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ABSTRACT

Supercrystalline nanocomposites are a new class of hybrid and nanostructured materials that can reach exceptional mechanical strength and
can be fabricated at low temperatures. Hierarchically arranged, they bridge the gap from the nano- to the macro-scale. Even though their
mechanical properties are starting to be characterized, their constitutive behavior is still largely unexplored. Here, the mechanical behavior of
supercrystalline nanocomposites of iron oxide nanoparticles, surface-functionalized with oleic acid and oleyl phosphate ligands, is investi-
gated in both bending and compression, with loading–unloading tests. A new bar geometry is implemented to better detect deformation
prior to unstable crack propagation, and notched bending bars are tested to evaluate fracture toughness. Micro-mechanical tests result in the
values of strength and elastic modulus that are extremely high for supercrystals, reaching record-high numbers in the oleic acid-based nano-
composites, which also show a significant tension–compression asymmetry. The constitutive behavior of both materials is predominantly lin-
ear elastic, with some more marked nonlinearities arising in the oleyl phosphate-based nanocomposites. The fracture toughness of both types
of nanocomposites, �0.3MPa�m, suggests that extrinsic toughening, associated with both material composition and nanostructure, plays an
important role. Fractographic observations reveal analogies with shear and cleavage in atomic crystals. The influence of material composi-
tion, nanostructure, and processing method on the mechanical behavior of the nanocomposites is analyzed.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0056616

INTRODUCTION

Nanoarchitected composites and hybrid materials are promising
candidates for the next generation of multifunctional materials. Since
new synthesis, processing, and characterization technologies have
started to enable a better understanding and control of materials at the
nanoscale level, it has become possible to design new materials by
arranging nano-building blocks into micro- and macrostructures that
foster emergent properties, unseen in the corresponding bulk coun-
terparts.1–3 Particularly promising nanoarchitected materials are
supercrystalline nanocomposites. They typically consist of metallic or

ceramic nanoparticles (NPs), surface-functionalized with organic
ligands and arranged in periodic structures, reminiscent of atomic
crystals.2–4 This combination of nano-sized elementary building blocks
and their long-range order arrangement in a superlattice (with tunable
interparticle distances) results in a broad set of functionalities, with
applications in optoelectronics, magnetic devices, catalysis, batteries,
and many more.2,5–8

A largely unexplored aspect of supercrystalline nanocomposites
is their mechanical behavior. Assessing and optimizing the mechanical
properties of these materials is, however, relevant not only to guarantee
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their structural integrity for implementation into devices, but also to
enable potential new applications as bioimplants and bioinspired
structural materials.1,3,9 Many materials found in nature feature out-
standing combinations of mechanical properties that are achieved
through nanostructures that are very similar to the ones defining
supercrystals: tightly packed mineral NPs interfaced by a thin layer of
organic material.10–12 By tailoring the composition and structure of
nanocomposites along the design principles learned from nature, new
materials with optimized combinations of strength, stiffness, hardness,
toughness, and density can be developed.13

Supercrystalline nanocomposites can be produced with a variety
of constituents, and great progress is being made in gaining control
over the self-assembly process to achieve the desired superlattice struc-
ture.14–21 How this variety of compositions and nanostructures corre-
lates with the material’s mechanical behavior is nevertheless not always
clear. The mechanical properties of supercrystals are usually assessed
in terms of elastic modulus and hardness, via atomic force microscopy
or nanoindentation of 2D films or 3D micro-supercrystals,22–25 with a
few exceptions involving larger-scale superstructures.20,26 In situ x-ray
scattering studies combined with hydrostatic pressing have also been
performed, revealing a remarkable resistance to compression of many
supercrystalline systems.27,28 All these investigations generally agree on
the importance of ordered superlattices25,29 and of the crystallinity and
faceting of the constituent NPs30 in enhancing the nanocomposites’
mechanical response with respect to their disordered counterparts.
The role played by the organic ligands is instead multifold and not yet
univocally clarified since many concurrent factors can coexist, such as
chemical structure, ligand amount, grafting density, interdigitation,
bending, or distribution in the interstitial sites.31–34

An important aspect has however emerged when it comes to the
role of the organic phase: if the ligands undergo a crosslinking reac-
tion, leading to the formation of covalent bonds among neighboring
organic chains, a remarkable enhancement of the mechanical proper-
ties is achieved.35–41 Thanks to the high confinement of the ligands
into sub-nm interfaces and their crosslinking, the organic phase
reaches very high values of strength (900MPa in tension) and stiffness
(elastic modulus of 13GPa), which is consistent with analytical calcu-
lations based on density functional theory (DFT) results as well as
with finite element simulations.3,35,42 This in turn greatly boosts the
nanocomposites’ macroscopic response, attaining elastic modulus and
hardness values above 60 and 4GPa, respectively.36

To better grasp the overall mechanical behavior of these cross-
linked supercrystalline nanocomposites, micro-compression and
micro-bending tests are of great value. Analogous tests on biological
nanostructured composites and polymer–ceramic nanocomposites
with high ceramic content have shown high levels of strength and vary-
ing responses in different loading conditions, an aspect still to be better
understood for supercrystals.43,44 Also, it is known that the addition of
an organic phase into ceramic materials typically has a toughening
effect.45 The fracture toughness of supercrystalline materials has how-
ever been evaluated only via nanoindentation-based methods,36,46 again
with outcomes indicating a superiority of the crosslinked nanocompo-
sites, which feature values one order of magnitude higher than non-
crosslinked supercrystals and theoretical predictions. The more reliable
methods based on bending of notched bars are yet to be implemented.

This work applies, to the best of the authors’ knowledge for the
first time, loading–unloading micro-bending and micro-compression

testing methods to ultra-strong crosslinked supercrystalline nanocom-
posites, with a new design of bending bars aimed at more reliably
assessing whether nonlinear deformations or stable crack growth
occur. Fracture toughness is also assessed with micro-bending of pre-
notched bars.

Two different material systems are considered: iron oxide NPs
surface-functionalized either with oleic acid (C18H34O2) or with oleyl
phosphate (C18H37O4P). Since the crosslinking of the organic phase is
ultimately responsible for the nanocomposites’ mechanical properties,
all materials are tested in their crosslinked state.35–41 Extremely high
values of strength and stiffness emerge, both in compression and in
tension and for both material systems, while fracture toughness is con-
firmed to reach remarkably high values. Multiple mechanisms are
found to control the nanocomposites’ non-time-dependent mechani-
cal response.

RESULTS
Organic content and nanostructure

Supercrystalline nanocomposites are obtained from two materials
systems: (1) iron oxide NPs (Fe3O4) functionalized with oleic acid
(OA), with radius 8.06 1.3 nm, and (2) Fe3O4 NPs functionalized
with oleyl phosphate (OPh) (radius 8.46 1.0 nm). Oleic acid (OA)
and oleyl phosphate (OPh) are organic ligands with identical aliphatic
chains, but either a carboxylic acid or an ester of phosphoric acid,
respectively, as anchoring groups on the NPs’ surfaces. OA-based sys-
tems are more widely investigated,35–39,42,47 but the OPh ligands show
potential for a further increase in strength. Phosphonic acids, indeed,
are known to form stronger bonds on titania (TiO2) with respect to
their carboxylic acid counterparts (adsorption energies of 2.7 eV per
bidental bond compared to 1.6–1.8 eV for carboxylic acids),48–50 and
density functional theory (DFT) computations suggest that the bond-
ing of carboxylic acids to magnetite surfaces is �10%–20% stronger
than to titania surfaces.51

To obtain bulk supercrystalline nanocomposites, the NPs are
arranged into a face-centered cubic (FCC) structure (superlattice) via
self-assembly. The self-assembled materials are then pressed uniaxially
at 150 �C in a rigid die to obtain mm-size pellets, which are finally sub-
jected to a heat treatment at 325 �C in inert atmosphere (see
Experimental section). The heat treatment induces the crosslinking of
the organic ligands, which leads to a significant mechanical strengthen-
ing, hardening, and stiffening.35,36 Figure 1 shows the nanostructure of
the two types of supercrystalline nanocomposites (Fe3O4–OA and
Fe3O4–OPh) after heat treatment. The long-range order superlattice can
be clearly identified in both fracture surfaces. Alterations induced by the
heat treatment are beyond the scanning electron microscopy (SEM) res-
olution, but previous in situ TEM studies indicate that there is no NPs
faceting occurring up to 325 �C.40 Table I summarizes experimental
organic contents of starting suspensions and bulk materials after heat
treatment at 325 �C [measured with elemental analysis (EA)], together
with superlattice constants [measured with small-angle x-ray scattering
(SAXS)] and interparticle distances of the two material systems, also
after heat treatment at 325 �C.

The thermogravimetric analysis (TGA) of the starting suspen-
sions indicates that both materials have similar decomposition modes
under increasing temperature (see the supplementary material
Chapter S1 and Fig. S1). The weight loss with temperature is more pro-
nounced for Fe3O4–OA than for Fe3O4–OPh, and the decomposition
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seems to start at lower temperatures. Elemental analysis (EA) indicates
that the wt. % of organic ligands for the heat-treated materials is lower
than in the suspensions of functionalized Fe3O4 NPs. The observed
reduction is of 42% for Fe3O4–OA and 24% for Fe3O4–OPh. This is in
agreement with the earlier decomposition of OA observed via TGA, as
well as with the final organic content values, 7.7 and 9.5 wt. % for
Fe3O4–OA and Fe3O4–OPh, respectively (see the supplementary
material Table S1, Fig. S1, and Chapter S2). These results indicate that
the heat treated Fe3O4–OA materials contain a lower amount of organic
phase compared to the heat treated Fe3O4–OPh.

Small angle x-ray scattering (SAXS) indicates that both NP
batches have similar and narrow monomodal size distribution (see the
supplementary material Chapter S3 and Fig. S2). It also reveals that
both types of nanocomposites consist of NPs arranged in face-centered
cubic (FCC) superlattices.37,40 For Fe3O4–OPh samples, the interparti-
cle distance, ID, and superlattice constant, a; depend on whether they
are measured parallel or perpendicular to the direction of the load used
to press the samples into pellets. When the sample was measured with
beam parallel to the pressing direction, a single lattice parameter
(26.1 nm) was obtained. On the other hand, when the sample was
rotated 90�, an ellipsoidal shape of the Debye–Scherrer rings associated
with two lattice parameters (24.3 and 26.5 nm) appeared. This superlat-
tice anisotropy was not present in the non-pressed samples, indicating
that the pressing step leads, in the OPh material system, to anisotropic
superlattices with closer NP packing along the direction of the applied
load.40 Therefore, for Fe3O4–OPh samples, two superlattice parameters
(and thus two ID s) are obtained: a ¼ 26.3 nm (average of the two mea-
sured lattice parameters in direction perpendicular to the applied load)
and a ¼ 24.3 nm in the parallel case. Isotropic superlattices are instead
obtained for Fe3O4–OA regardless of the incident x-ray beam direction
(Table I). Further details about the SAXS characterization of the
Fe3O4–OPh samples can be found in Ref. 40.

Based on these sets of TGA, EA, and SAXS data, one can safely
consider that even after heat treatment at 325 �C, an organic layer is
present at the interfaces between the NPs (see also the supplementary
material Table S1). Note that a recent in situ x-ray scattering/micro-
compression study of this same group has confirmed the fundamental
role of the crosslinked organic phase in the load carrying capabilities
of these kinds of inorganic–organic supercrystalline nanocomposites.
The load results to be homogeneously distributed on the inorganic
NPs (at least down to the lm-scale) thanks to the organic phase
itself.38

All samples were then tested in micro-compression, micro-bend-
ing, and for fracture toughness via bending of notched micro-bars.
Representative images of the tested micro-samples are shown in Fig. 2,
while details on the testing parameters are given in the Experimental
section and supplementary material Chapters S4–S9. Based on post-
mortem analyses of the tested pillars and bars from this and previous
studies,35 we consider the focused ion beam (FIB)-induced damage
and potential degradation of the organic ligands to be negligible for
the purposes of this study. It should be kept in mind, however, that an
influence of the FIB treatment on the mechanical properties of the
supercrystals cannot be fully ruled out and should be investigated in
future studies.

Micro-compression

Micro-pillars were prepared by focused ion beam (FIB) and
tested in a nanoindenter equipped with a diamond flat punch.
Micro-pillars of crosslinked (heat-treated) supercrystalline nano-
composites, Fe3O4–OA and Fe3O4–OPh, were compressed uniax-
ially in loading–unloading cycles with increasing maximum load
(see the Experimental section). The micro-compression data were
corrected for the indentation of the pillars into the underlying bulk

Fe3O4-OA

200 nm 200 nm

Fe3O4-OPh
FIG. 1. SEM images of fracture surfaces
of the Fe3O4–OA (magnetite nanopar-
ticles, NPs, surface functionalized with
oleic acid) and Fe3O4–OPh (magnetite
NPs, surface functionalized with oleyl-
phosphate) nanocomposites after heat
treatment at 325 �C. The long-range order
nanostructure (superlattice, FCC-type)
can be observed in both types of
materials.

TABLE I. Organic content of the Fe3O4–OA and Fe3O4–OPh starting suspensions and supercrystalline nanocomposites after heat treatment, and superlattice parameters of the
nanocomposites after heat treatment. The measured organic content is obtained via elemental analysis (EA, supplementary material Table S1), and the superlattice parameters
are obtained via small-angle x-ray scattering (SAXS).

Sample

Organic content (wt. %)
Lattice

constant, a (nm)
Interparticle

distance, ID (nm)Suspension Bulk sample at 325 �C

Fe3O4–OA 13.2 7.7 24.5 1.3
Fe3O4–OPh—perpendicular to pressing direction 12.5 9.5 26.3 1.8
Fe3O4–OPh—parallel to pressing direction 12.5 9.5 24.3 0.4
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material and for thermal drift effects (see the supplementary material
Chapter S6).

Figure 3 shows stress–strain curves and micrographs of pillars
after fracture, for Fe3O4–OA [Figs. 3(a) and 3(b)] and Fe3O4–OPh
[Figs. 3(c) and 3(d)]. The response of a representative pillar for each
material system is shown in Figs. 3(a) and 3(c), respectively. The
stress–strain curves of each cycle follow the same path, suggesting that

the variation of the loading rate has no effect on the mechanical
response of the material, and no permanent deformation can be
detected between each cycle. The rising slopes for the first three load-
ing cycles in the case of Fe3O4–OA are attributed to increased contact
between pressing punch and pillar (alignment happens in the first
cycle). Since for each individual pillar the stress–strain curves at each
cycle mostly overlap, the last cycles of different pillars are compared

(a) (b)

5 μm 5 μm

FIG. 2. Examples of micro-bending and
micro-compression samples (bars and pil-
lars), as obtained via focused ion beam
(FIB). (a) Pentagon cross-sectioned bend-
ing bar made in Fe3O4–OA supercrystal-
line nanocomposite, notched for fracture
toughness evaluation. (b) Pillar made in
Fe3O4–OPh nanocomposite.
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FIG. 3. Mechanical and fracture behavior of [(a) and (b)] Fe3O4–OA and [(c) and (d)] Fe3O4–OPh micro-pillars under uniaxial cyclic compressive loading. In (a) the loading–un-
loading cycles (indicated by the different colors) of a representative micro-pillar are shown, together with the curves of last cycles of different micro-pillars in the insets, for
Fe3O4–OA. The stress–strain curves of each cycle mostly overlap, with the exception of the first cycle, during which punch-pillar alignment takes place. The increasing slopes
of the first three cycles are attributed to the improved contact between flat punch and the pillar surface. Discontinuities in the last cycles are associated with slip and fracture
events. (b) shows a postmortem micrograph of Pillar 1 in Fe3O4–OA. The fact that the top surface of the pillar lays off-center suggests that the failure started along a shear
plane. (c) shows the loading–unloading cycles of a representative pillar, together with the curves of last cycles of different pillars in the inset, for Fe3O4–OPh. Nonlinear behav-
ior appears in the early stages of compression, more markedly than in the case of Fe3O4–OA. (d) is a representative postmortem image of a Fe3O4–OPh pillar (Pillar 2).
Shear planes can be visualized. The fracture surfaces together with the stress–strain curves imply a slightly softer mechanical response in the Fe3O4–OPh nanocomposites
compared to the Fe3O4–OA system.
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and shown in the insets of Figs. 3(a) and 3(c). The curves for different
pillars show a very good reproducibility in both materials.

The compressive strength of Fe3O4–OA results to be
12226 128MPa, a record high value for supercrystalline nanocompo-
sites,35 while the elastic modulus is 476 3GPa. The strain at failure is
�2–3%, with a mostly linear elastic behavior up to the fracture point.
Some deviations from linearity appear, either as slope changes (Pillar
2), or in the form of displacement discontinuities (pop-ins) at �2%
strain, see Fig. 3(a) inset. These discontinuities indicate slip or fracture,
after which the material keeps straining under constant load, sugges-
ting a continuous inelastic deformation before the final catastrophic
failure. These differences in the failure mechanisms are attributed to
varying supercrystalline orientations of the tested areas. Since the
material is poly-supercrystalline, the FCC slip planes—{111} family—
are not always oriented in directions favorable for slip with respect to
the applied load. A representative postmortem micrograph of a
Fe3O4–OA pillar (Pillar 1) is shown in Fig. 3(b). The material’s super-
crystallinity can be observed in the fracture surface [see also the sup-
plementary material Fig. S3(b)]. There is no sign of cross section
widening of the top surface of the pillar, and evaluation with an image
processing tool (ImageJ52) showed the top diameter stayed constant
throughout the compression event. The intact pillar top surface indi-
cates that the failure did not start from the top, but from below, and
the postmortem position of the top surface (laying off-center from the
base) indicates that the pillar failed by gliding along a shear plane. The
pop-in event and the following continuous deformation [Fig. 3(a)]
also point toward such a failure mechanism.

The compressive strength of Fe3O4–OPh is 10466 95MPa with
�3% strain at failure, while the elastic modulus is 3963GPa, which
are also remarkably high values. The stress–strain curves here show
initially a nonlinear elastic behavior, with material stiffening until
�1.2% strain, and then following a linear trend until �3% strain, with
slight nonlinearities appearing again right before failure [Fig. 3(c)].
Based on postmortem fracture surfaces [Fig. 3(d) shows an example],
it can be stated that the failure of Fe3O4–OPh pillars does not usually
occur along a defined shear plane. Both fracture surface morphology
and nonlinearities in the stress–strain curves suggest a slightly softer
mechanical response of the Fe3O4–OPh nanocomposites with respect
to Fe3O4–OA. In the Discussion section, these observations are corre-
lated with superlattice structure and organic ligands’ behavior.

Micro-bending

Micro-bars, also prepared via FIB in bulk samples, were tested in
bending in the same nanoindenter with a Berkovich tip. The bars have
a pentagon-shaped cross section, to maximize stable crack growth (see
the supplementary material Chapter S5). The raw displacement data
are corrected for the tip’s indentation into the bars’ surfaces (see
Experimental section) and thermal drift (see the supplementary
material Chapter S6).

The micro-bending stress–strain curves and corresponding bars’
fracture surfaces are shown in Fig. 4 for Fe3O4–OA [Figs. 4(a)–4(d)]
and Fe3O4–OPh [Figs. 4(e)–4(g)]. Here, too, loading–unloading tests
were performed. The figure shows, for both materials, a representative
bar’s stress–strain curve with all five cycles [Figs. 4(a) and 4(e)], the
last cycle for all bars in the inset of the respective figures, and postmor-
tem micrographs of the bars after failure [Figs. 4(b)–4(d) and Figs. 4(f)

and 4(g)]. For both materials, the curves overlap with a linear elastic
behavior, until the bar starts to yield and fracture.

The Fe3O4–OA supercrystalline nanocomposites have elastic
modulus in bending of 706 9GPa and bending strength of
3896 25MPa (see the supplementary material Chapter S5). The strain
at failure is �0.6%, one order of magnitude lower than in com-
pression. The difference between the elastic modulus under bending
and compression (50% higher in bending) indicates a tension–
compression asymmetry in the material behavior. If two different elas-
tic stiffnesses are then considered for tension (ET ) and compression
(EC), with EC obtained from the compression tests, one gets
ET ¼ 1466 43GPa, which is a factor of 3 higher than the compressive
stiffness (see the supplementary material Chapter S7). The tensile
strength then becomes 5756 91MPa. Note that the position of the
bars’ neutral axis is also corrected accordingly.

It is interesting to correlate stress–strain curves of the different
bars with the respective fracture surfaces. Bar 1 shows the most
marked nonlinearity in the stress–strain behavior, as highlighted in
Fig. 4(a). In Fig. 4(b), the micrograph of Bar 1 shows an upper area in
the fracture surface which is rich in organic material, from which it is
likely that multiple small discrete crack jumps originated, until �0.4%
strain, followed by stable crack growth of one “macrocrack” until fail-
ure. A defect of smaller size, also attributed to an organic-rich cluster,
is observed in Bar 2 [Fig. 4(c)]. Bar 3, instead, does not present defects
that are detectable with the given SEM resolution and features indeed
the highest bending strength [Fig. 4(d)]. Remarkably, the same Bar 3
had been notched to be tested for fracture toughness. However, as Fig.
4(d) shows, the notch resulted not to be deep enough to become criti-
cal for the bar’s failure, which instead fractured at the fixed end, which
is also a stress concentration. These considerations on critical defect
size are applied in the section titled Fracture toughness section to ana-
lyze the material’s fracture toughness.

The Fe3O4–OPh supercrystalline nanocomposites, on the other
hand, have elastic modulus in bending of 366 1GPa and bending
strength of 3386 26MPa, with �0.94% strain at failure. These values
imply a less stiff and strong material even though slightly more
deformable before failure, compared with the Fe3O4–OA nanocompo-
sites. The tension–compression asymmetry is negligible. The bars
break at their fixed end, and the supercrystalline structure is clearly
visible in the fracture surfaces [Figs. 4(f) and 4(g)]. The fractures follow
a less straight path through the bars’ cross sections compared to the
oleic acid-based material, which is likely connected to the overall
higher strains to failure. No obvious pre-existing defect serving as
crack nucleation site can be identified, and accordingly, the stress–
strain curves of the bars are almost overlapping.

Fracture toughness

The fracture toughness tests were conducted analogously to the
micro-bending tests, but on notched bars. To estimate the geometry
factor needed for fracture toughness evaluation [see Eqs. (5) and (6) in
the Experimental section], a rectangular cross section area, equivalent
to the pentagon-shaped one (same cross section area and crack front
width), was identified (see the supplementary material Chapter S8).
This approximation was validated with a numerical simulation (see
the supplementary material Chapter S9). All testing parameters are
given in the supplementary material Table S5.
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FIG. 4. Mechanical and fracture behavior of [(a)–(d)] Fe3O4–OA and [(e)–(g)] Fe3O4–OPh micro-bars under cyclic bending loading. In (a) the loading–unloading cycles (indi-
cated by the different colors) of a representative bar of Fe3O4–OA are shown together with the curves of last cycles of bars in the inset. Nonlinear behavior appears in the last
loading cycle of a Fe3O4–OA bar. Parts (b)–(d) show postmortem micrographs of broken bars of Fe3O4–OA. Bar 1 has an extended organic-rich area on the top of its cross
section, associated with a significant nonlinearity in the stress–strain graph, indicating multiple small discrete crack propagation events. Bar 2 has a smaller defect compared
to the Bar 1 and fails in a brittle manner according to the stress–strain curve. Bar 3 was originally produced for the assessment of fracture toughness; however, the notch was
not deep enough to start the failure. The clean fracture surface indicates a brittle behavior, and the bar shows the highest measured bending strength, thanks to the absence
of defects detectable at this scale. Part (e) shows the loading–unloading cycles of a representative bar, together with the curves of last loading cycles of all bars in the inset,
for Fe3O4–OPh nanocomposites. The stress–strain curves exhibit a higher strain and lower bending strength, which leads to a lower elastic modulus compared to Fe3O4–OA.
Parts (f) and (g) show the fracture surfaces of Bar 1 and Bar 2 for Fe3O4–OPh. In the Fe3O4–OA bars, the above-mentioned defects of different sizes likely acting as fracture
nucleation sites can be visualized, while the Fe3O4–OPh fracture surfaces show a more distorted morphology.
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The Fe3O4–OA supercrystalline nanocomposites have a fracture
toughness of 0.306 0.04MPa�m (the stress at failure of the notched
bars is 2156 50MPa). The postmortem fracture surfaces of the
notched bars are shown in Figs. 5(a) and 5(b). The tested bars, Bars 1
and 2, had slightly different notch depths (�0.49 and �0.69lm,
respectively), and, as expectable, Bar 2 failed at a lower stress value,
even if with a comparable strain. Note that the indented imprint on
the top surface of Bar 2 occurred after the bar’s failure since in load-
controlled nanoindentation the indenter’s tip keeps loading until the
pre-set load is reached.

If now one takes another look at Fig. 4 for Fe3O4–OA, additional
considerations on fracture toughness can be drawn. Bar 1 has an
organic-rich area in the upper part, with an extension that resembles
the one of the artificially introduced notches. By considering the depth
of such a defect (1.71lm), we obtain a fracture toughness value for this
specific bar of 0.85MPa�m. The higher value with respect to the ones
calculated for the bars of Figs. 5(a) and 5(b) is unsurprising since the
organic-rich area in Bar 1 of Fig. 4 provides some cohesion. On the
other hand, Bar 3 of Fig. 4(d) had initially been produced for the evalu-
ation of fracture toughness, but it was subsequently considered for the
bending strength analysis since it did not break at the FIB notch, but at
its root instead. As anticipated above, this implies that the notch’s depth
was not sufficient to act as a critical defect for crack propagation. Based
on the calculated average fracture toughness of 0.306 0.04MPa�m, we
therefore estimate that the notch depth here is lower than 0.80lm.
Remarkably, the values of KIc measured here with the single-edge
notched bending (SENB) method correlate very well with the ones
obtained through the indentation crack length (ICL) method and with
an energy-based method in a previous work of this same group.36

The Fe3O4–OPh nanocomposites have an almost equal fracture
toughness of 0.296 0.03MPa�m (stress at failure 1776 18MPa).
Figures 5(c) and 5(d) show the postmortem fracture surfaces of the
notched bars [notch depths of 0.74 and 0.84lm for Figs. 5(c) and
5(d), respectively]. Note that another notched bar had been fabricated
for the fracture toughness evaluation. However, its cross section
resulted to be affected by the presence of an organic-rich area and
absence of supercrystallinity, and therefore it was not considered in
the analysis. A micrograph of the bar is shown in the Discussion sec-
tion, Fig. 6(c). On the fracture surface of Bar 1, the supercrystalline
planes are clearly visible, radiating from the notch toward the bars’
edges. Such fractography features are very reminiscent of the river pat-
terns that characterize transgranular cleavage fracture in crystalline
materials, which occurs along tightly packed planes in metals, analo-
gous to the tightly packed supercrystalline planes seen here.53 In both
cases, the river lines mark the crack propagation direction.

DISCUSSION

The measured elastic moduli and strengths, in compression and
in bending, and the fracture toughness of Fe3O4–OA and Fe3O4–OPh
supercrystalline nanocomposites are summarized in Table II. The
Fe3O4–OA nanocomposites show mechanical properties that are con-
sistently higher than those of Fe3O4–OPh, with the only exception of
fracture toughness, where the discrepancy is minor and falls within the
data scatter range. We consider the following factors to rationalize the
measured mechanical properties: superlattice parameters, organic
phase content (wt. %), type of bonds in each ligand molecule, NP size,
and self-assembly method applied to obtain the bulk nanocomposites.

(a) (c)

(b) (d)Bar 2 Bar 2

Bar 1 Bar 1

2 μm 2 μm

2 μm 2 μm

Fe3O4-OA Fe3O4-OPh

FIG. 5. Postmortem fracture surfaces of notched bending bars of [(a) and (b)] Fe3O4–OA nanocomposites and [(c) and (d)] Fe3O4–OPh nanocomposites. The pre-existing
notches, fabricated at the FIB, can be distinguished by the smooth surface at the top of the cross sections as a result of the FIB process itself. The supercrystallinity of the
fracture surfaces is also visible and particularly marked in part (c). In (c), a morphology analogous to the river patterns typical of transgranular cleavage fracture in crystalline
materials is visible, extending right below the notch.
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FIG. 6. Fracture surfaces of pillars and bars of the two material systems (OA- and OPh-based) after mechanical tests, with the respective stress–strain curves. (a) Fe3O4–OA
pillar broken into multiple parts with sharp fracture surfaces. (b) Fe3O4–OPh pillar broken with a morphology that suggests a softer material response, corresponding to a non-
linear trend in the stress–strain curves that is likely associated with the larger amount of organic material present in this material system when compared with the OA-based
one. (c) Organic-rich fracture surface of a notched Fe3O4–OPh bar. The organic-rich bar (black curve, i.e., third curve from the left) strains more than the other bars, which
exhibit supercrystalline fracture surfaces. Note that due to the internal structure and composition of the bar, i.e., not supercrystalline and organic-rich, the bar in (c) was not con-
sidered in the stress–strain behavior evaluation.

TABLE II. Summary of measured mechanical properties of Fe3O4–OA and Fe3O4–OPh supercrystalline nanocomposites.

Samples

Elastic modulus (GPa) Strength (MPa) Strain at failure (�%)
Fracture toughness (MPa�m)

ET EC rT rC eT eC KIc

Fe3O4–OA 1466 44a 466 3 5756 91a 12226 127 0.6 2.5 0.306 0.04
Fe3O4–OPh 366 1 386 2 3386 26 10466 94 0.9 3.0 0.296 0.03

aConsidering tension–compression asymmetry.
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Interesting differences between bending and compression behav-
ior are already observable within one single material system. The
Fe3O4–OA nanocomposites show significantly higher stiffness in
bending than in compression, while the opposite holds for strength.
We explain such a behavior with the deformation mechanisms of the
organic phase and the material’s sensitivity to defects. The crosslinked
aliphatic chains that form the organic interphase are likely to behave
like rigid springs when extended and pulled under tensile loads. The
covalent bonds resulting from the crosslinking and the anchoring to
the NPs, combined with the short length of the organic molecules,
provide high stiffness. The chains’ length is �2 nm at full extension
before crosslinking,54,55 and it becomes shorter due to the decomposi-
tion of ligands with increasing temperature (see the supplementary
material Fig. S1). On the other hand, the decreasing organic content
(assessed via EA) is expected to leave hollow FCC superlattice intersti-
tial sites (octahedral and tetrahedral).42 This implies that there is room
for rearrangement of the organic phase upon compression, within the
interfaces between NPs and in the interstitial sites, thus leading to a
lower elastic modulus in compression with respect to the bending
case. This effect is indeed amplified at the ligands’ scale. Given the
supercrystalline nanocomposites’ strain, eSC, and the initial interpar-
ticles distances, with a simplified model of two layers of NPs interfaced
by ligands (see the supplementary material Chapter S10), one can esti-
mate interparticle distances and strains in the organic phase after
deformation (tension or compression). For Fe3O4–OA, strains in the
organic phase are found to be 8% in tension and 33% in compression.

Strength, on the other hand, is highly sensitive to defects in ten-
sile tests, while compressive loads are less critical from this viewpoint.
It is well known how in brittle materials, due to their lack of plastic
yielding ability, micro- or nano-cracks tend to become critical for fail-
ure when subjected to tensile loads.56 A non-uniform distribution of
the crosslinked organic phase, even at the nanoscale (e.g., in the form
of localized absence of crosslinks, organic phase clusters, or superlat-
tice defects—all known to affect supercrystalline nanocomposites)6,37

can behave as critical crack initiators during bending experiments.
Under compressive loads, such nano-cracks do not grow, and to reach
micro-pillars’ failure, significant shear (or buckling) deformations
need to occur, as the shear planes visible in Fig. 2 confirm. It is there-
fore not surprising to detect a compressive strength that is more than
two times higher than the tensile one.

It is also interesting to compare the measured strength values
with the corresponding theoretical ones according to the estimations
of Orowan and Frenkel.56 The tensile strength of the Fe3O4–OA
supercrystals (�575MPa) is �80 times lower than their theoretical
cleavage strength (�E=p, i.e., �46GPa), while the shear strength (half
of the measured compressive strength, i.e., �611MPa) is only five
times lower than the theoretical shear strength (�G=5:1, i.e.,�3GPa).
The shear modulus is calculated as G ¼ E= 2ð1þ vÞ½ �, with E as
obtained from micro-compression tests and v as calculated via finite
element simulations in a previous work.42 Such ratios between theoret-
ical and measured strengths are rather low, indicating that the tested
micro-samples only contain few nano-sized defects and confirming
that these become more critical in tensile loading conditions.

The Fe3O4–OPh nanocomposites have a higher organic content
(9.5wt. %, see Table I) with respect to Fe3O4–OA. As expectable, a
higher amount of “soft” (even after crosslinking, and with respect to
the inorganic NPs) organic phase is here associated with overall lower

mechanical properties. This effect appears to overrule the potential
higher strength of the bond at the NP-ligand interfaces. The size of the
NPs also changes between the two material systems, being slightly
larger in the Fe3O4–OPh system. Several contrasting hypotheses can
be found in the literature on the role of NP size on supercrystals’ elas-
tic modulus and hardness.13,25,57 Here, however, the changes in NP
sizes between the two batches are considered to be negligible, and thus
no significant effect on the measured mechanical properties is antici-
pated. The same holds for the NP size distribution.

The Fe3O4–OPh supercrystalline nanocomposites also show a
higher level of nonlinearity and deformability before failure in their
stress–strain curves. Higher strains to failure are consistently detected
(Table II), and visual inspection of fractured bars and pillars also hints
at some pre-failure material distortion, and at an overall “softer”
response of the material, as the comparison between Figs. 6(a) and
6(b) suggests (see also the supplementary material Chapter S11). In
the compression curves of Fe3O4–OPh pillars, nonlinearities are
observed, similar to the ones reported for nanocomposites consisting
of the same iron oxide NPs, but with polybutadiene as organic
phase.19,44 A notched bar initially prepared in Fe3O4–OPh is shown in
Fig. 6(c) after fracture, with a large organic cluster visible in the cross
section, and the corresponding stress–strain curve, showing much
higher strain values with respect to the other two notched bars (Fig. 5).
Such significant deformations again correlate well with the higher
amount of ligand molecules. An additional factor to be kept in mind is
the presence in the OPh molecules of a flexible ester bond, between
anchoring group and aliphatic chain, which gives these ligands a
higher deformability. It is finally worth mentioning explicitly that dif-
ferent self-assembly methods applied to obtain the two types of super-
crystalline nanocomposites might also influence the ligands’
conformation and presence of defects in the samples, affecting the final
mechanical response. Solvent destabilization, used for Fe3O4–OA
nanocomposites, is expected to lead to higher-quality supercrystalline
structures.

Another difference between Fe3O4–OA and Fe3O4–OPh nano-
composites is the absence of tension–compression asymmetry in the
latter. We speculate that the lack of such asymmetry in the
Fe3O4–OPh system is due to its anisotropic superlattice constants. In
the case of compression, the failure via shear cannot be directly corre-
lated with a specific value of a, but for bending, it is important to
know that the bars’ axis was aligned with the direction of the short
superlattice constant (24.3 nm). This means that the OPh ligands are
confined in a very small interface (0.4 nm, instead of 1.3nm in the OA
case) along the loaded bar’s length and, therefore, can be more easily
stretched before they start opposing resistance to additional deforma-
tion. On the other hand, the interstitial sites are still available for the
organic ligands’ rearrangement in the section of the bar that is under
compressive stresses. It is important to note here that these consider-
ations on material stiffness and compression–tension asymmetry are
based on assumptions on the conformation of the organic ligands at
the NP–NP interfaces. These assumptions rely on SAXS data and pre-
viously published Energy-Dispersive X-ray spectroscopy (EDX) data
on similar material systems,19 but can vary depending on material sys-
tem and processing routine, even though it is worth mentioning here
that such an asymmetry was also observed in a previous work of this
group.35 A more exact characterization of this asymmetry effect can be
performed in future work, with a focus on its dependence on
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interparticle distances, organic ligands’ molecular length, and local
superlattice orientation. The control of such nanostructural parame-
ters during material processing therefore appears to become of great
importance for the fine-tuning of the mechanical behavior of these
kinds of nanocomposites and confirms the fundamental role played by
the crosslinked organic phase.38

As for strength, we find again a similar trend in the material’s
behavior in tension and compression (here too defects play a decisive
role), but overall lower values with respect to Fe3O4–OA (decrease in
�41% in tension and �14% in compression). This effect is consistent
with the higher organic content in the Fe3O4–OPh nanocomposites.
Additionally, the same considerations applied to the OA-based system
on theoretical strength can be drawn here, and interestingly we find
the same ratio between theoretical and measured values in compres-
sion (lower in the experimental by a factor of 5), and a factor of 34 in
tension, consistent with the trend in elastic moduli.

Fracture toughness is the only measured mechanical property
that results in the same values between Fe3O4–OA and Fe3O4–OPh.
These values, �0.3MPa�m, are remarkably high for supercrystalline
materials,36,44 but still mainly representative of brittle materials. In
supercrystalline nanocomposites, fracture toughness results from small
deviations (nanoscale) of crack paths around the inorganic NPs. Since
these values are higher than theoretical predictions based on purely
intrinsic toughening mechanisms, we assume that the organic ligands
play a role toward extrinsic toughening. Indeed, addition of a thin
layer of soft phase (such as the organic ligands in this work) and mate-
rial nano- and/or micro-structuring are well-known strategies, largely
learned from biomaterials,58 toward toughening otherwise brittle
materials. The higher amount of organic phase present in the OPh-
based nanocomposites, and thus their higher potential to dissipate
energy during fracture, can then explain how these manage to match
the stronger OA materials in terms of fracture toughness. The above-
mentioned theoretical predictions on the nanocomposites’ intrinsic
fracture toughness are based on a Barenblatt approach, applied to NPs
bridged by aliphatic chains, and (as shown in Ref. 36) they lead to val-
ues that are one order of magnitude lower than the experimentally
measured ones. Remarkably, the KIc values obtained here via SENB
method, considered among the most reliable methods, correlate rather
well with the ones calculated in a previous work for Fe3O4–OA via
indentation crack length method (0.216 0.03MPa�m) and with an
energy-based method (0.56 0.3MPa�m).36 The small discrepancies
are attributed to the assumptions that had to be made on the sub-
surface crack path, and the value obtained here is considered to be the
most accurate.

Even though the details on the role played by the organic phase
in the supercrystalline nanocomposites’ mechanical behavior should
be explored further, some interesting aspects have emerged in this
study. The combination of FCC superlattice and crosslinked and con-
fined organic ligands leads to nanocomposites featuring mechanical
behavior aspects of both brittle and ductile materials. A mainly brittle
and ultra-strong response is observed in bending and compression
conditions, but still the fracture toughness values are higher than theo-
retical predictions (see Barenblatt approach59), inelastic pre-fracture
deformations can occur, and shear and cleavage along tightly packed
supercrystalline planes are detected. A secondary, and yet relevant,
aspect of the outcomes reported in this study is the reduction in the
data scatter that typically affects the mechanical testing of

supercrystals,23,24 which we associate with the improved nanocompo-
sites’ processing routine. Additional tests are expected to further
reduce the scatter issue.

CONCLUSIONS

Supercrystalline hybrid inorganic–organic nanocomposites, con-
sisting of iron oxide NPs that are surface-functionalized with oleic acid
and oleyl phosphate ligands, all show remarkably high values of
strength and elastic modulus in both bending and compression.
Record-high values of compressive strength (1.26 0.1GPa) and bend-
ing modulus (706 9GPa) are found for the oleic acid-based nano-
composites, which also present a tension–compression asymmetry.
Note that supercrystalline nanocomposites typically show the values of
elastic modulus and hardness that are lower compared to the materials
featured in this work and that this difference increases up to more
than an order of magnitude when it comes to crosslinked materi-
als.23,25,26,32,34–36,46,47,60 These broad ranges are due to the large data
scatter that typically affects supercrystals,23,24 an effect that has been
mitigated here and that we expect will be further reduced in future
studies. These considerations all apply to the microscale, while efforts
for material upscaling and assessment of macroscopic mechanical
properties are ongoing. The oleic acid-based nanocomposites also pre-
sent a marked tension–compression asymmetry. Such an asymmetry
with an elastic modulus of 146GPa in tension and 46GPa in compres-
sion is likely the outcome of the limited extendibility of the ligands in
tension, while their bending and confinement is possible within the
inter-NP interfaces and interstitial sites. Inelastic deformation is
mainly detected at the latest loading stages and is most probably due
to cracking, either limited microcrack jumps or stable crack extension.
The oleyl phosphate-based materials feature overall lower mechanical
properties, larger strains to failure, and more marked nonlinearities in
their stress–strain curves, attributed to the higher organic content. The
fracture toughness, evaluated for the first time with notched bending
bars in supercrystalline nanocomposites, results in values
�0.3MPa�m for both material systems, which are well above the val-
ues that would be associated with purely intrinsic toughness due to
inter-NP forces and are thus a strong hint that extrinsic mechanisms
are contributing. Additional work is needed to elucidate the role
played by organic ligands in the mechanical behavior of supercrystal-
line nanocomposites, especially in terms of their conformation and
crosslinking, and to analyze the materials’ time-dependent deforma-
tion mechanisms. Interesting future research directions can also
involve the comparison between strength of supercrystalline and
“superamorphous” nanocomposites, the role of NP size and of super-
crystalline domains (grains) size, and more complex material systems.

EXPERIMENTAL
Material preparation

Iron oxide (Fe3O4) NPs functionalized with oleic acid (OA)
(radius 8.06 1.3 nm) and iron oxide (Fe3O4) NPs functionalized with
oleyl phosphate (OPh) (radius 8.46 1.0 nm) are the building blocks of
the supercrystalline nanocomposites. The Fe3O4–OPh system is
obtained via the ligand exchange reaction starting from a Fe3O4–OA
system, as described in a previous study.40 The functionalized NPs of
both systems are initially suspended in toluene. The 3D bulk super-
crystalline nanocomposites are obtained with a three-step process.
First, the NPs form face-centered cubic (FCC) superlattices via
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self-assembly (via solvent destabilization by slow diffusion of
ethanol in the Fe3O4–OA system36 and via solvent evaporation for
Fe3O4–OPh

19,40). The dry self-assembled materials are subsequently
pressed at 50MPa and 150 �C, a temperature previously optimized to
ensure suitable rheology of the ligands during compression.35 The
pressed materials are finally heat-treated at 325 �C under N2 (g) to
induce the ligands’ crosslinking and thus the mechanical properties’
enhancement (up to a three- or fourfold increase in the hardness,
strength, and stiffness).35,36,40

Composition and nanostructure characterization

The materials’ nanostructure is imaged via scanning electron
microscopy (SEM) at 1.5 kV, with 10lm aperture size, in high vacuum
mode. To do so, sample pieces are mounted on aluminum sample
holders with silver glue (Acheson Silver DAG 1415M). The superlat-
tice parameters and particle diameters are obtained via small-angle x-
ray scattering (SAXS),39,40 performed at the high energy materials sci-
ence (HEMS) beamline operated by Helmholtz-Zentrum Geesthacht
at the PETRA III storage ring of the Deutsches Elektronen-
Synchrotron (DESY).61 A Schulz–Zimm size distribution of the
particle radius and number density-based fitting are used for the deter-
mination of the particle size.37 The thermal decomposition of the start-
ing suspensions is assessed via thermogravimetric analysis (TGA),
performed with a Netzsch TGA 209 F1 Iris, 25–800 �C temperature
range, and 5K/min heating ramp at 60ml N2 flux. Elemental analysis
of dried powders obtained from the starting suspensions as well as
nanocomposites was performed on an Eurovector EuroEA3000 ele-
mental analyzer (hydrogen, carbon) and, after pretreatment with nitric
and perchloric acid for acid digestion, via inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) on a SPECTRO Analytical
Instruments SPECTRO ARCOS system.

Preparation for micro-mechanical tests

The samples are then prepared for mechanical testing by embed-
ding a portion of each sample (1–2mm thick) in a cold curing acrylic
mounting resin (Scandiquick, Scan-DIA, Hagen, Germany) and pol-
ishing them down to a surface roughness of 50 nm by using silicon
carbide (SiC) papers and diamond suspensions (for 15–0.25lm from
ATM GmbH, Germany and for 0.05lm from Buehler, Germany). All
samples are tested in the cross section (along the pressing axis).

Micro-bending bars and compression pillars are prepared using
focused ion beam (FIB) milling with a gallium ion source (FEI Helios
NanoLab G3, Thermo Fisher Scientific, Oregon, USA). The milling
currents are 47 (rough cuts), 21 (finer cuts), and 2.5 nA (polishing) for
the bars, and 2.5, 0.43, and 0.24 nA for the pillars. A pentagon-shaped
cross section (as shown in Fig. 6) is chosen for the bars. This geometry
allows minimizing unstable crack propagation by increasing the cross
section the crack needs to extend into. The sizes of the pillars and bars
are given in the supplementary material Tables S2, S3, and S5. Some
bars are then notched by FIB to create a straight-through notch for the
fracture toughness measurements.62 The notches are made in the
proximity of the bars’ bases, aiming at a depth of half the height of
the upper (resistant) cross section. This is realized by multiple passes
with 0.24 pA current to minimize the effects of the FIB’s Gaussian
shape, and the final notch depths are then verified after the bars have
been broken (supplementary material Table S5).

Micro-mechanical tests

Micro-compression and micro-bending tests are performed in
5–6 loading–holding–unloading cycles until fracture to gain informa-
tion on the nanocomposites’ constitutive behavior and to monitor the
onset and propagation of cracks. Note that even though the challeng-
ing nature of these micro-mechanical studies on supercrystalline
nanocomposites limits the number of micro-pillars and bars that can
be tested, a careful optimization of the sample preparation and testing
procedures has enabled a significant decrease in the data scatter that
typically characterizes the mechanical properties of these kinds of
nanocomposites.23,35 Tests data were not included in the analysis
when the tested area resulted to be non-supercrystalline (superamor-
phous, beyond the purposes of this study), as assessed after failure via
SEM, or when technical difficulties arose during the loading itself,
such as alignment issues in the nanoindenter. The tests are performed
in loading control mode by doubling the load at each cycle. In each
cycle, the loading and unloading rates are equal, and the time to load
is maintained constant, resulting in an increase in the loading/unload-
ing rate at each cycle. The loading rate of the first cycle is always 4
� 10�4mN/s, and the holding time is 10 s. The tests started only
when the thermal drift was < 0.05 nm/s. However, due to the long
duration of each test (40–50min/test), the measurements are still
affected by the drift. An additional correction is therefore applied, as
described in the supplementary material Chapter S6.

Bending and compression tests were carried out in a
Nanoindenter G200 (Agilent, Santa Clara, CA, USA). Bending tests
were performed with a Berkovich tip (Synton-MDP LTD, Port,
Switzerland) to guarantee a fixed rigid contact, avoid torque, slip, and
misalignment issues, and to be able to find the exact loading point in
the bars after fracture63–65 (the nanoindenter’s optical microscope
allows tip positioning with an accuracy of �1lm). The raw displace-
ment data are then corrected for the tip’s indentation of the bars.65

This correction was applied by subtracting the displacements mea-
sured during five cyclic indentations at the same loading rates in areas
adjacent to the base of the bars. Uniaxial compression is performed
using a diamond flat punch with a diameter of 10lm (Synton-MDP
LTD, Port, Switzerland). Here also the effect of the pillars’ indentation
in the substrate was considered, as detailed below.

The bending stresses, rB, of the bars are calculated as
rB ¼ My=I, where M is the bending moment, y is the distance of the
neutral axis to the bar surface, and I is the moment of inertia. The cor-
responding strain is calculated as66

eb ¼
3 d y
L2

; (1)

where eb is the bending strain at the upper surface, d is the true bar
deflection after the indenter displacement is subtracted, y is the dis-
tance from the neutral axis of the bar to the top of the bar, and L is the
distance between the base of the bar and the loading point.

The compressive stress and strain of the pillars are calculated as43

rc ¼
4P

pDav
2 (2)

and

ec ¼
d
h
; (3)
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where rc is the compressive stress, P is the load, Dav is the average
diameter of each pillar (between top and bottom, considering the
FIB-induced tapering), h is the pillar height, and d is the true dis-
placement, corrected from the total measured displacement dm by
subtracting the indentation of the pillar into the underlying mate-
rial, ds, as d ¼ dm � ds. This correction follows the Sneddon’s solu-
tion for a perfectly rigid cylindrical punch pressed into an elastic
half-space,67

ds ¼
1� v2

E
Pmax

D
; (4)

where E is the elastic modulus, assessed in the heat treated nanocom-
posites via nanoindentation (300nm depth, Berkovich tip, continuous
stiffness measurement (CSM) method), namely, 64.1GPa for
Fe3O4–OA and 75.4GPa for Fe3O4–OPh, and t is the Poisson’s ratio,
0.34.36,42 The elastic moduli in bending and compression are then cal-
culated from Hooke’s law, as E ¼ r=e in the linear elastic regime (also
see the supplementary material Chapter S5).

To the best of our knowledge, there is no given equation in the
literature for the fracture toughness and geometry factor estimation of
bars with a pentagonal cross section. Therefore, as approximation, the
fracture toughness is calculated by using the equation for rectangular
cross sections with width and thickness such that the cross section
area and the crack front width are equivalent to the pentagon case (see
the supplementary material Chapter S8). This assumption has been
validated in the supplementary material Chapter S9. The fracture
toughness KIc is then found as68

KIc ¼
6PmaxL
bcalwcal

2

ffiffiffiffiffi
pa
p

f
d
wcal

� �
; (5)

where L is the distance between notch and loading point, d is the
notch depth, f ðd=wcalÞ is the geometry factor, and bcal and wcal are the
calculated width and thickness of the equivalent rectangle bar (given
in the supplementary material Chapter S8). The geometry factor for a
rectangular bar is given as68

f
d
wcal

� �
¼ 1:13þ 1:374

d
wcal

� �
þ 5:749

d
wcal

� �2

�4:464 d
wcal

� �3

:

(6)
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