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Supercrystalline nanocomposites (SCNCs) are a new category of nanostruc-
tured materials, with organically functionalized nanoparticles assembled into
periodic structures, reminiscent of atomic crystals. Thanks to this nanoar-
chitecture, SCNCs show great promise for functional applications, and
understanding and controlling their mechanical properties becomes key.
Nanoindentation is a powerful tool to assess the mechanical behavior of vir-
tually any material, and it is particularly suitable for studies on nanostruc-
tured materials. While investigating SCNCs in nanoindentation, a linear
proportionality has emerged between elastic modulus and hardness. This is
not uncommon in nanoindentation studies, and here we compare and contrast
the behavior of SCNCs with that of other material categories that share some
of the key features of SCNCs: mineral-rich biocomposites (where mineral
building blocks are packed into a protein-interfaced network), ultrafine
grained materials (where the characteristic nano-grain sizes are analogous to
those of the SCNC building blocks), and face-centered cubic atomic crystals
(which share the typical SCNC periodic structure). A strong analogy emerges
with biomaterials, both in terms of the hardness/elastic modulus relationship,
and of the correlation between this ratio and the dissipative mechanisms
occurring upon material deformation. Insights into the suitability of SCNCs as
building blocks of the next-generation hierarchical materials are drawn.

Supercrystalline nanocomposites (SCNCs) are
systems of self-assembled nanoparticles that are
being thoroughly explored for both fundamental
studies and their many potential applications.1,2

Generally consisting of organically functionalized
metallic or ceramic nanoparticles (NPs), arranged
into long-range order nanoarchitectures through
self-assembly processes, they combine the unique
features of nano-sized building blocks with the
properties that arise from their periodic arrange-
ment. These aspects make them an ideal platform

for studies on the interaction and behavior of
materials made of periodically arranged building
blocks, with both interesting parallelisms and con-
trasts with crystalline materials.3 Additionally,
their so-called emergent collective properties, aris-
ing from the presence of these same self-organized
nanostructures, have been identified as promising
for applications in a variety of fields: catalysis,
energy storage, biomedical products, drug delivery,
optoelectronics, magnetic devices, and more.2,4,5

One aspect of SCNCs’ behavior that is often only
superficially explored, however, is the set of their
mechanical properties. These are, nonetheless, fea-
tures that need to be understood and controlled to
allow the use of SCNCs in most of the applications
listed above.6–9 Our group has been exploring the
mechanical behavior of these materials in detail,
with analyses of their strength, stiffness, and
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hardness under multiple loading conditions, and
through both ex- and in-situ studies.10–16 Important
findings in this regard are the remarkable boost in
strength, hardness, toughness, and stiffness
enabled through the crosslinking of the organic
ligands that functionalize and interface with the
NPs, and the ability of supercrystals to deform
according to patterns analogous to the ones
observed in atomic crystals, such as dislocations,
pile-ups, and slip bands.3,10,11,15

Even though these micromechanical studies are
instrumental to reveal the multifaceted aspects of
the constitutive behavior of such unconventional
nanostructured materials, an important tool to
measure the mechanical properties of SCNCs is
nanoindentation.11,17 Nanoindentation is a versatile
technique to assess the nano- and micro-scale
mechanical properties of a multiplicity of materials.
It has two major advantages with respect to other
micromechanical tests: its simplicity of implemen-
tation and, in contrast for example to microcom-
pression and microbending, the absence of the
potential material alterations induced by the
focused ion beam (FIB).16–18 For SCNCs, nanoin-
dentation is typically the tool of choice for mechan-
ical studies, especially since in most cases they are
produced in small sizes, ranging up to tens of
micrometers.8,11 Even though steps forward have
been made towards processing bulk macroscopic
supercrystals,5,10,19 nano-indentation remains an
effective and efficient tool for the assessment of
these properties.

The mechanical properties that are most com-
monly measured via nanoindentation are the mate-
rial’s Young’s modulus (E) and hardness (H).17,18 E
is in most cases assessed through the so-called
continuous stiffness method (CSM).20,21 During
CSM the loading ramp of the nanoindentation cycle
is performed via a sequence of very small loading-
unloading steps, and it is from this sequence of
unloading steps that the Young’s modulus is calcu-
lated. This leads to higher reliability with respect to
measuring E only at one instance, at the start of the
overall nanoindentation cycle’s unloading, which
can often be affected by time-dependent phenomena
(e.g., creep). H, on the other hand, is calculated
based on the applied indentation load and the
projected area of the resulting imprint, taking care
to consider the effects of pile-ups and sink-ins.11

E is relative to the purely elastic behavior of a
material, while H accounts for both elastic and
plastic effects, i.e., recoverable and permanent
deformation, respectively. Defining a relation
between the two, analytical or empirical, has been
a long-standing challenge in the materials science
and nano/micromechanics communities.20,22–25

Beyond the fundamental interest in capturing such
an inter-relation, a predictive model to deduce H
from E would also be valuable to obviate an issue
affecting the majority of nanoindentation hardness
data, the so-called indentation size effect (ISE).26

When the ISE occurs, the measured H increases
with reducing indentation depth. Above a certain
indentation depth (usually in the lm range), H
reaches an asymptotic value. However, for many
nanostructured and nanoarchitected materials,
there is an interest in probing mechanical proper-
ties at depths shallower than 1 lm,11 which is where
a reliable relationship between E and H becomes
particularly valuable.

In the quest towards such a relationship, an
interesting trend has emerged in a variety of
materials categories: nanoindentation E and H are
often found to be linearly proportional to each other.
This is not an obvious phenomenon, especially since
it spans many different materials types, and
because hardness can correlate to a material’s
resistance against multiple types of deformation
(penetration, scratch), while accounting for both
reversible (elastic) and irreversible phenomena. The
linearity of the H/E relationship has nevertheless
been detected in a diverse set of materials: ceramics,
intermetallics, metallic glasses, biocomposites, and
molecular crystals.22,24,27,28 More recently, the same
trend has emerged for SCNCs, as will be shown in
detail in the following.

Beyond the more qualitative explanations for this
linearity, based on considerations of the strength of
chemical bonds and the respective correlations
between hardness, yield strength, and elastic mod-
ulus, some quantitative models have been proposed.
In one of the first models, Gilman correlated H with
the bulk modulus B, even though focusing on
covalent crystals.29 A more general relationship
was later proposed by Teter, linking empirically H
and shear modulus, G.25 Recently, an analytical
model has confirmed such a linear relationship
between hardness and shear modulus for the case of
Vickers hardness, even though a more accurate
correction, still analytical, has been proposed based
on the Pugh’s ratio, to account for the presence of
some amount of plastic deformation. This resulted
in capturing well the behavior of intermetallics and
bulk metallic glasses.22

More in general, since H accounts for resistance
to both reversible and irreversible deformations,
while E accounts for reversible phenomena only, the
H/E ratio has become a tool to account for the
relative importance of these two types of phenom-
ena, especially when elasto-plasticity dominates the
constitutive response of a material. The H/E ratio
then also becomes correlated with the damage
mechanisms underlying brittle and plastic failure.30

In the following, we explore the relationship
between E and H for SCNCs, and we rationalize it
based on the available models, and through a
compare-and-contrast analysis with other relevant
material categories. More specifically, we compare
the case of SCNCs with other material systems that
share at least one of the SCNC’s distinguishing
features. These are:
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(1) mineral-organic biocomposites that are min-
eral-rich (which, like SCNCs, consist of nano-sized
mineral building blocks interfaced by an ultra-thin
organic layer); (2) ultrafine-grained materials,
UFGs (which share the characteristic sub-micron
size of their building blocks, drawing an analogy
between grain boundaries and the typically
nanometer to sub-nanometer organic layer in
between NPs in SCNCs); and (3) single (atomic)
crystals with an FCC (face-centered cubic) lattice,
which is also the most common arrangement of NPs
in SCNCs, even though at a scale that is two orders
of magnitude larger than in atomic crystals. The
first material category, highly mineralized biocom-
posites, share a similar composition to SCNCs; UFG
materials share the nano-size of the building blocks;
while FCC single crystals share the arrangement of
such building blocks. Additional material categories
showing this linear E/H relationship are also
considered.

The SCNCs that we have been using as a model
system in most mechanical studies consist of iron
oxide NPs (mainly magnetite, Fe3O4) with a diam-
eter in the 14–19 nm size range. These are surface-
functionalized with organic ligands, most often with
oleic acid, OA (C18H34O2), but in several cases with
oleyl-phosphate, OPh (C18H37O4P), so that they are
colloidally stable when dispersed in an organic
solvent (e.g., toluene, chloroform, dichloromethane).
Both these ligands consist of aliphatic chains with a
double carbon-carbon bond (C=C), and differ only in
the anchoring group to the particle surface. Self-
assembly is then carried out either via evaporation
of the solvent, or solvent-destabilization through the
diffusion of a non-solvent (e.g., ethanol).11,12 The
self-assembly results in the formation of the super-
crystalline nanostructure (also called superlattice).
All details on the starting material’s nano-building
blocks and the self-assembly routines are detailed in
previous works.10–13,15,16

While in most cases SCNCs are produced in the
form of thin films or micron-sized three-dimensional
materials,1 the procedure developed in our group
leads to bulk, centimeter-sized supercrystalline pel-
lets.10,11 This entails the presence of the same variety
of defects affecting crystalline materials (point, line,
surface/interface, and volume defects), and thus the
poly-supercrystalline nature of the nanocomposites.3

We are thus dealing with hierarchical materials,
made of nanocrystals (the NPs are mostly single
crystals), interfaced by anchored and confined
organic ligands (in inter-particle spacings ranging
between 0.5 and 2 nm), and organized into super-
crystalline domains (up to tens of micrometers in
size), which compose the macroscale pellets. Since
nanoindentation probes multiple different super-
crystalline orientations in the material, the mea-
sured properties can be considered isotropic. This is
generally considered valid also in the case of many

hierarchical biocomposites, and for FCC-structured
materials, since FCC arrangements are the lattice
type that is the closest to being isotropic.10,30

A key step in strengthening, stiffening, harden-
ing, and toughening the SCNCs has been found in
crosslinking the NP-interfacing organic ligands.
Crosslinking can be induced via heat treatment at
mild temperatures—up to 350�C, above which the
ligands start decomposing and the ultra-high sur-
face area of the NPs leads to sintering.5,10,15,16 At
lower temperatures, instead, this step leads to the
formation of covalent bonds between adjacent
organic chains, shifting the interactions that hold
the SCNCs together from van der Waals-dominated
to strong chemical bonds. Since the ligands are
anchored to the NP surfaces, and the crosslinking
creates a covalent network throughout all NP-NP
interfaces, a mechanical properties boost is
obtained. In some cases, before heat treatment,
the self-assembled nanocomposites are uniaxially
pressed in a rigid die at 150�C, to shape them into
cylindrical pellets that can be more easily
handled.11

Nanoindentation data relative to the iron oxide-
OA and iron oxide-OPh supercrystalline materials
were obtained via the CSM method using an Agilent
Nano Indenter G200 (Agilent, Santa Clara, CA,
USA), with a Berkovich tip and with an indentation
depth of 300 nm, chosen to allow probing the bulk
properties of the nanocomposites without inducing
cracking.11 It is worth mentioning here that
through a previous nanoindentation campaign, it
has emerged that the non-crosslinked SCNCs are
not affected by the indentation size effect (ISE),
since in this state the material can be more easily
compacted, while for crosslinked materials both E
and H decrease with increasing indentation depth,
due to cracking starting at depths higher than 300
nm.11

The measured E and H values obtained for OA-
and OPh-based iron oxide supercrystals, processed
with varying crosslinking-inducing temperatures,
are shown in Fig. 1a. Here, data is shown for
materials just self-assembled and pressed (as-
pressed, AP), and heat-treated (HT) at 250, 325,
and 350�C. The linear proportionality between E
and H appears evident, independently of the ligand
type, processing stage, and heat treatment temper-
ature. It is worth highlighting explicitly the very
high values of both elastic modulus and hardness
(up to 60 and 6 GPa, respectively) for materials the
building blocks of which are mainly held together by
an organic network.15

To verify whether this linear proportionality
between H and E is also common to a wider
spectrum of SCNCs, in Fig. 1b we gathered the
data on our SCNCs prior to crosslinking, with data
on other analogous self-assembled materials from
the literature. These additional SCNCs span both
different types of NPs (for composition, shape, and
size) and organic ligands.8,9,31–33 All details on the
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literature data are given in Table I of the Appendix.
Note that here we only consider the data on OA- and
OPh-based SCNCs in the as-pressed (AP) state,
since the other supercrystals reported on in the
literature are not crosslinked. Remarkably, an
alignment between all data points is observed,
indicating that the linear H/E trend is common to
a broad spectrum of such materials, independently
of their composition.

Interestingly, if we distinguish the data based on
the crosslinking temperature (AP and 250�C), as
shown in Fig. 1c, d, the slope of the linear fit of H
data with respect to E changes, tending to increase
with heat treatment temperature. This trend is also
currently being confirmed for the 325�C case, for
which preliminary data show H/E � 0.071. This
implies a shift in the ratio of irreversible to
reversible deformations occurring upon nanoinden-
tation. The change in the governing interactions
between the SCNCs’ building blocks (from weak,
van der Waals-dominated, to covalent bonds) thus
appears to play a more significant role in altering
the H/E relationship, compared with the specific
material composition. More data is being collected
to verify this effect. One can also notice that the

slope of the non-crosslinked materials (Fig. 1b, c) is
very similar to the case of molecular crystals,28

which are held together by weak interactions too.
Based on these observations, we compared the

relationship obtained for SCNCs, H/E = 0.062, with
another material category characterized by a sim-
ilar composition. We thus looked into high-mineral
content biomaterials, which consist of a high vol-
ume-fraction of inorganic (mineral) nano-building
blocks interfaced by an ultra-thin layer of confined
organics (organic content in the 1–15 wt.% range,
while for SCNCs the range is typically 2–10 wt.%).
Indeed, the linear H vs E relationship for biomate-
rials has recently been explored by Labonte and
coworkers, who found the same kind of trend.30 This
appeared to be consistent within a variety of
biological materials. We focus here on materials
with high mineral content, see Fig. 2, and we
observe linearity with a slope analogous to that
relative to SCNCs, and values of E and H going
beyond supercrystals, up to twice the values relative
to crosslinked ones (140 and 12 GPa, respec-
tively—see Table II in the Appendix for details on
the literature data). Note that some of the data
reported in Fig. 2 were obtained with a cube-corner

Fig. 1. Nanoindentation hardness (H) and elastic modulus (E) of supercrystalline nanocomposites (SCNCs), for: (a) bulk iron oxide-oleic acid
(OA) and iron oxide-oleyl phosphate (OPh) SCNCs, measured after pressing (AP), and heat treatment at 250, 325, and 350�C; (b) bulk iron
oxide-oleic acid (OA) and iron oxide-oleyl phosphate (OPh) SCNCs, measured after pressing (AP) compared with data relative to other SCNCs
from the literature (with varying organic ligands, NP size, shape, and material);8,9,31–33 (c–d) bulk iron oxide-oleic acid (OA) and iron oxide-oleyl
phosphate (OPh) SCNCs non-heat-treated (not crosslinked, c), crosslinked at 250�C (d).10,11,41,42
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tip instead of a Berkovich one (as marked in the
figure), and it was thus rescaled into a Berkovich
indentation hardness.30

The next feature that we considered was the
characteristic nanostructure scale of SCNCs, mean-
ing the presence of building blocks with sub-micron
characteristic size (note that this is also often
typical of the biomaterials considered above). We
thus include in the analysis UFG ceramics and
metallic materials (pure metals and alloys). The
respective nanoindentation data are shown in Fig.
3a, b (see Table III in the Appendix). The linear
trend appears to be less sharp here, for both cases.
UFG ceramics typically show more potential for
nonlinear irreversible deformation than their coun-

terparts with larger grain sizes,34 and metallic
materials are well known to deform plastically,
even in their UFG form, which can lead to strength-
ening and somewhat reduced ductility.35 Since the
linear proportionality between E and H is typically
detected in, and rationalized for, materials having a
dominantly elastic behavior under loading, the
deviations from linearity for UFG materials can be
attributed to this factor.22 Additional phenomena
can also play a role, such as microcracking and
strain delocalization. Indeed, even though SCNCs
can reach values of fracture toughness indicating
the presence of extrinsic toughening mecha-
nisms,11,16 their constitutive behavior in compres-
sion and bending is largely linear elastic.16

Especially after crosslinking, the covalently bonded
organic network is likely behaving in a brittle
manner, while toughening is expected to arise from
viscous dissipation and crack path deviation within
the organic fractions of the superlattice. It thus
appears that the similarity between biocomposites
and SCNCs in terms of H/E relationship relies on
their comparable compositions, while the nano-size
of the material building blocks does not seem to
necessarily lead to a linear relationship between
nanoindentation modulus and hardness.

We then looked into the nanostructural arrange-
ment parameter, and more specifically the periodic
arrangement of the NPs in the superlattice. Since
SCNCs most often feature FCC long-range order, we
considered nanoindentation data relative to single
atomic crystals with this same lattice type. It was
found that these show an even less linear H/E
trend, see Fig. 4 and the respective Table IV in the
Appendix. The H/E ratio values appear to vary with
the tested material, but not the tested crystallo-
graphic orientation. The three data points relative
to different crystallographic directions in Al over-
lap,36 while the data points relative to the (001)
direction in different materials (Ni, Ag, Au)37,38

show different H/E values. Note also that the

Fig. 2. Nanoindentation hardness (H) and elastic modulus (E) for
biocomposites with high mineral content.43–69 These biocomposites
share the composition as SCNCs, with mineral (ceramic) building
blocks interfaced by an ultra-thin organic layer. The pictured data are
mainly obtained via a Berkovich tip, while some indents were
performed with a cube-corner tip (marked by blue squares), and are
here rescaled to a Berkovich indentation hardness (Color
figure online).

Fig. 3. Nanoindentation hardness (H) and elastic modulus (E) for UFG materials: (a) ceramics; (b) metals and alloys.70–87 UFG materials share
the characteristic sub-micron building block size of SCNCs.
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Fe-Cr-Ni alloys can feature both BCC and FCC
lattices, the data shown here are relative to single
FCC crystals only.

As mentioned above, the elastic anisotropy in
FCC structures is indeed not severe, and H has also
been shown to vary with changing crystallographic
orientations.36 As for comparing different materials,
even though FCC single crystals all share the same
slip system ({111}<110>), their yield strength
varies, since each material has a different shear
stress required to activate dislocations (and thus
plasticity). The H/E ratio can be regarded as an
indicator of the predominance of reversible over
irreversible deformation, and plasticity is an irre-
versible phenomenon. In FCC metals with lower
yield strength, then, plastic deformation dominates
the response to nanoindentation, thus leading to
lower H/E values. In general, thanks to the absence
of grain boundaries and their tightly packed atomic
arrangement, single FCC crystals are extremely
ductile. Therefore, the deviation from the linear
proportionality between H and E is likely connected
to the important role that inelastic deformation
phenomena (and specifically slip) play during
indentation.

In line with these considerations, amorphous
materials like bulk metallic glasses (BMGs) and
amorphous silicon show, instead, a clear linear
proportionality between E and H, see Fig. 5 (and
Table V in the Appendix). These are materials that
mainly show limited ductility (even though shear
phenomena are detected upon indentation), and
thus also suggest that the periodic arrangement of

elementary building blocks is not instrumental in a
linear proportionality between nanoindentation
elastic modulus and hardness.

For the materials for which the linear H/E
relationship holds, i.e., those with limited ability
to deform via irreversible mechanisms, models able
to capture the proportionality between nanoinden-
tation hardness and modulus have been proposed.
Chen et al. have analytically shown, starting from
the definition of Vickers hardness, that

H ¼ 0:151G ð1Þ

with G = E/[2(1+v)] being the shear modulus, and
v the Poisson’s ratio.22 Note that Vickers and
Berkovich hardness data are directly comparable.
This relationship relies on the assumption of
isotropic and homogeneous material behavior
which, as discussed above, can be considered appli-
cable to the materials studied here. Given the
Poisson’s ratio of SCNCs, 0.34, calculated via
numerical simulations for crosslinked materials
and here extrapolated to the non-crosslinked case
too,13 a good agreement between the supercrys-
talline materials data and this model is found: for
SCNCs, according to this model we find H = 0.056,
while by fitting the data shown in Fig. 1a, one finds
H = 0.062 E.

The H/E ratio also suggests a similarity between
SCNCs and biocomposites. Based on the fitting of
experimental data, H/E is 0.062 in both cases. For
UFG ceramics this value is 0.059, even if in that
case the linear fit is not as accurate (Fig. 3a). The
ratio’s value then progressively decreases when
moving to molecular crystals (0.043), UFG metals
and alloys (0.028), and FCC single crystalline

Fig. 4. Nanoindentation hardness (H) and elastic modulus (E)
for single (atomic) crystals with face-centered cubic lattice
(FCC).36–38,88 SCNCs also typically show an FCC arrangement of
the constituent NPs, even at a scale two orders of magnitude larger
than in atomic crystals.

Fig. 5. Nanoindentation hardness (H) and elastic modulus (E) of
amorphous materials—bulk metallic glasses (BMGs) and non-
crystalline silicon.39,76,89–94
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metals (0.007). A trend appears, with H/E decreas-
ing with increasing ductility of the materials in
question, as depicted in Fig. 6. This is in line with
the physical meaning that is associated with the
ratio between nanoindentation hardness and
Young’s modulus, as described in the following.

There is a general agreement in considering the
H/E ratio to be itself linearly proportional to the
energy dissipated during the nanoindentation load-
ing-unloading cycle.23,24,30 More specifically, H/E is
proportional to the ratio of Wu, the work applied by
the material on the indenter’s tip upon unloading,
over Wt, the total nanoindentation work. Wu is
commonly considered to represent a good estimation
of the elastic part of the energy associated with the
nanoindentation cycle, since the recoverable defor-
mation is detected only during unloading. Wu does
not correspond exactly to the elastic work if residual
stresses are present, but in this context we consider
this mismatch to be negligible.24

It has then been shown that

H

E

�
Wu

Wt
¼ 2

3 1 þ mð Þ cota ð2Þ

where a is the indenter’s half-angle. While confirm-
ing the linear proportionality between H and E
modeled by Eq. (1), this relationship additionally
relates the constant of proportionality between
hardness and modulus to the ratio between the
energy dissipated during nanoindentation via rever-
sible and irreversible deformation mechanisms. The
smaller H/E is, the smaller Wu/Wt becomes.
Decreasing values of Wu/Wt indicate that irre-
versible deformation mechanisms prevail over the
reversible (mainly elastic) ones. With increasing H/

E, then, the material’s mechanical behavior tends to
become fully elastic, and thus lacks the ability to
deform irreversibly prior to failure.

This same concept has been rationalized by
Labonte and coworkers (in the context of biological
materials) with the introduction of the variable IE =
H/E, defined as ‘‘elasticity index,’’ or resistance to
irreversible deformation.30 The higher IE, the more
dominant reversible (elastic) deformation is. Mate-
rials with higher values of H/E tend, indeed, to
show a less ductile behavior compared with those
featuring lower values, in line with the experimen-
tal data shown above (Figs. 2–6). When IE instead
tends to zero, irreversible deformation dominates
the mechanisms underlying a material’s hardness.

We therefore analyzed the relationship between
H/E and Wu/Wt for SCNCs, based on the nanoin-
dentation data available for the iron oxide-OA and -
OPh systems, heat-treated at different tempera-
tures. As shown in Fig. 7, the expected linear trend
is found, with a proportionality of 0.205. This is in
reasonable agreement with the value calculated
with Eq. 2, given the half-angle of the Berkovich
indenter (65.27�) and the same Poisson’s ratio value
of 0.34, resulting in 0.229. The slight discrepancy is
attributed to the presence of time-dependent defor-
mations (viscoelastic and viscoplastic), which are
generally associated with the presence of an organic
phase in the nanocomposites.16

The models describing the relationship between E
and H in nanoindentation [Eqs. 1 and 2] are thus
applicable to supercrystalline nanocomposites, since
SCNCs are also characterized by limited ductility,
as the relatively high value of the H/E ratio
confirms. On the other hand, SCNCs feature levels
of fracture toughness up to 0.5 MPa

p
m in first

fracture mode (crack opening), and similar values
also for the second fracture mode (crack sliding).11,16

These are significantly higher (one order of magni-
tude) than the values that would be expected in the

Fig. 6. The ratio between nanoindentation hardness (H) and elastic
modulus (E) for SCNCs and the material categories considered for
comparison (highly mineralized biocomposites, UFG ceramics and
metals, molecular crystals, and single crystals with face-centered
cubic atomic lattice).39,76,89–94

Fig. 7. Nanoindentation hardness to elastic modulus ratio (H/E) for
iron oxide-based supercrystalline nanocomposites (SCNCs) with
oleic acid and oleyl-phosphate as organic ligands, plotted as a
function of the ratio of unloading work to the total indentation work.
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case of only intrinsic mechanisms occurring around
the crack, according to an estimation based on the
Barenblatt model.11

The same holds, again, for biomaterials, espe-
cially those with high mineral content: we have
shown above that they have an H/E ratio compa-
rable to the SCNC case, even though they are well
known to reach remarkable values of toughness.
Biological materials have, in fact, become a source of
material design inspiration for toughening materi-
als that are intrinsically brittle, such as
ceramics.10,39

For both biocomposites and SCNCs, a key role
towards toughening is likely played by quasi-plastic
phenomena. These are irreversible deformation
mechanisms that are not properly associated with
ductility, yet responsible for energy dissipation and
thus toughening effects. Examples are strain delo-
calization via microcracking, sliding of nano/micro-
sized building blocks, and distributed shear faults.
These have consistently been observed in biomate-
rials, and lately also in SCNCs, both in the presence
and absence of crosslinking of the organic

ligands.3,40 The transmission electron micrographs
in Fig. 8 show some examples of slip bands and
dislocation-like structures under indents in SCNCs.

These multiple analogies between SCNCs and
biological materials are particularly interesting
from the perspective offered by the field of
biomimetics. Supercrystalline nanocomposites have
gained growing attention not only thanks to their
multiple promising functional applications, but also
for their suitability as building blocks for hierarchi-
cal ceramic-based composites with enhanced frac-
ture toughness.41,42 With their tightly packed
superlattices (and especially in presence of organic
crosslinking) they do not compromise strength,
hardness, or stiffness, while offering the opportu-
nity for toughening. This occurs through crack
deviation within their confined organic phase, but
also, even more importantly, when supercrystalline
micro-sized building blocks are embedded in
another soft organic matrix.

It is worth mentioning the connection with nacre
here (mother of pearl), the most typical inspiration
for the development of tough ceramics thanks to its

Fig. 8. Superlattice structure and nanoindentation-induced deformations in SCNCs: (a) unperturbed supercrystalline lattice in OPh-based
nanocomposite heat-treated at 325�C; (b) slip bands detected under 500-nm-deep indent in AP (not heat-treated) OA-based SCNC; (c) pile-up
around 500-nm-deep indent in AP OA-based SCNC; (d) sub-indent compressed and deformed area in OA-based SCNC heat-treated at 325�C;
(e) localized damage under indent in HT-325�C OA-based SCNC. (a) Is an SEM micrograph, (b–d) are TEM micrographs, (e) is a STEM high-
angle annular dark field micrograph. Scale bars are 200 nm in (a), 100 nm in (b–e). For additional details see3.
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characteristic brick-and-mortar structure.95 The
bricks constituting nacre are themselves nanocom-
posites, made of mineral nanocrystals interfaced by
an ultra-thin layer of protein material, of which
SCNCs represent a strong analogy.2,27 We have
shown here that the parallelisms between SCNCs
and biocomposites reach into these materials’
behavior when subjected to nanoindentation. A
linear proportionality between E and H consistently
emerges in both cases, with very comparable values
of H/E ratios. This variable, an indication of the
prevalence of reversible deformation mechanisms
during loading, reaches quite high values, as
expected when a material’s constitutive behavior
shows reduced ductility. On the other hand, the
good levels of fracture toughness that SCNCs have
been shown to reach, are likely due to quasi-plastic
phenomena, which are also characteristic of bio-
composites. Upon optimization of processing routi-
nes for the production of multiscale composites, we
expect these kinds of nanostructured hybrid mate-
rials to become even more widespread, as building
blocks for multifunctional components with
enhanced mechanical properties.
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Table I. Elastic modulus (E) and hardness (H) of supercrystalline nanocomposites (SCNCs), as shown in
Fig. 1

Material Size (nm) E (GPa) H (GPa) Ref

PbS-OA 7 1.7 0.07 8
PbS-OA 4.7 0.4 0.068 9
PbS-OA 7.1 1.74 0.09 9
PbS-OA 13 4.07 0.174 9
PbS-pyridine 4.7 0.43 0.06 9
PbS-pyridine 7.1 3.04 0.125 9
PbS-pyridine 13 6.06 0.456 9
PbS-TOP 7.1 2.4 0.129 9
Ag-MAA 2.1 0.086 31
Ag-MPA 16.7 0.56 31
Ag-MHA 7.2 0.21 31
Ag-MOA 2.2 0.037 31
Ag-MUA 3.1 0.081 31
Au5-C12H25SH 5 0.465 0.01 32
Au5-C12H25SH 5 0.385 0.009 32
Au5-C12H25SH 5 0.658 0.011 32
Au5-C14H29SH 5 1.538 0.06 32
Au5-C14H29SH 5 0.546 0.016 32
Au5-C14H29SH 5 0.666 0.026 32
Au7-C12H25SH 7 0.063 0.004 32
Au7-C12H25SH 7 0.13 0.006 32
Au7-C12H25SH 7 0.08 0.005 32
Au7- C14H29SH 7 1.389 0.027 32
Au7- C14H29SH 7 0.235 0.008 32
Au7- C14H29SH 7 0.216 0.005 32
Ag29-dithiol 5.66 0.2822 33
Ag29-dithiol 7.53 0.4982 33
Ag46-monothiol 2.27 0.1681 33
Ag40/46 -monothiol 2.73 0.1667 33
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Table II. Elastic modulus (E) and hardness (H) of biomaterials with high mineral content, as shown in Fig. 2

Species Part E (GPa) H (GPa) Ref

Lamprotula fibrosa Shell 59.66 3.42 43
Cherax quadricarinatus Mandible 80.8 4.56 44
Sphyrna tiburo Tooth 62.68 3.53 45
Carcharias taurus Tooth 66.08 3.2 45
Paracentrotus lividus Tooth 71.3 4.7 46
Paracentrotus lividus Jaw 68 4.3 46
Paracentrotus lividus Tooth 54.5 4.7 46
Atrina pectinata Prismatic layers 59.8 2.79 47
Freshwater mussel Prismatic layers 72.3 3.92 47
Human Premolar 89.07 3.76 48
Human Premolar 87.02 3.21 48
Coscinodiscus sp. Frustule cribellum 3.4 0.076 49
Coscinodiscus sp. Frustule cribrum 1.7 0.13 49
Coscinodiscus sp. Frustule internal plate 15.61 0.53 49
Coscinodiscus sp. Frustule gridle bands 4 0.059 49
Novocrania anomala Dorsal valves 70 3.5 50
Terebratulina retusa Dorsal valves 40 1.5 50
Cryptochiton stelleri Teeth (magnetite veneer) 107.5 10.5 51
Cryptochiton stelleri Teeth (core) 25 2 51
Serraslmus manueli Tooth 86.5 4.1 52
Serraslmus manueli Tooth 81.9 3.1 52
Carcharodon carcharis Tooth 84.4 4.1 52
Carcharodon carcharis Tooth 77.2 2.6 52
Arapaima gigas Scale (external) 33.7 1.3 52
Arapaima gigas Scale (internal) 15.7 0.5 52
Atractosteus spatula Scale (external) 70.8 3.6 52
Atractosteus spatula Scale (internal) 20.5 0.7 52
Mergerlia truncata Shell (hinge) 72.82 4.14 53
Mergerlia truncata Shell (commissure) 64.91 3.87 53
Mergerlia truncata Shell (center) 70.24 3.12 53
Mergerlia truncata Shell (dorsal valve) 65.94 2.85 53
Mergerlia truncata Shell (ventral valve) 68.15 4.1 53
Discradisca stella Shell (mineralized layer) 45.28 2.25 53
Discradisca stella Shell (organic-rich layer) 7.07 0.4 53
Discradisca stella Shell (Basal Plate) 39.37 1.7 53
Lingula anatina Shell (mineralized layer) 34.03 1.6 53
Lingula anatina Shell (organic-rich layer) 9.36 0.54 53
Arapaima gigas Scale 46.8 2 54
Arapaima gigas Scale 16.7 0.6 54
Strombus gigas Shell 84 3.9 69
Strombus gigas Shell 99 5.6 69
Strombus gigas Shell 93 4.9 69
Strombus gigas Shell 95 5.1 69
Trochus niloticus Inner layer of shells (Nacre) 101.8 3.6 55
Trochus niloticus Inner layer of shells (Nacre) 119.1 7.9 55
Trochus niloticus Inner layer of shells (Nacre) 125.7 7.9 55
Trochus niloticus Inner layer of shells (Nacre) 109.1 7.6 55
Trochus niloticus Inner layer of shells (Nacre) 104.2 8 55
Trochus niloticus Inner layer of shells (Nacre) 103.3 8.7 55
Trochus niloticus Inner layer of shells (Nacre) 136.1 9.7 55
Trochus niloticus Inner layer of shells (Nacre) 142.5 10.2 55
Trochus niloticus Inner layer of shells (Nacre) 127.1 10.3 55
Trochus niloticus Inner layer of shells (Nacre) 118 10.6 55
Trochus niloticus Inner layer of shells (Nacre) 119.1 11.4 55
Trochus niloticus Inner layer of shells (Nacre) 113.3 10.8 55
Haliotis rufescens Nacrous layer 36.5 1.13 68
Ensis siliqua Shell 82.4 3.86 56
Crassostrea gigas Folia 73 3.2 57
Harpiosquilla harpax Spearer 34.03 1.33 58
Odontodactylus scyllarus Smasher 34.03 1.39 58
Harpiosquilla harpax Spearer 4.55 0.06 58
Odontodactylus scyllarus Smasher 5.63 0.07 58

Nanoindentation of Supercrystalline Nanocomposites: Linear Relationship Between Elastic
Modulus and Hardness

2271



Table II. continued

Species Part E (GPa) H (GPa) Ref

Harpiosquilla harpax Spearer 9.87 0.36 58
Odontodactylus scyllarus Smasher 9.61 0.29 58
Harpiosquilla harpax Spearer 0.96 0.04 58
Odontodactylus scyllarus Smasher 0.87 0.03 58
Paracentrotus lividus Spine (septa transverse) 58.57 3.84 59
Paracentrotus lividus Spine (central strereom transverse) 32.2 1.76 59
Paracentrotus lividus Spine (septa longitudinal at milled ring) 65.5 2.71 59
Paracentrotus lividus Spine (transverse bridges) 25.86 0.69 59
Paracentrotus lividus Spine (septa longitudinal at midshaft) 64.47 2.73 59
Pectinidae Shell 88.2 5 60
Limacina helicina antarctica Shell 45.27 2.3 61
Cavolinia uncinata Shell 85.9 5.2 62
Cavolinia uncinata Shell 51.5 5.6 62
Isursus oxyrinchus Tooth, axial 99 6.2 63
Isursus oxyrinchus Tooth, axial, tip 131 7.5 63
Isursus oxyrinchus Tooth, transversal 127 6.8 63
Galeocerdo cuvier Tooth, axial 98 6 63
Galeocerdo cuvier Tooth, axial, tip 94 5.8 63
Galeocerdo cuvier Tooth, transversal 100 6.1 63
Human Wisdom tooth, axial 109 7 63
Human Wisdom tooth, axial, tip 116 7.6 63
Human Wisdom tooth, transversal 106 6.3 63
Trochus maculatus Shell 85 6.52 64
Haliotis rufescens Shell 75 5.82 64
Pteria penguin Shell 63 3.73 64
Meretrix lusoria Shell 64 2.71 64
Pecten maximus Shell 86 3.27 64
Mice Tibiae 20.01 0.74 65
Mice Tibiae 11.5 0.23 65
Monorhaphis chuni Spicule 38.68 4.01 67
Monorhaphis chuni Spicule 42.94 4.53 67
Physeter macrocephalus Skull 11.36 0.4 66
Physeter macrocephalus Skull 13.11 0.5 66
Physeter macrocephalus Skull 12.15 0.44 66

Table III. Elastic modulus (E) and hardness (H) of ultrafine-grained (UFG) ceramic andmetallic materials, as
shown in Fig. 3a, b

Material Grain size (nm) E (GPa) H (GPa) Ref

ZrO2-3 wt.% Y2O3 (Y-TZP) 23 171 7.96 72
ZrO2-3 wt.% Y2O3 (Y-TZP) 35 188 6.24 72
ZrO2-3 wt.% Y2O3 (Y-TZP) 43 186 6.23 72
ZrO2-3 wt.% Y2O3 (Y-TZP) 45 210 6.21 70
Ni–P 4.1 178 7.81 74
Ni–P 7.1 188 8.33 74
Ni–P 17.1 195 6.72 74
Ni–P 28.9 205 6.05 74
Y3Al5O12 (YAG) 60 212 15 75
Si 8 199 11.9 76
Si 25 203 11.8 76
ZnO 7.4 44.8 1.896 77
ZnO 24 56.94 2.994 77
TiO2 12.2 56.19 1.34 87
TiO2 14.3 127.94 4.57 87
TiO2 32.4 175.56 6.9 87
Ta–W thin film 35.9 181.73 14.29 79
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Table IV. Elastic modulus (E) and hardness (H) of FCC single crystals, as shown in Fig. 4

Material E (GPa) H (GPa) Ref

Cu (100) 108 1.1 37
Ni (001) 247.59 1.24 38
Ag (001) 91.86 0.71 38
Au (001) 86.34 1.02 37
Fe-15Cr-15Ni 156 1.46 88
Fe-30Ni 136 1.43 88
Al (100) 73.6 0.256 36
Al (110) 75.5 0.2696 36
Al (111) 76.9 0.2616 36

The elastic moduli of Ni (001)/Ag (001)/Au (001) were obtained from the respective shear modulus, as E = 2(1+m)*G.

Table III. continued

Material Grain size (nm) E (GPa) H (GPa) Ref

WC-10 wt.% Co 61 596.28 28.95 80
Al2O3 (2-5 nm) /a-Al2O3 composite coating 195 10 81
ZrC film 7.7 218.8 29.33 83
ZrC film 9.7 220.63 25.29 83
ZrC film 9.7 242.15 24.75 83
ZrC film 12.9 270.85 17.76 83
b-Ti alloy 10 43.3 3.39 70
Ni-alloy 13 200 6.2 71
AA8006 alloy 200 31.4 1.62 73
AA8006-B4C nanostructured nanocomposite 35 67.4 2.15 73
Ni 81 203 4.1 82
Ni 44 204 5 82
Ni 37 194 5.3 82
Ni 23 209 6.3 82
Ni-Fe 7.3% wt 32 202 5.6 82
Ni-Fe 16% wt 12 189 6.5 82
Ni-Fe 23% wt 10 187 6.4 82
Ni-Fe 32% wt 9.8 169 6.3 82
Cu 59 100 1.9 84
Ni 56.5 206 3 84
Au-ZnO (1% vol) 77 82.2 2.23 85
Au-ZnO (1% vol) 71 82.5 2.46 85
Ti RD-TD 80 122 3.8 86
Ti ND-RD 80 119.85 3.65 86
Ti TD-ND 80 109.93 3.44 86
Ti RD-TD 130 124.94 3.51 86
Ti ND-RD 130 121.03 3.29 86
Ti TD-ND 130 115.45 3.18 86
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Table V. Elastic modulus (E) and hardness (H) of bulk metallic glasses and amorphous silicon, as shown in
Fig. 5.

Material E (GPa) H (GPa) Ref

Fe41Co7Cr15Mo14C15B6Y2 226 12.57 89
Ni50Nb50 132 8.93 90
Ni40Cu5Ti17Zr28Al10 133.9 8.45 91
Ni39.8Cu5.97Ti15.92Zr27.86Al9.95Si0.5 117 8.13 91
Ni40Cu5Ti16.5Zr28.5Al10 122 7.84 91
Ni45Ti20Zr25Al10 114 7.76 91
Ni40Cu6Ti16Zr28Al10 111 7.65 91
{Zr41Ti14Cu12.5Ni10Be22.5}98Y2 107.6 6.76 92
Zr54Al15Ni10Cu19Y2 92.1 6.49 92
Zr53Al14Ni10Cu19Y4 86 6.44 92
Zr41Ti14Cu12.5Ni8Be22.5C1 106 6.13 92
Zr46.75Ti8.25Cu7.5Ni10Be27.5 100 6.1 90
Zr48Nb8Cu14Ni12Be18 93.7 6.09 92
Zr34Ti15Cu10Ni11Be28Y2 109.8 6.07 92
Zr57Nb5Cu15.4Ni12.6Al10 87.3 5.9 90
Zr48Nb8Cu12Fe8Be24 95.7 5.85 92
Zr40Ti15Cu11Ni11Be21.5Y1Mg0.5 94.2 5.74 92
Zr41Ti14Cu12.5Ni10Be22.5 101 5.97 90, 92
Zr41Ti14Cu12.5Ni10Be22.5 101 5.4 39, 90
Zr41Ti14Cu12.5Ni10Be22.5 101 5.88 90, 94
Zr41Ti14Cu12.5Ni10Be22.5 101 5.23 90
Zr65Al10Ni10Cu15 83 5.6 90
Zr65Al10Ni10Cu15 83 5.6 90
Zr57Ti5Cu20Ni8Al10 82 5.4 90
Cu60Hf10Zr20Ti10 101 7 90
Cu50Zr50 88.7 5.8 90
Cu50Zr50 85 5.8 90
Cu50Zr45Al5 102 5.4 90
Pd40Ni40P20 108 5.38 90
Pd40Ni40P20 108 5.3 90
Pd40Ni10Cu30P20 98 5 90
Pd77.5Si16.5Cu6 92.9 4.5 90
Pd77.5Si16.5Cu6 96 4.5 90
Pt60Ni15P25 96 4.1 90
Mg65Cu25Tb10 51,.3 2.83 90
Nb60Al10Fe20Co10 51.2 2.2 90
Ce70Al10Ni10Cu10 30 1.5 90
Er55Al25Co20 70.72 5.45 93
Dy55Al25Co20 61.36 4.7 93
Tb55Al25Co20 59.53 4.42 93
Ho55Al25Co20 66.64 4.14 93
La55Al25Co20 40.9 3.48 93
La55Al25Cu10Ni5Co5 41.9 3 93
Pr55Al25Co20 45.9 2.58 93
a*-Si 179 11.3 76
a*-Si 167 11.1 76
a*-Si 173 11.6 76
a*-Si 152 10 76
a*-Si 140 9.6 76
a*-Si 140 8.8 76

a*: amorphous.
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