals according to the HRTEM image and the correspond-
ing fast Fourier transform (FFT) image shown in Fig. 7B, while the
structural heterogeneity of the glass in this region was greatly en-
hanced relative to the L-R sample shown in Fig. 4D, as plenty of
big bright grains with diameters of dozens of nanometers and
small dark particles with diameters of several nanometers formed.
The HAADF-STEM image and super EDS results shown in fig. S16
(A and B) indicate that most elements were heterogeneously distrib-
uted in the remaining glass part (region a) of the indented L-R (I-L-
R) sample for glassy particle I. Relative to the dark grains, the tiny
bright particles (corresponding to the dark particles in Fig. 7B) are
apparently rich in Na, Mg, Fe, Ca, and Ti while poor in O, Si, and Al
It indicates that severer elemental segregation happened in the less
sheared regions in the L-R sample for glassy particle I upon inden-
tation. Along the shear direction, the bright grains were refined with
much more tiny dark particles, and nanocrystals formed in region b
shown in Fig. 7C. Furthermore, in the severely sheared regions,
plenty of nanocrystallines formed, such as monoclinic Na,Si,05
in region ¢ (Fig. 7D), cubic Fe,O; in region d (Fig. 7E), and tetrag-
onal SiO, in region e (Fig. 7F). Moreover, high-density stacking
faults (SFs) even formed in the SiO, crystalline in region f
(Fig. 7G). Note that the less sheared region g has a structure
similar to region a, as shown in Fig. 7H. Therefore, it can be seen
that, when the L-R sample of glassy particle I was indented, its
loosely packed structure with nanoscale heterogeneity and lower
network connectivity facilitates the multiple shear banding defor-
mation, which greatly improved the atomic mobility, hence result-
ing in, first, enhanced elemental segregation and, eventually,
remarkable crystallization. In sharp contrast, no apparent SBs can
be observed around or in the indent of the H-A sample for glassy
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Fig. 6. Deformation characteristics of the rejuvenated and H-A samples for
the glassy particles | to V. Representative load-displacement (P-h) curves (A)
and residual indent morphologies (B) of the rejuvenated and H-A samples for
glassy particles | to V.

particle I, as shown in Fig. 6B. In addition, no apparent SBs can be
detected underneath the indenter, as shown in Fig. 71. It should be
attributed to the pretty homogeneous structure of this H-A sample
(Fig. 5, C and D), which greatly inhibited the shear banding defor-
mation (67, 69). The corresponding SAD pattern (inset in Fig. 71)
and HRTEM image (Fig. 7]) indicate that the H-A sample main-
tained a glassy structure after indentation tests for glassy particle
I. Meanwhile, most elements were still homogeneously distributed
in the indented H-A (I-H-A) sample (fig. S16C), and only slight dif-
ferences can be observed between the representative bright area (#1)
and dark area (#2; fig. S16D).

It has been well established that deformation-induced crystalli-
zation will results in both hardening and toughening effects in the
glassy materials as the in situ formed crystals will effectively block
the propagation of SBs, hence promoting multiple shear banding
deformation (70). Moreover, deformation-induced twinning may
also lead to hardening and toughening in the crystalline materials
(71). Thence, the most notable decoupling phenomenon between
elastic modulus and hardness in glassy particle I is attributed to
the severe hardening effects of shear banding deformation—

Chen et al., Sci. Adv. 9, eadi6086 (2023) 8 November 2023

induced crystallization and further twinning shown in Figs. 7 (A
to H). In addition, the L-R sample should have much better plastic-
ity than the H-A one for glassy particle 1.

For glassy particle IV, neither apparent SBs nor crystals can be
observed in all the M-R, L-R, and H-A samples after indentation,
as shown in fig. S17. The representative SAD images [insets in fig.
S17 (A to C)] and the corresponding HRTEM images (fig. S17, D to
F) of the similar region underneath the indenter for the three
samples confirm their glassy structures after indentation. Mean-
while, the HRTEM images of the three indented samples seem to
maintain the similar structural heterogeneity compared to their cor-
responding unindented ones (fig. S8, E to G). Furthermore, to reveal
a more detailed structural evolution for the three samples upon in-
dentation, we compared their SAD patterns between the unin-
dented sample and the indented one. Upon indentation, the first
peak position g, shifted from 2.085 to 1.863 A™', from 2.139 to
2.076 A", and from 2.193 to 2.191 A™" for the M-R sample, the
L-R one, and the H-A one, respectively, as shown in fig. S18.
Hence, indentation-induced volume expansions are 29.1 to 34.8%
and 7.0 to 8.2% in the M-R sample and the L-R one, respectively,
while few volume expansions happened in the H-A sample upon
indentation. It indicates that a higher proportion of shear flow
(the mechanism accounts for volume expansion) happens in a
more rejuvenated sample upon indentation for glassy particle IV.
The largely enhanced proportion of shear flow in the M-R sample
results in the abnormally enhanced hardness relative to the L-R one
(Fig. 3A). Therefore, its decoupling mechanism between elastic
modulus and hardness is identical to that of the other four particles,
i.e., the hardening effect caused by the enhanced proportion of
shear flow in the rejuvenated sample. However, without deforma-
tion-induced crystallization and twinning in the rejuvenated
sample, its decoupling is weaker than that of glassy particle
L. Note that the relatively abundant network cations do not really
decrease the proportion of shear flow in the rejuvenated samples
for glassy particle IV, probably because of their remarkable structur-
al heterogeneity shown in fig. S12 (A to D), and some hidden SBs
(72), which were reported recently in a bent heterogeneous MG and
do not induce shear offsets in TEM images or pop-ins in P-h curves,
may form in the rejuvenated samples for glassy particle IV (as well
as for other particles).

For glassy particle V, an offset (indicated by the arrow), which
should be caused by shear banding deformation, is observed in
the M-R sample upon indentation, as shown in fig. S19A.
However, no apparent SBs could be observed, which might be
due to their very tiny size, as the indentation depth is relatively
small. Meanwhile, no apparent SBs can be observed in the L-R
and H-A samples after indentation, as shown in fig. S19 (B and
C, respectively). No crystals formed in all the three samples, as
the glassy structures of these samples are verified by the representa-
tive SAD images [insets in fig. S19 (A to C)] and the corresponding
HRTEM images (fig. S19, D to F). Figure S20 reveals that the first
peak position g, shifted from 2.155 to 2.187 A™', from 2.212 to
2.148 A™', and from 2.228 to 2.226 A™" after indentation for the
M-R sample, the L-R one, and the H-A one, respectively. Thence,
a volume shrinkage of 3.3 to 3.9% and a volume expansion of 6.9 to
8.1% happen in the M-R sample and the L-R one, respectively.
However, the structure of the H-A sample was almost unchanged
upon indentation. It indicates that, relative to the H-A sample, a
higher proportion of shear flow happens in the L-R one, while a
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Fig. 7. Cross-sectional structural characteristics of the I-L-R and I-H-A samples for glassy particle I. Bright-field cross-sectional TEM micrograph of (A) the I-L-R
sample and (I) the I-H-A one [the inset in (I) shows the corresponding SAD pattern]. HRTEM images of regions (B) a, (C) b, (D) ¢, (E) d, (F) e, (G) f, and (H) g of the
sample in (A) [the insets in (B), (C), (E), (F), (G), and (H) show the corresponding FFT images and the inset in (D) shows the FFT image corresponding to the rectangle
area). (J) HRTEM image of the sample in (I).
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lower proportion of shear flow happens in the M-R one for glassy
particle V. That is why a much weaker decoupling between the
elastic modulus and hardness happens in such particle after a
greater degree of rejuvenation (Fig. 3A).

Dominant factors of aging effects in glasses

To clarify the dominant factors of aging effects in glasses, the avail-
able data of aging-induced changes of elastic modulus in various
glasses are summarized in Fig. 8. More detailed data are supplied
in table S2. It can be seen that the aging time scales are an important
factor affecting the aging effects in glasses, as the aging-induced
modulus change roughly increases as the time scales increase. Par-
ticularly, within a laboratorial time scale, aging can only lead to a
mild modulus increment (mostly less than 10%) in all kinds of
glasses, which were all annealed around or even beyond T, (12,
73-82). In contrast, ultrastabilization, of which the effects were sug-
gested to be equivalent to that of aging for hundreds to thousands of
years according to the thermal evaluations, can lead to an obviously
enhanced modulus increment as high as 19% in organic glass indo-
methacin (IMC) (83) and 22% in Pd,, 5Nis, 5P15 MG (84). For the
lunar glasses in this study, the geological time scales’ aging can
result in a much greater modulus increment of above 66.4, 73.5,
and 50.6% in glassy particles I, IV, and V, respectively. It may indi-
cate that some so-called ultrastable glasses do not get the most stable
state, and there is still plenty of room to stabilize further the glasses
by prolonging aging time. However, it should be noted that there
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Fig. 8. The changes of Young's modulus in various glasses by different time
scales’ aging (AE/E is the proportion of Young's modulus change). The
modulus data from the studies on glycerol (76), silicone oil (77), Zrs;CuzgNigAl;5 3
(73), aluminosilicate glass (82), Ce;oAl;oCuyq (72), Ni;sP16BsAls (78), Zr46.75Tig 25CU7 5
NiioBess 5 (75), Pd175CugSite s (78), Fe;sP16SisAls (78), lime glass (80), CugoZraoTiqg
(79), Zrs;5Cuq7.9Ni146Al10Tis (74), Na,0-SiO,—-based glasses (87), ZrgsCuy7 5Al7 5
(25), organic glass [TNB (trisnaphthylbenzene)] (83), organic glass (IMC) (83), Pd4; 5
Nisz5P15 (84), and amber (7). Note that the ultrastabilization-induced modulus
changes were regarded as equal to those induced by aging for hundreds to thou-
sands of years. This is because the energy states of the man-made ultrastable
glasses are equivalent to those resulting from natural aging over hundreds to thou-
sands of years, as determined by thermal evaluations (25, 83, 84).
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will be a saturated value to the aging effect for a particular glass
under a certain condition. By prolonging aging time, the glass ap-
proaches its lower limit of energy state (such as the ideal state) to
exhibit the saturated aging effect. For instance, the ideal states
have been achieved in some aged nanoscale polymer glasses [such
as sphere (26) and thin film (27)], as their large free interfaces
greatly accelerate the relaxation dynamics, leading to the fast ap-
proach to the ideally lowest limit of Ty with a reduction of ~70 to
90 K relative to the values of their bulk samples. Such a huge T¢
reduction in standard aging in a bulk glass would require geological
time scales (27). In this work, although the direct thermodynamic
data regarding the energy state of the five lunar glassy particles (i.e.,
the H-A samples) are still missing, it is likely seen that a very low
energy state (maybe already in a saturated state) has been achieved
in these particles because they all have reached both structurally and
chemically homogeneous states (Figs. 4E and 5, C and D, and figs.
S6E, S10, C and D, S7E, S11, C and D, S8G, S12, E and F, S9G, and
S13, E and F) after aging for geological time scales. It is also in line
with the thermal results of the whole lunar glasses shown in Fig. 2B
that the H-A sample have attained both more kinetic and thermo-
dynamic stable state than the rejuvenated one.

The aging effects in glasses are apparently composition depen-
dent in each time scale. Phenomenally, more complex systems will
exhibit more notable aging effects as shown in Fig. 8. For instance, at
a similar reduced temperature (annealing temperature divided by
Tg), 1 hour and 900 hours of annealing can lead to 10 and 6%
modulus increment in Zrs; 5Cu;;7 9Nijy ¢Al;Tis MG (74) and
Zr 4675115 25Cu7 sNijoBe,; s MG (75), respectively, while 17.7 years
of annealing only leads to 4.3% modulus increment in Ce;(Al;(Cu,
MG (12). The amber (with the chemical formula of
C10H;60), which is aged for 1.1 x 10® years at 0.73T,, shows only
6.9% modulus increment (7). In sharp contrast, the lunar glassy
particles I, IV, and V [with nominal composition of
Si15.4050.Feg sCay 1 Als Mg, o Ti1 0Nag 6, Sizg.6Os7.4Fes1Cas 1 Alg 5
Mg 6Ti9.4K; 3, and Siyg00s6.2Fes ,Cay5Als sMgs sTiy 5 (at %),
respectively] in this study exhibit more than 66.4, 73.5, and 50.6%
modulus increment after aging below 0.41T for similar time scales.
Note that, although the lunar glassy particles IT and IIT show only 34
and 11% modulus increments, respectively, by the very limited eval-
uation, they may also exhibit more notable modulus increments
(probably above 50%) by a more complete evaluation, as the lunar
glassy particles IV and V exhibit similar modulus increments (38.3
and 8.5%) with particles II and III, respectively, by the same limited
evaluation and show much enhanced modulus increments (73.5
and 50.6%, respectively) by a more complete evaluation. Therefore,
the extraordinary aging effects of a huge modulus increment should
be the common feature for these lunar glasses. It should be due to
the reason that the complex multicomponent of the lunar glasses,
which were naturally chosen by impacting the lunar regolith on
the moon, can enlarge their configuration space and hence
enlarge their aging space (85). These five lunar glassy particles
display different aging effects (maybe already reach the saturated
values), mainly because of their different compositions. Hence,
for a given glass, as aging time increases, the aging effect increases
toward a saturated value, which is mainly determined by the
composition.

Previously, ultrastabilization was achieved by controlling the
deposition condition (25, 83). Later, it was demonstrated that ultra-
stabilization could be achieved by glass-glass transition in the
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Pdy; 5sNig, sPis MG, leading to a greater modulus increment than
others (84). Recently, HE designing was suggested to facilitate
glass-glass transition in MGs, which also resulted in a much en-
hanced modulus increment of 9.6% in NbNiZrTiCo, 12.5% in
NDbNiZrTiCuCo, and 31% in NbNiZrTiCu HE MG (HEMG) (85).
Therefore, HE might be beneficial to enlarge the aging effects in
glasses, as its sluggish diffusion effect will dynamically elevate the
quenched glass to a high energy state (85) and maintain more in-
trinsic structural heterogeneities, which will reversely enlarge the
aging space. Because the configurational entropy of these lunar
glasses is as high as 1.30R to 1.57R (R is the gas constant), HE
might be another factor for their extraordinary aging effects.
Furthermore, there are various minor elements, such as Ca, Al,
Mg, Ti, Na, or K (note that, apart from Si and O, the other elements
can all be regarded as minor elements for their relatively low content
from the perspective of material science), which may also play a
crucial role in determining their huge aging effects in these lunar
glasses. For instance, Ca, Mg, and Na; Ca, Mg, and K; and Ca,
Mg, Al, and K might be the crucial minor elements in glassy parti-
cles I, II, and IV, respectively, according to the EDS results shown in
Fig. 4 and figs. S6 and S8. Meanwhile, in these lunar glassy particles,
it seems that the particles with a small amount of alkali metal (i.e.,
particle I with Na and particles IT and IV with K) show more notable
aging effects than the other particles (i.e., particles III and V). It
might be attributed to the mixed alkali-alkaline earth effect (86),
which can promote the diffusion of the related ions, especially for
those with smaller size. That might be why glassy particle I shows
the most notable aging effects among these lunar glassy particles. In
addition, as the elemental separation happens in a specific compo-
sition range for the alkali silicate melts (87), the most notable aging
effects of glassy particle I, which were at least caused partially by the
obvious elemental separation in its rejuvenated sample, might be
also determined by its special composition. The aging-induced ho-
mogenization of the minor elements may promote the lunar glass to
approach a more stable state by forming a higher atomic packing
density, hence leading to a larger modulus increment (58). As the
compositions of these lunar glasses are very complex, more definite
conclusions requires precise control of the sample composition.
This will be carried out by the developing simulated lunar glasses
in our further work. Regardless, the energy state and properties of
glass can be controlled effectively by adding proper minor elements.
In summary, the extraordinary aging effects were revealed in five
representative lunar glassy particles, which were selected from the
lunar regolith returned by Chang'e-5 mission, via TEM observation
and nanoindentation tests. It is demonstrated that the H-A samples,
which have experienced geological time scales’ aging, have substan-
tially higher Young's modulus (with an increment of more than
dozens of percentages) but have more comparable hardness relative
to that of the rejuvenated ones for these glassy particles. In other
words, varied degrees of decoupling between modulus and hardness
happen in these glassy particles. The huge modulus increments in
these samples are attributed to both the sharp volume shrinkage and
the homogenization of elemental distribution, with the former
being the dominant factor. The relatively comparable hardness
between the H-A sample and the rejuvenated ones is due to their
different deformation mode. Generally, a higher proportion of
shear flow happens in the rejuvenated samples than that in the H-
A one, leading to more SBs in the former than in the later and hence
results in different degrees of hardening effect in the rejuvenated
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samples for these glassy particles. Particularly, for glassy particle I
showing the most notable decoupling phenomenon, the deforma-
tion-induced crystallization and further nanotwinning, which was
caused by multiple shear banding deformation, lead to substantial
hardening in the L-R sample with obvious heterogeneous structure,
while much fewer SBs formed in the H-A sample with a pretty ho-
mogeneous structure. By comparing the aging effects over different
time scales in various glasses, the extraordinary aging effects in
these lunar glasses should be mainly attributed to the natural select-
ed complex compositions and intrinsic structures (in line with the
criterion of HE and minor element doping that can greatly enhance
the energy state and structural heterogeneity of the quenched glass
and hence enlarge the aging space of glass) under the special lunar
conditions and the extensive aging time. HE designing via multi-
component mixing and doping of proper minor elements may
enlarge the aging space and hence facilitate enlarging aging effects
and extending the range of glassy properties. The discovery of such
extraordinary aging effects in the lunar glasses holds potential ben-
efits for developing high-performance and stable glassy materials
for radiation protection and space explorations.

MATERIALS AND METHODS

The lunar regolith samples used in this study were scooped from the
lunar surface in Chang’e-5 lunar exploration program. The sam-
pling site is located in the northeastern Oceanus Procellarum
with longitude and latitude of 51.916°W and 43.058°N. The lunar
regolith sample numbered CE5C0400 was applied from the China
National Space Administration. To examine the thermal properties
of the lunar glasses, a spoon of lunar regolith samples of ~20 mg
were characterized by a differential scanning calorimeter (DSC;
NETZSCH 404 F3) at a heating rate of 40 K/min in high-purity
argon atmosphere. As shown in Fig. 2A, T, and Ty of lunar
glasses were 936 and 1030 K, respectively, which provides a basis
for our subsequent rejuvenation treatment. Moreover, to study
the aging effect on the thermal properties of the lunar glasses, a
new spoon of lunar regolith sample (~20 mg) was first erased in
the thermal history (i.e., heated to 973 K in the supercooled
liquid region at 40 K/min, held for 60 s, and then cooled down to
RT at 40 K/min under a purified argon atmosphere in the DSC
chamber) and then characterized by a DSC at a heating rate of 40
K/min. Five typical returned (i.e., H-A) glassy particles (four spher-
ules with diameters ranging from 20 to 53 um and one ellipsoid of
similar size), termed as particles I to V, as shown in fig. S2 (A to E),
were selected through morphologic observation using field-emis-
sion scanning electron microscopy (ZEISS Gemini300). The rejuve-
nated samples for these glassy particles were obtained by heating
them up to the supercooled liquid region of 973 K, holding for 60
s, and then cooling down to RT at controlled cooling rates. Such
rejuvenation treatment has been frequently applied in many
glasses (88, 89). A slower cooling rate of ~40 K/min was applied
for all the glassy particle, by which the sample is termed as the L-
R one. Moreover, a faster cooling rate of ~240 K/s was applied for
glassy particles IV and V, by which the sample is termed as the M-R
one. Note that, to eliminate the influence of O,, H,0, and other cor-
rosive medium, the L-R samples were obtained in the DSC
(NETZSCH 404 F3) under the protection of a purified argon atmo-
sphere, and the M-R samples were obtained in the homemade
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thermal treatment device (shown in fig. S21) with a vacuum degree
of 107* Pa.

The microstructures of the selected particles were examined
using TEM (JEM-F200) and aberration-corrected TEM (Thermo
Fisher Scientific Spectra 300) equipped with a high-brightness
field-emission gun (X-FEG), double Cs corrector from CEOS,
and a fast-speed Super-X EDS detector. The cross-sectional TEM
samples were prepared using a dual FIB system (Ethos NX 5000).
RT nanoindentation tests of glassy particle samples were conducted
in a Nanoindenter (Bruker Hysitron, TT 980) equipped with a Ber-
kovich indenter. Before indentation, prisms with adequate sizes, as
shown in fig. S2 (F to J), were cut from the particles and fixed on
copper meshes via FIB. Then, the upper surface of each prism was
carefully polished to a smooth plane by FIB using gradually reduced
current. The constant strain rate model with strain rate of 0.05 s~
was applied. The maximum penetration depth was set as 300 nm,
which was far below 10% of the sample thickness for the purpose of
avoiding substrate effect. Before tests, the tip of the indenter was
carefully calibrated on standard fused silica. The hardness and
reduced Young's modulus were extracted from load-displacement
curves via the Oliver-Pharr method (90). An allowable drift rate
of 0.005 nm s~ was provided to set the thermal stability criterion
for initiating the test, which is 10-fold smaller than the default value
generally used in tests. For glassy particle I, at least 16 indents were
made for each sample. For other particles with relatively small sizes,
at least 10 indents were made for each sample. The residual indents
were imaged by scanning electron microscopy (Gemini300). More-
over, the cross-sectional TEM specimens of the residual indents for
rejuvenated and H-A samples for glassy particles I, IV, and V were
elaborately fabricated by FIB.

Supplementary Materials
This PDF file includes:

Figs. S1 to S21

Tables S1 and S2
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