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Supercrystalline nanocomposites (SCNCs) feature intriguing functionalities and exceptional mechanical prop-
erties, but they are usually confronted with challenges when it comes to processing them in larger bulk form. One
way to tackle this problem is a hierarchical approach, for which spherical SCNCs, i.e. supraparticles (SPs), are
promising candidates as building blocks. Understanding the mechanical behavior of SPs is thus a key step to-
wards the development of robust, multifunctional and macroscopic SCNCs. Hereby, in situ compression tests are

performed on SPs with varying sizes and levels of crosslinking of their organic ligands. A size-dependent
deformation and fracture behavior emerges. Plasticity occurs in larger SPs, while small ones exhibit brittle
fracture. Surface stress and compaction affect the elastic modulus. Fracture initiation sites shift from the center of
SPs to their equatorial belts with the decrease of SPs’ size. The inverse scaling relationship between fracture
strength and SPs’ sizes is rationalized via Griffith theory.

1. Introduction

Within the vibrant field of nanocomposites [1], supercrystalline
nanocomposites (SCNCs) stand out for their sophisticated architectures
and functional properties [2,3]. SCNCs consist of inorganic nano-
particles (NPs) surface-functionalized by organic ligands, which are
organized into periodic structures [2-4]. These long-range ordered
structures are analogous to those of atomic crystals, but on a larger
length scale [5]. This characteristic, together with their slower time-
scales in nucleation, growth and deformation mechanisms [6], makes
SCNCs a versatile analogical model for phenomena such as phase
transformations and interactions between materials defects [7,8].
Furthermore, thanks to their periodic nanostructures, the inherent
NP-associated properties can be preserved even in self-assembled ma-
terials, and additional mesostructural collective properties can be
fostered, with potential applications in battery electrodes, catalysts,
optoelectronic and magnetic devices [3,9-14].

However, an often overlooked but fundamental requirement for
SCNCs to be applied into devices is their mechanical robustness. Their

mechanical behavior is in general poorly understood, although efforts
start to be directed towards characterizing their strength, fracture
toughness, fatigue and creep behavior [4,5,15-25]. Even though typi-
cally weak and brittle, it has been shown that SCNCs can be significantly
strengthened via crosslinking of their organic ligands [5,16]. Never-
theless, producing robust and large-scale (with sizes above tens of um)
SCNCs remains a challenge [26] since defects such as voids and cracks
occur at this scale, significantly deteriorating their mechanical
properties.

A potential workaround against this limitation comes from bio-
inspiration, and in particular from natural mineral-rich ceramic-organic
composites able to achieve outstanding combinations of mechanical
properties thanks to hierarchical structures [27]. Here, mineral
nano-building blocks are arranged into multiple, self-similar super-
structures interfaced by thin, softer organic phases on each hierarchical
level [12,28,29]. Supercrystalline um-sized spherical particles, i.e.
“supraparticles” (SPs) are promising candidates for building blocks for
these kinds of bioinspired multiscale materials [26]. SPs can be pro-
duced with tunable size and morphology, and with a high yield [30-32].
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Understanding and modulating the mechanical properties of SPs,
together with their deformation and failure behavior, become then
crucial steps in paving the way towards macroscopic, robust and func-
tional SCNCs.

Microcompression is a versatile technique to assess the mechanical
response of spherical particles, particularly those in the ym range or
even smaller. When subjected to compression with a flat punch, a va-
riety of spherical particles has been tested to extract elastic response,
sometimes plastic behavior, and fracture mechanisms [33-36]. The
compression of spheres is particularly suited to identify the Young’s
modulus (E) and the transition from elastic to plastic deformation
(yielding point) via Hertz theory [37-41]. On the other hand, in contrast
to uniaxial deformation, compressing spherical particles induces a
non-uniform stress state in the tested domain, with higher stress at the
contact region, progressively decaying when moving away from the
contact point [33,36,42]. To address this, the harmonic mean method
has been introduced to describe stresses and strains in spherical particles
[43]. Finite element methods are also extensively utilized [37,42]. The
strength of spherical particles has also been investigated over the years
by Hiramatsu and Oka, Shipway and Hutchings and recently by Pejchal
etal. [44-48]. These studies reveal that the fracture initiation shifts from
the spherical particles’ center to their equatorial belt, where hoop stress
can induce meridian cracks, and that their strength, determined from the
peak of first principal stress either in the center or along the equator,
correlates well with the transition of failure initiation sites [47,48].

Most of these studies, however, address “traditional” crystalline or
amorphous particles, and not SPs, with one recent exception testing
ligand-free colloidal SPs [49]. Previous works have nevertheless high-
lighted the crucial role of organic ligands in influencing the mechanical
properties and the deformability of SCNCs [50], thus calling for in-
vestigations on the behavior of organic-inorganic SPs under
compression.

In this study, the mechanical response of organic-inorganic SPs with
varying sizes and degrees of organic crosslinking has been explored via
in-situ microcompression in the scanning electron microscope (SEM).
The harmonic mean method and fracture theories proposed for crys-
talline spherical particles are critically applied to SPs, i.e. assemblies of
crystalline nanoparticles. Size-dependent phenomena are observed in
the SPs with or without crosslinking, in terms of supercrystalline
structure, deformation and fracture behavior. A size effect in the elastic
modulus is rationalized through the influence of surface stress, while the
Griffith theory is adopted for the size-dependent fracture strength.

2. Materials and methods

The SPs were prepared via emulsion templated self-assembly from a
suspension of iron oxide NPs (Fe3O4, with a diameter of 15.2 + 1.2 nm,
from CAN GmbH, Germany) stabilized with oleic acid, as detailed in the
previous work and summarized in SI section 1 [30]. The SPs are
deposited on silicon substrates via dispersion in ethanol and spin
coating. Some SPs were subjected to heat treatment (HT) at 325 °C
under Ny atmosphere (heating and cooling ramps of 1°C/min, holding
time of 18 min) to induce the crosslinking of the oleic acid [5,16]. In
some cases, squalene was added to the nanoparticle suspensions before
self-assembly to produce SPs with an excess of organic ligands, with the
aim of improving deformability by a reduced friction of single particles

Table 1
Summary of SPs with different degrees of crosslinking, squalene concentrations
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and/or added plasticity. The characteristics of all SPs tested in this study
are provided in Table 1, including the degree of crosslinking, concen-
tration of squalene and size. In the following, SPs are designated based
on the presence or absence of heat treatment, together with their di-
ameters (analyzed via ImageJ on pre-loading SEM micrographs). When
present, the concentration of squalene will be specified.

The compression of SPs without squalene was carried out in-situ
using a diamond flat punch (D = 15 pm) in a microcompression setup
(KLA Tencor, formerly Nanomechanics, Inc.) in the Nova Nanolab 200
Dualbeam SEM/FIB (Thermofisher scientific, formerly FEI) at the
Institute of Materials Mechanics of the Helmholtz-Zentrum Hereon,
Geesthacht, while ex-situ tests were conducted in a G200 nanoindenter
(Agilent, USA) for those with squalene. It is assumed that the electron
beam has a negligible influence on the mechanical behavior of the SPs,
as the Young’s modulus determined from in situ microcompression
aligns closely with that obtained ex situ for analogous materials [15,17].
A procedure involving 5 loading-holding-unloading cycles was adopted.
First, the SPs were compressed to a targeted displacement to achieve
~2 % nominal strain (ratio of displacement to SPs’ diameter) with
constant displacement rate (10 nm/s, except for non-HT-15um-SP,
deformed at 50 nm/s), followed by a load-holding segment of 10 s.
Subsequently, the load was released to 20 % of the previous maximum
load, and then held for 10 s to stabilize the SPs before the next loading
cycle. The details about the loading path for each SP is reported in SI
Table S1. The procedure is repeated until fracture. The data recorded
during the holding period under 20 % of the maximum load is utilized to
eliminate thermal drift. All compression tests were checked in situ and
post-mortem to make sure than only single SPs were tested, and not
clusters of them. Data was excluded from the analysis once doubts
emerged that multiple SPs were loaded simultaneously.

3. Results and discussion
3.1. SP structures

The uniform and nonporous SPs exhibit spherical geometry, as
illustrated in Fig. 1(a) & (b), with an almost entirely supercrystalline
structure. Notably, different supercrystalline packings are observed.
Indeed, various structures have been observed in SPs, ranging from
Mackay icosahedral symmetry to anti-Mackay rhombicosidodecahedral
structures and single FCC (face-centered cubic) domains, with the in-
crease in the size of SPs [51]. In Fig. 1(a), the small SP (diameter: ~
534 nm, indicated by the white arrow) displays the anti-Mackay
rhombicosidodecahedral structure, consisting of twelve pentagonal
faces, twenty triangular faces and thirty rectangular faces [51]. In
contrast, FCC packing is observed in a larger SP (diameter: ~680 nm),
featuring the typical step edges due to spherical confinement, as
depicted in Fig. 1(b). The transition of crystalline structure is related to
the size of SPs because small SPs with icosahedral symmetry are more
entropically favorable compared to the FCC structure [52,53]. A finite
number of particles above 100 organizes into the icosahedral symmetry
with either Mackay or anti-Mackay structure. They are then slowly
architected into the single FCC domain if the number exceeds 2.5 x 10%,
where the nanostructure transitions displayed in Fig. 1(a) & (b) coincide
with simulation results [54].

and sizes.

Squalene concentration (wt%) Diameter (um)

HT 0 0.50 0.55
non-HT 0 3.00 3.60
1 0.89 2.73
2 2.57 4.26
5 1.57 2.93

0.61 0.78 1.28 4.24 6.00
7.20 15.00

341 3.46

3.68
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Fig. 1. Structure and deformation behavior of SPs. a) — b) SEM images of SPs showing different crystalline structures: a) SP with anti-Mackay rhombicosidodeca-

hedral structure (indicated by the white arrow); b) SP with single FCC structure

. Scale bars: 100 nm. ¢) - f) Harmonic stress-strain curves of representative SPs: ¢)

non-HT 15 pm; d) non-HT 3.6 pm; ) HT 4.24 pm; f) HT 0.61 pm. g) —j) Identification of yielding point via Hertz theory for different SPs: g) non-HT 15 pm; h) non-HT
3.6 pm; i) HT 4.24 pm; j) HT 0.61 pm. The scatters in the plots are experimental data while solid lines refer to the Hertz model. One larger and one smaller SP are

selected from both HT and non-HT SPs.

3.2. Stress and strain

The stress state of a sphere under compression is non-uniform, with
distribution dependent on the relative loading contact radius with
respect to the sphere’s radius [47,48]. For a representation of equivalent
stress and strain state in the SPs, the harmonic mean method is
employed [43], aiming at avoiding biases in the stress and strain
distribution.

At the contact region, high stresses are generated even under a small
load, due to the localized contact area. The contact radius can be
determined based on the geometrical relationship:

Ty

where a. is the contact radius, R is the SP radius and h is total
displacement divided to consider for the contact on the top and bottom
of SPs. The contact stress is defined as
13
O, —
¢ ra?

Rh — —

4 m

@

where o, is the contact stress and P is the measured load. The strain
definition as proposed by Tabor is utilized [55], here considering the
two contacts, top and bottom:

=20 0.2(%) 3)

As for the region away from the contact, the SP is approximated to
have a cylindrical shape to obtain the effective radius. The effective
radius here (R is calculated based on volume conservation [43]:

-

The resulting uniform stress and strain can then be calculated as:
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where oy and ¢y; are the stress and strain in the cylinder, respectively.

Spheres under compression show a “sandwich” stress/strain distri-
bution field, with high stresses/strains at the loading points, and lower,
relatively uniform stresses/strains in-between. The harmonic mean
method is utilized here to give a more representative description of their
distribution within the overall SPs. This is a mathematical average
approach that can mitigate the impact of large outliers, which is here
considered appropriate to address the stress/strain distribution in SPs.
The general definition is H(x, e Xp) = e 5 and the

n
m

X2, 1
i=1 %
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harmonic mean stress can thus be obtained by considering the stress in
the contact region (Eq. (2)) and that from cylinder assumption (Eq. (5))
as [43]:

2

1 1
oc + eyl

Om = (7)
The harmonic mean strain can also be determined with the same
approach as [43]:

2
141

e e

(3

Em =

The harmonic stress-strain curves of four representative SPs, with
and without crosslinking of the organic ligands, are shown in Fig. 1(c) —
(f). The load-displacement and corresponding stress-strain curves of all
SPs are shown in Fig. S3. The raw data was initially corrected to elim-
inate the impact of thermal drift, see SI section 3 for details. The last
cycle of the harmonic stress strain curves shows some variations for the
different SPs. The curve becomes more nonlinear as the SP diameter
increases for non-HT SPs, together with a lower stress value at the
nonlinearity onset. The harmonic stress-strain curve becomes slightly
curved downward before fracture for the larger HT SP (diameter 4.24
pm, Fig. 1(e)) while no nonlinearity is visible with the SP’s size reducing
to 0.61 pm (Fig. 1(f)). This shows a size-dependent deformation
behavior of SPs, which will be further analyzed later. We also observe
that HT SPs (Fig. 1(e) & (f)) can sustain much higher stresses compared
with their non-HT counterparts (Fig. 1(c) & (d)), confirming the
enhanced mechanical properties induced by the organic crosslinking
[15,16,18,19,22]. Note the extremely high stresses, up to 2 GPa sus-
tained by the smaller HT SPs, but also the strengths > 100 MPa reached
by non-crosslinked SPs, which are still considerably high [49]. It is
worth noting that the data becomes noisier for smaller SPs, due to the
smaller displacements. A tendency of the SPs to creep can also be noticed
in all stress-strain curves (Fig. S3), a phenomenon that has been previ-
ously reported for this materials system [19]. Hysteresis loops, another
indication of viscous behavior, are also visible in larger non-HT SPs
(Fig. 1(c)).

As mentioned in Materials and methods section, SPs with an excess of
organic ligands (squalene) were also prepared, with the aim of achieving
better deformability [50]. However, it results that cracks here appear
earlier than in SPs without squalene, mostly during the first or second
loading cycle. A typical harmonic stress-strain curve for
squalene-enriched SPs, taken from a non-HT 2.57 pm SP with 2 wt%
squalene, is displayed in Fig. 2, while all others are shown in Fig. S4. The
respective harmonic strains at fracture are shown in Fig. S5, where it can
be seen that SPs with squalene fail at smaller strains than the
squalene-free ones. No clear trend on the effect of squalene concentra-
tion is observed. The overall lower mechanical properties of these SPs

" 2% non-HT 2.57um
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(2}
o
L
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!
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Harmonic strain, ¢

Fig. 2. Harmonic stress-strain curve of non-HT 2.57 pm SP with 2 % squalene.
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are likely associated with squalene creating defects due to phase sepa-
ration or with poor interactions between squalene and oleic acid.

3.3. Yield

The yielding point, indicating the emergence of plastic deformation,
can be identified as the deviation from the linear regime in the uniaxial
stress-strain curves [56]. However, a more accurate method to identify
deviations from the elastic regime relies on the Hertz contact theory,
already broadly applied in studies on compression of spherical particles
[49].

The Hertz theory applies to two elastically contacting bodies, and the
relationship between the load (P) and displacement (h) is expressed as
[571:

P= g E4Ry"°h'? ©)
The effective Young’s modulus (Eef) is computed as:
11— 1-4
1 + 10)
Ey E E,

where the subscripts s and p denote sample and flat punch; E and v are
Young’s modulus and Poisson’s ratio, respectively. The effective radius
(Re) can be calculated as:

1 1 1

Ry R, R,

1D

where R; and R, denote the radius of SP and flat punch, respectively. The
radius of the flat punch tends to infinity, so Regy = R;. Using Egs. (9) —
(11), the following relationship can be obtained:

PP =cxh ()

where c is dependent on the effective modulus and SPs’ radius.

Eq. (12) is then applied to the last loading step of compression tests,
where the nonlinearity occurs, as depicted in Fig. 1(g) — (j). Significant
deviations between the Hertz contact model and experimental data can
be noticed in non-HT 15 and 3.6 pm SPS, and in HT 4.24 pm SP, while a
good alignment between the two is found in HT 0.61 pm SP, implying
that plasticity occurs in the former, but the smaller crosslinked SP ex-
hibits brittle fracture, i.e. with no occurrence of plastic deformation
before failure. With the same approach, plastic deformation is also
verified in HT 1.28 pm SP (Fig. S6), whereas all other SPs (non-HT 3 pm
and HT 0.78/0.55 pm SPs) fracture in a brittle manner.

The plastic deformation in SPs can be ascribed to the mediation of
organic ligands facilitating the movement of NPs because no signal of
yielding has been observed in NPs in previous works on the compression
of supercrystalline micropillars [50,58]. The good match between Hertz
model and experimental data in the earlier loading steps of compression
tests implies that plasticity only emerges in the last step. The accumu-
lated deformation is likely to originate from the creep behavior illus-
trated in Fig. S3, since creep deformation takes time to recover, as
reported in the previous study [19]. Fig. 1(c) - (j), Fig. S3 and Fig. S6
point out a transition in the deformation behavior - from brittle fracture
(without plasticity) to fracture with minor plasticity (harmonic plastic
strain: 0.005 ~ 0.02) with the increase in SPs’ sizes. Furthermore, the
verification of whether the deviation from the linear regime on the
harmonic stress-strain curves can imply the occurrence of plasticity is
conducted with the Hertz contact model as benchmark, see details in SI
section 8. The two approaches give comparable results, indicating that
the curvature of harmonic stress-strain curves also indicate the emer-
gence of yield.
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3.4. Stiffness and compaction

The influence of multiple loading cycles on the mechanical behavior
of SPs, and in particular on their Young’s modulus, is explored by
shifting the origin of all load-displacement curves to zero, as illustrated
for four representative SPs in Fig. 3. One can observe that the curves
become steeper at each loading cycle, and that this trend becomes less
marked with increasing cycle numbers, irrespective of the presence of
crosslinking. Steeper curves indicate that the SPs become stiffer as the

Journal of the European Ceramic Society 45 (2025) 117482

compression tests proceed. We attribute this stiffening to the compac-
tion of SPs, a consequence of the “squeezing” of organic ligands in the
inter-NP spacings and into superlattice’s interstitial sites, as previously
observed under indents in the same material system [15,50]. The stiff-
ening is less marked in HT SPs, since in those systems the crosslinking
immobilizes the organic ligands and thus hampers their compaction.
Although the hydrostatic stress component under uniaxial compression
conditions is not as pronounced as in indentation tests [39], its effect on
the compaction of organic ligands should not be overlooked. Ongoing
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Fig. 3. Analysis of compaction and elastic modulus of SPs. a) — d) Load-displacement (P-h) curves of different SPs with all loading cycles shifted to zero: a) non-HT 15
pm; b) non-HT 3.6 pm. ¢) HT 4.24 pm; b) HT 0.61 pm. e) Elastic modulus of SPs with varying sizes.
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work in our same group is indeed demonstrating the existence of free
volume in SCNCs, likely located in the sub-nm spacings between NPs
where organic ligands are confined and in the tetrahedral and octahe-
dral interstitial sites of FCC superlattices [59]. The free volume provides
available space for the compaction of organic ligands, resulting in stiffer
SPs as compression tests progress.

The elastic modulus of SPs is determined again with the Hertz con-
tact model, taking the two different contacts into consideration: 1) on
the top — between the diamond flat punch and the SPs; 2) on the bottom
— between SPs and the silicon substrate they sit on. The corresponding
reduced moduli can be expressed as [60]:

1 71—y52+ 1-,?

= 13
Eip E, E,

1 _ 1- I/s2 1- l/sub2

= + a4
Ebutwm Es Esub

where Ey,p and Eposom are the reduced moduli of contacts on the top and
bottom, respectively. The subscripts s, p and sub denote SPs, flat punch
and substrate, respectively.

The effective modulus in Eq. (9) is then expressed as the average of
Eqop and Eportom:

Etop + Ebormm
2

With Eq. (9) & Egs. (11) — (15), the apparent Young’s modulus of SPs
is determined from the loading phase of each test, and is displayed in
Fig. 3(e). The data from cycle 1 is utilized to obtain the moduli, to meet
the assumptions of Hertz theory (i.e. elastic deformation regime) and
minimize the effect of compaction. HT SPs exhibit higher apparent
elastic stiffness compared to their non-HT counterparts, again due to
crosslinking of organic ligands [16,19]. The apparent elastic modulus
consistently drops with increasing SP size, regardless of crosslinking,
indicating a size-dependent elastic modulus.

Size effect in Young’s modulus have been widely reported in nano-
spheres and nanowires consisting of various material categories, for
which this effect is commonly attributed to the surface effect where the
surface stress play a dominating role [41]. Surface stress refers to the
reversible work per unit area required to elastically stretch a preexisting
surface [61,62]. The work applied during the compression of SPs can
thus be divided into two components: the work used to stretch the
surface of SPs to accommodate the change in the geometry and that to
compress the inner core of SPs (see details in SI Section 9).

The correlation between the apparent elastic modulus of SPs and
their sizes can be ultimately determined as: Egp, ~ Ep +ge 3, where
Eqpp and E, are the apparent and bulk elastic moduli of SPs, g is a coef-
ficient that scales with =2 (¢ is the strain of SPs), 7, is the surface stress
and D is the SPs’ diameter. 7; is reported to be in the range of 1 ~ 10 N/m
for several materials [61,62] and it is reasonable to assume its value for
SPs to be of the same order of magnitude. The strain of SPs during the 1st
loading cycle is typically a few percent (1-5 %, see Fig. 1(c-f)), depen-
dent on the sizes of SPs. Consequently, g is estimated to be around
103-10*. The 2nd term in the above formula, representing the influence
of surface stress, can lead to an increase of the apparent elastic modulus
by tens of GPa, aligning well with the results shown in Fig. 3(e). The
coordination of NPs, as well as the bonding of organic ligands on the
surface of SPs differs from those in the core, resulting in a smaller
interparticle distance for the NPs on the surface and thus applying the
compressive stress to the core of SPs. The overall SP surface to volume
ratio increases with reducing SP size, amplifying the surface effect on the
mechanical properties of entire SPs. Consequently, an increase in elastic
modulus is observed as the SPs become smaller, in particular for those
with the diameter smaller than 1 pm. Another factor that could be
contributing to this size effect for E is the potential presence of a
core-shell structure in the SPs. This has however not been observed in

Ey = as)
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our system, and can be the object of future work.

Apart from surface stress, compressive stress has been recognized as
another factor contributing to the enhancement of the elastic modulus of
silicon and titanium spheres (by decreasing the distance between near-
est neighbors) [39]. Even in the first loading cycle, some compaction
effect will still be present. Higher stresses are usually induced in smaller
SPs (Fig. 1), suggesting more pronounced compaction in these cases. The
compressive stress effect can then further contribute to the arising of a
size-dependent elastic modulus.

Note that the strain rates during the compression of SPs vary with
their sizes, increasing as the SPs become smaller. This difference can
reach up to one order of magnitude between HT 6 pm SP (largest) and
HT 0.5 pm SP (smallest). However, its contribution to the elastic stiff-
ening of organic ligands is estimated to be up to ~ 12 % among all the
SPs explored here, an effect that further becomes more negligible if one
considers the overall SPs (see details in SI section 10).

3.5. Fracture

Even though some plasticity is observed in larger SPs, most of them
fail in a brittle manner, prompting an analysis of their fracture behavior.
The key parameter for failure of brittle elastic spherical particles is the
first principal stress field [47,48,63]. The location of the peak of first
principal stress, considered as the fracture stress, is highly sensitive to
the relative contact radius a./R (where a. is the contact radius and R is
the spherical particle’s radius), shifting from the contact perimeter (a./R
< 0.3) to the sphere’s center (0.3 < a./R < 0.65) and then to the equator
(a./R < 0.65) [47]. Since here no SP fails with a./R below 0.3, we are
only interested in the first principal stress in the SPs’ center and along
their equatorial belt, which can be expressed as [48]:

P _ a

O1c = m’ Ulc(ﬁc-, v, p) (16)
P _ a

Ole =723 Ule(ic-,l/-,/l) a7)

where subscripts c and e denote the center and equator, respectively, P is
the compressive load applied to the SPs, 6;. and 6, are the normalized
first principal stress in the center and equatorial belt, which are func-
tions of relative contact radius (a./R), Poisson’s ratio (v) of SPs and
friction coefficient (u) at the flat punch-SPs contact. By means of the
finite element method, 5th order polynomial expressions of 6,1, and 61
have been calculated as [63]:

( ) Zs:cl (v, p) ac/R (18)
i=0

513( ) iel (v,1)(ac/R)’ 19)
i=0

respectively, where ¢; and e; are the corresponding coefficients. The
Poisson’s ratio has previously determined as 0.34 for the same material
system (in crosslinked state) using the finite element method and this
value is here used for both crosslinked and non-crosslinked SPs [64]. The
friction coefficient at the contact is taken as 0.05. Utilizing bi-linear
interpolation [63], the coefficients in Eq. (18) & (19), i.e. ¢; and e;,
given v = 0.34 & u = 0.05, can be determined (see Table 2).

By using Eq. (18) & (19) with the corresponding coefficients in
Table 2, the normalized first principal stress in the center (61.) and

Table 2
Values of coefficients: c; and e; in Eqgs. 18 and 19.
i 0 1 2 3 4 5
ci 0.61 —0.03 -0.17 -1.65 2.17 —1.24

e 0.45 —0.05 0.32 -1.25 1.73 -0.97
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equatorial belt (61.) can be calculated, as plotted in Fig. 4(a). The cor-
responding stresses at failure for all SPs as a function of their diameter is
shown in Fig. 4(b). Consistent with previous observations, the peak of
the first principal stress is located in the center of SPs for small contact
areas, and then shifts to the equatorial belt as a./R increases. The shift
emerges when a./R reaches ~ 0.5, which is smaller than the previously
reported value (calculated for v = 0.17) due to the dependence on the
material’s Poisson’s ratio [47]. Additionally, the first principal stress in
the SP center sharply decreases, while that along the equator exhibits a
mild drop with rising a./R.

The shift of first principal stress peak leads to a transition in the sites
of failure initiation. In Fig. 4(c), larger SPs typically fail with a low value
of a./R while smaller SPs exhibit the opposite phenomenon. After
examining their morphologies post-fracture, a transition of failure
initiation sites becomes apparent, as illustrated in the SEM images in
Fig. 4(c). For larger SPs, plotted in the region with a light green color,
the failure onset is at the center of SPs, which ultimately break into many
small fragments. Distinct morphologies are observed for smaller SPs, as
plotted in the grey-colored region. In this case, SPs break into only
several relatively large pieces resulting from meridian cracks (indicated
by the yellow dashed line), which originate from hoop stresses along the
equatorial belt. The transition of initiation sites of failure, from the
center of SPs to the equatorial belt with decreasing SP size, can be
attributed to the shift of peak of first principal stress. These experimental
observations coincide with the model’s prediction shown in Fig. 4(a).

In Fig. 4(b), smaller SPs display higher fracture stress (peak of first
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principal stress) whereas the opposite is observed for larger ones,
regardless of crosslinking, revealing a size-dependent fracture strength.
This trend becomes more pronounced for HT SPs. The Griffith fracture
theory is employed here to explain the size-dependent fracture strength
of SPs. The SEM images in Fig. 4(c) point out that the failure of SPs is
caused by cracks, irrespective of the initiation from the center or
equatorial belt. It should be mentioned that a certain level of crack
deflection is commonly observed in the fractured SPs, and that this
phenomenon coincides with previous works demonstrating that the
organic ligands play a role toward extrinsic toughening in these kinds of
supercrystals [15].

According to the Griffith criterion of fracture [56,65], the critical
fracture stress (o) is

2Ey
Vo
where E is the Young’s modulus of SPs, f is the geometry factor, y is the
surface energy density and a is the size of the largest defect pre-existing
in the SP. The parameter y represents the energy required to break in-
teractions between NPs in SPs, either dominated by van der Waals forces
in non-crosslinked SPs or covalent bonds in crosslinked ones. For each
SP category (crosslinked or not), y is assumed to have the same value,
since there is no difference in terms of the number of bonds and the
binding energy in HT or non-HT SPs consisting of NPs of the same size
and with the same functionalization. The parameter a refers to the size of

.=

(20)
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Fig. 4. Analysis of fracture behavior of SPs. a) Evolution of normalized first principal stress (in SPs’ center and at the equator) with relative contact radius, revealing
the peak of first principal stress shifting from the center to the equator as the compression progresses; b) The relationship between first principal stress at failure and
SPs’ diameters, indicated by the fitting line in the plot; ¢) Evolution of first principal stress at failure with the relative contact radius. The initiation of failure displays
a transition from the center to equatorial belt with the increasing relative contact radius, as highlighted by the background color. SEM images show the typical
morphologies before (left images) and after (right images) fracture emerges, initiated either from the center (images above) or equatorial belt (images below). The
yellow arrow in the image below marks the crack. Scale bars are 1 um and 500 nm for the images above and below, respectively.
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the defect that serves as crack initiation size (pores or organic-rich sites).
Except for the largest SPs, all others fail due to the crack initiated from
the equator, as shown in Fig. 4(c). Indeed, the probability of a larger
defect existing in SPs increases with the SP size (D).

The size-dependent elastic moduli of HT and non-HT SPs are shown
in Fig. 3(e), and this relationship (E vs D) can be roughly described by a
power-law function, as Ex D~°7% for HT SPs and Ex D~%3° for non-HT
SPs. Substituting this into Eq. (20), the correlation between the critical
fracture stress and SPs’ diameter can be expressed as o, D988 for HT
SPs and 6.0 D799 for non-HT SPs. The fracture stress measured by
compression tests for different SPs is plotted in Fig. 4(b), and its rela-
tionship with SPs’ diameter (D) can be described as 6. D=2 for HT SPs
and o, D~%54 for non-HT SPs. A good alignment with the prediction of
Griffith theory is found for crosslinked (HT) SPs. The discrepancy in the
case of non-crosslinked (non-HT) SPs can be ascribed to the limited data
points and occurrence of plasticity (in non-HT 15/3.6 um SPs) violating
the assumptions of the theory.

4. Conclusions

Supercrystalline spherical particles (supraparticles — SPs) prepared
by emulsion templated self-assembly have been compressed in situ in
the SEM to investigate their mechanical response. Their size-dependent
structure, deformation and fracture behavior are revealed. A transition
from anti-Mackay (rhomb-icosidodecahedral) structure to single FCC is
observed with increasing SP size. Small SPs fracture in a brittle manner,
whereas larger ones exhibit minor plasticity before fracture. Loading
cycles cause the stiffening of SPs due to the compaction of organic li-
gands. The size-dependent elastic modulus of SPs, i.e. the smaller, the
stiffer, is attributed to the increasing significance of surface tension as
the size of SPs decreases. A transition of failure initiation site, from SPs’
center to equatorial belt is noted with reducing size of SPs, associated
with the corresponding shift in the location of the peak first principal
stress. The fracture stress shows a size-dependent trend, i.e. increasing
for smaller SPs, and this size effect can be rationalized by Griffith theory.
All SPs show remarkably high mechanical properties, especially those
with crosslinking of the organic ligands. In terms of the impact of the
addition of squalene, it is observed that there is no enhancement in
deformability of the SPs, but, instead, an overall weaker material. The
exploration of deformation and failure behavior of SPs, and specifically
the size-dependent phenomena, provide valuable insights for the
development of hierarchical ceramic-based functional materials that are
also mechanically robust [26]. The mechanical characteristics of SCNCs
can be customized to fulfil the requirements of the higher hierarchical
levels, given their potential diversity in composition, size and shape.
Ultimately, this paves the way towards the development of macroscopic,
robust and functional nano-architected materials.
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