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A simple powder compression method was used to compare the
mechanical properties of various argyrodite-type solid electrolytes.
The Heckel plot's K values revealed differences in plastic deformation
behavior, aligning qualitatively with nano-indentation test results.

All solid-state lithium batteries (ASSBs) have received great
attention as next-generation batteries due to higher energy
density and safety, in comparison with commercial lithium-ion
batteries (LIBs)."* Unlike LIBs consisting of liquid-electrolytes,
ASSBs use solid-electrolytes (SEs), which play the role of sepa-
rators together with the intermediate medium for ion-transport
between the anode and cathode. Generally, four types of SEs
have been reported such as sulfides, oxides, halides, and poly-
mers. Each has its own advantages and disadvantages.’
Among these, sulfide-based solid electrolytes have garnered
the most attention due to their ease of formability and high
ionic conductivity, making them close to commercialization.
Various sulfide solid electrolytes, such as lithium argyrodite,
have been studied so far; however, most of the research studies
have focused on the energy performance aspect, such as ionic
conductivity and electrochemical stability, with less attention to
their mechanical properties related to physical compatibility
with electrodes.*® Given that sulfide-based SEs can function
both as a separator and an ion transport medium simply
through the application of pressure at room temperature, the
mechanical properties of the powder hold significant
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importance.*” SEs should comply with the applied force, espe-
cially compressive stress, during the manufacturing process, in
which ASSB cells are manufactured with sufficient pressure to
minimize residual voids and to maximize the solid-solid
contact interface between the SE and the anode/cathode mate-
rials for lithium-ion transportation.®*° The stress compliance of
SEs is also significant under in-service conditions; the lattice
contraction and expansion of electrode materials due to
lithium-ion transportation during charge/discharge cycles can
induce residual stress/strain on the solid-solid interfaces.**
Given that SEs have less ability for stress compensation, the
residual stress/strain could result in microvoid/crack formation
at the interfaces, leading to the degradation of ASSB
performance.'*® Recent research has reported that good stiff-
ness of SEs enables compensation for the volume contraction/
expansion of electrode materials effectively, minimizing
internal charge transfer resistance induced by cracks and
voids.»>#117151923 These findings emphasize that the micro-
structure and mechanical properties of solid electrolytes are
critical to achieving higher stability and performance in
ASSLMBs by mitigating dendrite-induced short-circuit failures.

Accordingly, mechanical properties of SEs must be consid-
ered for the development and application of ASSBs. In previous
studies,?* 2 lattice elastic coefficients of SEs at the atomic-scale
have been calculated through atomistic simulations. In actual
manufacturing and in-service processes, however, macroscopic
compressibility of SEs due to particle—particle and particle-void
interactions will be more critical. In this study, comparative
research was conducted on various sulfide SEs to evaluate stress
compatibility by means of compression testing as well as by
nano-indentation.

To understand the fundamentals of compression behavior of
SE powders, the results of the representative commercial SE
powder, LigPSsCl, are presented in Fig. 1. Fig. 1a indicates the
total displacement (Ad) curve corresponding to the compressive
stress (¢) and the inset shows the mold compression system
with digital image correlation (DIC) analysis where the upper
and lower plungers are speckle-patterned with SiO, particles on
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Fig. 1 (a) The total displacement (Ad) curve corresponding to the
compressive stress (g). (b) Ad and Ahse-powder With time for commer-
cial LigPSsCl powder. (c) The magnified image of the dotted line square
segment in (b). (d) The negative natural logarithmic (1 — preiative) Vs. the
compressive stress curve of the commercial LigPSsCl powder.

carbon tape (see the ESIf section for further details regarding
DIC). Compressive force is applied on the upper plunger, which
moves down toward a zirconia mold, and then the displacement
is quantitatively measured in real-time by tracking the distance
variation between the upper and lower plungers by DIC anal-
ysis. The total displacement rapidly increases and then appears
saturated with increasing compressive stress. Variation of the
displacement is closely related to the reduction of the mold
space volume filled with SE powders and voids. However, one
should be cautious that the displacement is also affected by the
elastic contribution of the plunger rod.

The total displacement, Ad, under compressive load can be
expressed as eqn (1);

Ad = Adelastic + AhSE-powder =oL/E+ AhSE-powder (1)

where Ad.jasiic and Afgg powder are the elastic contribution of the
plunger rod and the displacement of the height of the SE pellet,
respectively. Adejastic corresponds to oL/E where L is the length
of the plunger rod (=40 mm) and E is the elastic modulus of the
plunger material that was measured to be about 180 GPa by
means of DIC analysis, which is comparable with the
references.””* Ad and Ahgg powder With time for a commercial
LigPSsCl sample are presented in Fig. 1b. It clearly shows that
Adelasiic, corresponding to the gap between two curves, gradu-
ally increases with time (load). This means that Adej,sic must be
considered to measure the pellet height precisely, and DIC
analysis is very effective in the case of in-die powder compres-
sion testing. Fig. 1c indicates the magnified image of the dotted
line square segment in Fig. 1b. After reaching the maximum
load (1), the applied load is removed at the point (2) and then
the total displacement abruptly drops to the point (3). It can be
regarded that the difference between (2) and (3) is the elastic
recovery because there is no appearance of irreversible defor-
mation such as cracks on the surface of the pellet. The elastic
recovery is separated into two components; one is the elastic
contribution of the plunger rod corresponding to the gap
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between both black and red curves (black double headed arrow)
and the other is the elastic contribution of the pelletized SE
powder sample, AEgg powder (blue double headed arrow).

SE powder undergoes various stages during powder-to-pellet
formation under compression, such as powder rearrangement
and plastic and/or elastic deformation.** To understand the
compaction behavior of powders, the Heckel equation is widely
used in various fields, especially in pharmaceutical powder
compaction processes.***” Assuming that the particle-to-pellet
formation under compression is derived from a first-order
chemical reaction, where the voids are the reactants and the
densification of the solid is the product, the Heckel equation is
expressed as eqn (2);

1
Ind —— =Ko+ 4 2
{(1 - prelative)} ( )

where prerative 1S the relative density of the pellet, K is the slope in
the linear section of the stage II, and A is the intercept,
respectively. Fig. 1d shows the negative natural logarithmic (1 —
Prelative) ¥S. the compressive stress curve of the commercial Lig-
PS;Cl powder. Three different stages appear with increasing
compressive stress. It is reported*® that each stage is associated
with the behavior of particles; stage I represents the initial
curved region at lower pressure and it is related to particle
rearrangement and/or fragmentation. Stage II represents the
linear region at medium pressure where particles undergo
mainly plastic deformation, and finally stage III shows the
terminal curved region at higher pressure where elastic defor-
mation of the dense compact mainly occurs.***

Fig. 2 shows the negative logarithmic (1 — prelative) VS-
compressive stress curves of various SE powders. The Heckel
plots of as-received commercial LigPS5Cl together with that of
the same powder after ball-milling are shown in Fig. 2a. The
value of K in stage II of as-received commercial LisPS5sCl powder
is 32.3 (x10~*) and after ball milling, it slightly increases to 34.0
(£0.15). It is, however, noted that the ball-milled powder
densifies relatively easily compared with the as-received
powder. When compared to as-received commercial LigPSsCl
powder (brown squares), the transition from stage II to III
occurs at lower stress with the ball-milled commercial powder
(purple circles). The compressive stress at 97% theoretical
density of ball milled powder is 570 MPa while that of as-
received powder is 650 MPa. It seems that as the particle size
decreases, the voids are quickly filled with particles even under
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Fig. 2 (a) The Heckel plots of commercial LigPSsCl with that of the
same powder after ball-milling (vibrating mill). The pressure required
to reach each stage is different for each electrolyte. (b) The Heckel
plots of various argyrodite solid electrolyte powders.
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lower stress and thus densification of the pellet is accelerated,
resulting in a reduced plastic deformation region (stage II) and
an earlier transition to stage III. The milled powder approaches
the theoretical density at significantly lower stress relative to as-
received commercial powder while the K is approximately the
same between these two powders. Given that the K is predom-
inantly governed by intrinsic mechanical properties, such as the
elastic modulus and/or plasticity, it is not uncommon to
observe a comparable slope in SE powders with identical
chemical compositions and crystal structures. When there is
a significant difference in the morphology and/or size of the SE
powders, however, it is natural to have different compacting
behavior even if they have the same chemical composition and
crystal structure.

When Cl™ in LigPSsCl is replaced with Br—, the transition
from stage II to III is delayed as shown in Fig. 2b. It is believed
that the difference in the Heckel plot between LicPSsCl and
LicPSsBr is mainly derived from the change in the intrinsic
mechanical properties of electrolyte itself, such as the elastic
modulus and/or plasticity.?*****%” As shown in Table 1, the
compressive stress at 97% of the theoretical density of the Lis-
PS;Cl compact is lower than that of LigPS;Br, which agrees well
with the above result that the transition between stage II and III
appears at relatively lower stress with LisPSsCl compared to
LiPSsBr.

The Heckel plots of BH, substituted SE powders are also
presented in Fig. 2b. Compared to LigPS5Cl powder, the tran-
sition from stage II to III of these SE powders tends to accel-
erate. In the initial densification stage, the voids are large
enough for the particles to simply rearrange and gradually fill
them up. As the voids become smaller than the average particle
size, however, particles have to change their shape or even break
into smaller ones through plastic deformation or fragmentation
to fill up the remaining empty spaces. The plastic deformation
behavior is controlled by the yield strength and elastic modulus.
In eqn (1) representing the Heckel plot, the K value represents
the linear section in stage II and indicates the stress compati-
bility of the powders. The reciprocal of the K value physically
represents a quantity proportional to the yield strength of the
powder.?>** K values derived from the Heckel plot in Fig. 2b are
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presented in Table 1. LigPS;Br has a lower K value compared to
LigPSsCl. Kvalues of BH,~ substituted powders are much higher
than those of LigPSsCl and LigPSsBr. In addition, the compres-
sive stresses at 97% theoretical density are much lower than
those of LigPS5Cl and LigPSsBr. The K value will mainly depend
on the chemical composition, which is closely related to the
change in the yield strength. This indicates that it is much
easier for BH,  substituted SE powders to plastically deform to
produce a compact of near theoretical density at room
temperature compared with common halide substituted argyr-
odites such as LigPS;Cl and LigPSsBr.

The elastic modulus (E) and hardness (H) are critical
mechanical properties that govern the deformation behavior of
materials. The elastic modulus reflects the stiffness of a mate-
rial and its ability to resist elastic deformation under stress,
while hardness indicates resistance to localized plastic
deformation.*®**

To further characterize the mechanical properties of SE
powders, the indentation hardness and elastic modulus of the
pellets were measured using nano-indentation, and the results
are shown in Table 2. For the measurements, the pellets were
compressed close to the theoretical density, as determined from
the Heckel plots. The surface morphology of the ion milled SE
powder compacts for the nano-indentation test is shown in
Fig. 3. There are some pores but the porosity measured by an
image analysis method is not higher than 7%. The nano-
indentation curves of LigPSsBr are also given in Fig. 3e and f.
While the elastic modulus of LigPSsCl is slightly higher than
that of LigPSsBr, the hardness of LigPS;Br is higher than that of
LigPSsCl. This suggests that the yield stress of LigPSsCl is lower
than that of LicPSsBr. This result agrees with those from the
Heckel plot as the K of LigPSsCl is higher than that of LigPS;Br.
Both the elastic modulus and indentation hardness of the BH,
substituted SE powders are much lower compared to those of
LigPSsCl and LigPSsBr.

The lower elastic modulus and hardness of BH, -substituted
SEs result in earlier onset of plastic deformation under lower
applied stress. This behavior facilitates efficient densification of
the material by allowing voids to be filled with less energy, as
shown in the Heckel plots and nano-indentation tests. This

Table 1 Slope K of the Heckel plot in stage Il and compressive stress at 97% TD of SE powders. Because the y-axis of the Heckel plot uses the
natural logarithm, the variation in compressive strength increases significantly as the density approaches 100% TD. Therefore, 97% was arbitrarily
selected, as this density is close enough to TD, while the error range due to data fluctuations remains within an acceptable value

Li6PS5Br LIGPSSCI Li5.15ps4.15(BH4)1.85 Li5.55ps4.55(BH4)1.45

Slope, K (x10~* MPa™") 25.0 (+0.16) 29.1 (£0.14) 37.0 (£0.11) 41.3 (40.11)
Compressive stress @ 97% theoretical density (MPa) 725 675 570 510
Table 2 Nano-indentation results of various SE powders

LiSPS5Br LiGPS5C1 Li5A15PS4A15(BH4)1A85 Li5A55P5455(BH4)1.45
Hardness (GPa) 1.68 (£0.11) 1.41 (40.24) 0.69 (40.07) 0.66 (£0.05)
Elastic modulus (GPa) 30.5 27.6 15.6 19.1
Porosity (%) 2.5 2.5 7.3 4.7
HIE (plasticity index) x10> 5.5 5.1 4.4 3.5
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Fig. 3 (a—d) Porosity of cross-sections of different types of solid

electrolyte pellets measured by SEM. The scale bar is 3 um. The black
spot, which resembles a pore-like feature, is an artifact caused by the
‘edge effect,’ as explained in detail in Fig. S3.1 (e and f) Indentation
curve of a synthesized sample. Measurements were taken at least five
times at different locations for each sample.

indicates that the BH, substituted SE powders proceed with
easier plastic deformation due to lower hardness and yield
stress compared to LigPSsCl and LigPSsBr. As a result, a lower
stress is required to fill up the voids, leading to the transition to
stage III at relatively lower compressive stress for BH,-
substituted SE powders compared to LigPSsCl and LigPSsBr.

The HJ/E ratio (plasticity index) can be derived from the
hardness and elastic modulus obtained via
nanoindentation.*****>-** A higher value of H/E means that the
material is more capable of absorbing greater energy in the
elastic region, resulting in reduced plastic deformation. Lis-
PS;Cl typically exhibits a value of approximately 5.0 x 102
which aligns well with our result of 5.1 x 1072380424 Ag
shown in Table 2, a comparison of the H/E values of various
electrolytes reveals that LigPSsBr has the highest value of 5.5 x
1072, whereas Lis 55PS4.55(BHy)1.45 displays the lowest value of
3.5 x 1072 It is clear that the H/E is proportional to the inverse
of the slope K from the Heckel plot. The H/E ratio, which reflects
the balance between elasticity and plasticity, highlights that
BH, -substituted SEs have a higher tendency for plastic defor-
mation, making them mechanically softer and more adaptable
for densification during pellet formation. Therefore, it is
concluded that the powder compression test is an effective
method to evaluate the relative plasticity of solid electrolyte
powders for all-solid-state batteries.

Conclusions

In this study, the mechanical behavior of argyrodite-type solid
electrolyte powders with different chemical compositions was

This journal is © The Royal Society of Chemistry 2025
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investigated and compared using both the powder compression
and nano-indentation tests. These findings highlight the
necessity of considering the mechanical properties, such as the
elastic modulus and hardness, when selecting SEs. While lower
values may facilitate manufacturability by reducing the
required compression stress, it is nevertheless crucial to ensure
that the material exhibits adequate stiffness and hardness in
order to maintain structural integrity and prevent mechanical
failures during battery operation. The presence of voids within
solid electrolyte membrane layers during the manufacturing
process, as well as under in-service conditions, is a critical issue
which may significantly affect the performance and reliability of
the cell. Therefore, in the manufacturing process of ASSBs, it is
crucial to densify the electrolyte membrane close to the theo-
retical density. It would be advantageous to select powders with
uniform and finer sizes, a higher elastic modulus, and a lower
yield stress. On the other hand, the yield stress and the elastic
modulus should be high enough to prevent short circuits
induced by mechanical damage throughout the entire life in
service. A simple powder compression test described in the
present study is a quite useful method to compare basic
mechanical properties of different solid electrolyte powders and
is believed to be helpful in selecting appropriate conditions in
the manufacturing process of solid electrolyte membranes for
ASSBs.
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