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Abstract

Supercrystalline nanocomposites (SCNCs) are a new category of hybrid mate-
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rials consisting of inorganic nanoparticles surface-functionalized with organic
ligands and with periodic nanostructures, featuring multi-functionality and able

to reach exceptional mechanical properties. Although efforts have been made to
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explore their mechanical behavior, their response to cyclic loading remains to be
unveiled. Here, the fatigue behavior of SCNCs with different degrees of organic
crosslinking is investigated via nanoindentation. The nanocomposites’ fatigue
life is assessed, and it emerges that SCNCs without crosslinking are more effi-
cient in dissipating energy under cyclic loading and thus feature a longer fatigue
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life. Chipping is identified as the main fatigue failure mechanism, whereas dif-
ferent mechanisms, intrinsic or extrinsic, dominate in the indentation depth
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1 | INTRODUCTION

Supercrystalline nanocomposites (SCNCs) are promis-
ing candidates as multifunctional hybrid materials
that can achieve remarkable mechanical properties.'
They consist of inorganic nanoparticles (NPs) that
are surface-functionalized with organic ligands and
arranged into periodic structures, analogous to those
of atomic crystals. These structures are also termed
“superlattices.”” A broad spectrum of emergent properties
can be fostered in SCNCs, thanks to the combination
of their nanoscale building blocks and arrangement
in superlattices, leading to promising applications in
battery electrodes, catalysts, optoelectronic, and magnetic
devices.”™

However, the mechanical behavior of SCNCs remains
poorly understood. Current studies focus on their elastic

propagation, again depending on crosslinking.

fatigue, nanocomposites, nanoindentation, supercrystals

modulus and hardness, whereas fewer address aspects of
strength and fracture toughness.’ ' Their time-dependent
behavior, instead, is just starting to be assessed, and
so far in terms of creep, that is, long-term deformation
under static or quasi-static load.'* A completely unex-
plored aspect is their response to cyclic loads, that is,
their fatigue behavior, which is, nevertheless, a promi-
nent cause of material failure," especially considering that
SCNCs in the applications listed above will be subjected
to oscillating thermomechanical loads. It has become
clear that the NP-functionalizing organic ligands play
a key role in tuning mechanical properties and defor-
mation behavior of SCNCs,'>! but their influence on
fatigue has remained unaddressed. Considering the lig-
ands’ unique state and conformation—anchored to the
NPs, ultra-confined in sub-nm spacings, and sometimes
crosslinked!'—elucidating their role in the context of
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SCNCs will also shed light for a broader category of hybrid
nanomaterials.

Although SCNCs can be upscaled to components with
sizes in the centimeter range, especially when used as
building blocks in hierarchical composites,"””" purely
supercrystalline materials still pose challenges for macro-
scopic testing, due to pores and cracks arising during
processing.” Conventional fatigue tests also entail lengthy
and relatively complex sample preparation procedures.
As a viable alternative, instrumented indentation has
proven to be a valuable platform for small volume and
local property measurement, progressively becoming a
reliable, robust, and well-documented testing te(:hnique.20
Indentation fatigue tests can be conducted under either
multi-loading/unloading cycles or continuous stiffness
measurement (CSM) mode,”?* in which an adjustable
harmonic load is superimposed to the static one,” a
method that has been successfully applied, for exam-
ple, in thin films, coatings, ceramics, and core-shell
nanostructures.”*?°=3% Even though the loading scheme,
stress state, and indented volume differ between conven-
tional fatigue and indentation fatigue tests,”® indentation
fatigue models have been proposed and validated, allow-
ing access to data on indentation fatigue strength®' and
indentation depth propagation laws,*> making indentation
fatigue testing particularly attractive for small domains
and nanostructured materials.

Here, the nanofatigue behavior of ceramic-based SCNCs
is characterized by nanoindentation under CSM mode.
The fatigue life is evaluated for materials featuring vary-
ing degrees of ligands’ crosslinking. Ligand crosslinking
is known to significantly boost the mechanical proper-
ties of SCNCs,'** and to play a role on altering their
deformability.'® The—at times surprising—data is ratio-
nalized by assessing the nanocomposites’ loss factor and
thus their potential to dissipate energy under cyclic load-
ing. The indentation depth propagation law is critically
assessed for applicability to SCNCs, to identify the gov-
erning material deformation mechanisms in fatigue con-
ditions. The interactions among the organic ligands result
to be controlling the nanofatigue behavior of SCNCs.

2 | MATERIALS AND METHODS

The SCNCs studied here as model materials consist of iron
oxide (Fe;0,) NPs surface-functionalized with oleic acid.
Their fabrication follows a procedure detailed elsewhere'*
and is summarized in Section S1. Three samples with
varying degrees of organic ligands’ crosslinking were pre-
pared for nanofatigue tests. These are termed as-pressed
(AP, i.e., without the application of any heat treatment),
heat-treated at 250°C (HT250) and at 325°C (HT325), and
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FIGURE 1 Identification of nanofatigue failure event as

abrupt drop of contact stiffness. Correspondingly, the displacement
data also exhibits a sharp increase at the onset of the fatigue failure.

they feature increasing levels of crosslinking. Crosslinking
alters the conformation and interactions among adja-
cent organic ligands in the sub-nm space between NPs.
From the “rearrangeable” organic chains mainly interact-
ing via van der Waals forces in AP SCNCs, we shift to an
interconnected covalent network in HT325 SCNCs. Par-
tial decomposition of the ligands also occurs, typically
leading to smaller interparticle distances in heat-treated
materials. All details on the crosslinking process have been
elucidated.®® The nanofatigue tests were carried out in a
G200 nanoindenter (Agilent) at room temperature, with a
spherical tip. The tip has a nominal radius of 1 um, cal-
ibrated to be 947 nm. The load first ramps up to a mean
value under single-loading mode and at a loading rate of
0.2 mN/s, to avoid the effect of oscillations. Subsequently,
the mode switches to CSM to enable the application of
a cyclic load, with a frequency of 100 Hz. This process
lasts for 1000 s, corresponding to 10° cycles. The load
ratio (minimum load/maximum load) is kept as 0.1 for all
nanofatigue tests. The mean loads and the corresponding
load amplitudes are listed in Table 1. Mean load and load
amplitude are higher for AP samples, because no or very
few nanofatigue failure events were detected in this mate-
rial until the load amplitude was increased to 1.485 mN;
see Figure S1. Nanofatigue failure is identified as a sud-
den change of contact stiffness, thanks to the sensitivity
of this parameter to damage,** as illustrated in Figure 1. At
least 15 indents were performed for each load, with a spac-
ing of 30 um. The indents were observed via a scanning
electron microscope (Zeiss 55-VP, Zeiss) at 2 kV to check
their morphologies and failure mechanisms. Topographic
measurements were also conducted via an atomic force
microscope (NanoScope IV, Dimension 3100 of Digital
Instruments), with a scanning speed of 0.5 Hz.

5017 SUOLULLOD AIIE.D 3|edtidde auy Aq peusA0B 18 S3[1e O 88 JO S9N 10} ARei] 17 SUIIUO AB]IA UO (SLOIPUIO-PUE-SULBYLIOD' A 1 AReiq1jou [uo//SAIL) SUORIPUOD PUe SULB L 34} 885 *[r202/T0/GZ] U0 AReii 8UIIUO AB[IA ‘URIPRIN SUISILOIRIS - YBU011d1g BINGUIRH JISIOAIUN SUISIUYOR L AQ 66TOT 2589/200T OT/I0PLUCY" 8|1 ARG BUIIUO SO 1R8O/ SAN LLO1 Papeo|umoq ‘T 7202 '0L2E8L5e



International Journal of

. Ceramic Engineerin
YAN and GIUNTINI gSciencg 30f8
TABLE 1 Mean load and corresponding load amplitude of the performed nanofatigue tests.
HT250 & HT325 Mean load (mN) 0.99 1.10 112 1.21 1.32 1.87 2.04
Load amplitude (mN) 0.81 0.90 0.95 0.99 1.08 1.53 1.67
AP Mean load (mN) 1.82 1.87 1.98 2.04 2.09
Load amplitude (mN) 1.49 1.53 1.62 1.67 1.71

Abbreviations: AP, as-pressed; HT250, heat-treated at 250°C; HT325, heat-treated at 325°C.

3 | RESULTS AND DISCUSSION

For uniaxial fatigue tests, the relationship between stress
amplitude and number of cycles to failure can be quantita-
tively described by the conventional fatigue strength law, in
the form of S-N curves. Inspired by this law and the anal-
ogy between conventional fatigue and indentation fatigue
tests, Xu et al. proposed a similar law to correlate their
relationship in indentation fatigue tests':

Fo=F(N;)" M

where F, is the load amplitude and Ny is the number of
cycles to failure; Fyand k are indentation fatigue strength
coefficient and exponent, respectively, depending on the
material and testing conditions. This model has been suc-
cessfully applied to different materials, such as bulk PVC,
TiN/NiP films,*! and high entropy alloys in both film and
bulk form.”* Here, it is applied to SCNCs, as shown in
Figure 2A. A linear relationship between load amplitude
and number of cycles to failure is observed for the three
different materials. Interestingly, AP SCNCs possess the
longest fatigue life, followed by HT325, whereas HT250—
the intermediate-crosslinking case—has the shortest one.
This trend stands out, as typically the resistance of SCNCs
to mechanical loading increases with an increasing degree
of crosslinking.

The indentation fatigue strength coefficient (Fy), iden-
tified via the fitting intercept, is associated with static
fracture strength.® The smallest value of F, s obtained
for AP materials is consistent with their lower fracture
strength,>* whereas Fy is the highest for the SCNCs with
the largest degree of crosslinking. The indentation fatigue
strength exponent (k), determined as the fitting slope, can
instead shed light on the materials’ sensitivity to damage:
The steeper the slope, the more sensitive to damage the
material is, and the earlier failure occurs. AP materials
have a relatively flat fitting line, with longer overall fatigue
life, whereas the opposite trend is observed for heat-treated
samples. No obvious difference is observed between HT250
and HT325 SCNCs with respect to the slopes of F-N curves.
As the heat treatment effect on the degree of crosslinking
and overall ligand decomposition cannot be quantified, the
value of k cannot be directly correlated with one of these
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FIGURE 2 Fatigue life and loss factors of supercrystalline

nanocomposites (SCNCs) with varying degrees of crosslinking: (A)
Relationship between load amplitude (F,) and number of cycles to
failure (Ny) in double logarithmic plot. The dashed lines denote the
fitting based on Equation (1), obtained with a high correlation
coefficient (R? > 0.95). (B) Variation of loss factor (ratio of loss
modulus to storage modulus) with respect to frequency.

factors, which both contribute to the materials’ sensitivity
to damage. The analysis of the F-N curves confirms then
the applicability of indentation fatigue strength models to
SCNCs but also reveals unexpected fatigue properties of
nanocomposites with varying degrees of crosslinking.

To understand the reasons lying behind the different
fatigue lives, dynamic nanoindentation tests were carried
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out to obtain each material’s loss factor, which is an indi-
cator of the material’s potential to dissipate energy,*®’ as
displayed in Figure 2B. The tests were performed under
CSM mode, with a harmonic displacement of 3 nm and
frequency ranging from 4 to 40 Hz, and with a 10 um-
diameter flat punch. The AP SCNCs consistently show
the highest loss factor across the varying frequencies,
the HT250 ones show the lowest one, whereas interme-
diate values are recorded for HT325 materials (with a
small exception at 15.9 Hz). This trend in loss factors is
consistent with the fatigue lives in Figure 2A. Due to
limitations of the nanoindentation system, the frequency
during dynamic nanoindentation tests cannot be extended
to 100 Hz, and therefore, here it is assumed that the trend
of Figure 2B is preserved at higher frequencies. The mea-
sured SCNCs’ loss factors are lower than those of polymers
(~1 order of magnitude),*® but comparable to those of
cluster-assembled solids.*

The results displayed in Figure 2 demonstrate that the
nanocomposites’ capability to dissipate energy plays a
dominating role in their fatigue life. This can be explained
by considering the interactions between ligands in the
absence or presence of crosslinking. The ceramic NPs
in AP materials are held together mainly by van der
Waals forces, as no or negligible crosslinking is induced
among the ligands.” Consequently, the ligands in the
inter-NP spacings can easily bend or deform during load-
ing and recover during unloading, effectively dissipating
energy at each applied load cycle. On the other hand,
heat treatment induces crosslinking, that is, the forma-
tion of covalent bonds within the organic phase, resulting
in a strongly interconnected ligand network replacing the
rearrangeable organic chains,” together with the partial
decomposition of the ligands.** The bending and recovery
of ligands become thus significantly restricted, weaken-
ing the crosslinked SCNCs’ ability to dissipate energy,
and therefore resulting in a shorter fatigue life for the
heat-treated nanocomposites.

The different fatigue lives of HT250 and HT325
nanocomposites, with HT250 SCNCs showing lower
resistance against fatigue, can be further understood from
the viewpoint of crack initiation and propagation. The AP
materials are most prone to crack initiation, due to their
lower fracture toughness compared to the case of HT325
SCNCs, "% whereas at the same time, AP nanocomposites
exhibit a better ability to dissipate energy due to the higher
flexibility of the ligands. HT250 SCNCs have crosslinking,
even though at a lower level compared to HT325 ones, and
they can thus be seen as an intermediate case between
AP and HT325 nanocomposites: They are less resistant to
crack initiation than HT325 supercrystals, and they have
lost some of their ability to dissipate energy under cyclic
load compared to the AP case.

The typical indents’ morphologies after the nanofatigue
test are shown in Figure 3. Chipping is induced in AP
SCNCs (Figure 3A). The same feature, even though less
severe, is found in HT250 SCNCs (Figure 3B), accom-
panied by a ring crack (indicated by the arrow). In
Figure 3C, small supercrystalline fragments, also likely
associated with chipping, are accumulated around an
indent in HT325 SCNCs. Chipping then appears to be the
main failure mechanism in SCNCs both with and without
crosslinking, a phenomenon also reported for indentation
fatigue of brittle materials.>° Chipping is attributed to lat-
eral cracking, initiated during unloading cycles as a result
of tensile stresses.*’

Interestingly, there are some indents that show no
nanofatigue failure during the entire 10° cycles. The main
deformation features in these cases are relatively uniform
pileups around the indents; see Figure S2. The height of
the pileups was measured to be ~150 nm for AP, 50 nm
for HT250, and 30 nm for HT325 SCNCs, in-line with the
strengthening effect of crosslinking. Even in presence of
these pileups, slight chipping can still be observed in AP
and HT250 materials, likely formed during the unloading
segment (after application of the cyclic load). This inter-
esting phenomenon may be related to the orientation of
supercrystalline domains or local heterogeneities of the
nanocomposites’ constituents, and it thus requires further
investigation.

Another important aspect to analyze to better grasp the
fatigue behavior of SCNCs is the depth propagation law.
The tip can continuously sink into the samples under
indentation fatigue tests, leading to a quick sinking in a
transition stage, followed by a leveling-off depth propa-
gation rate in a steady-state regime. This process is very
reminiscent of crack propagation in conventional fatigue
tests.>>3%40 For ductile materials, indentation depth prop-
agation can be ascribed to the advancement of the plastic
zone under the indent, whereas for brittle materials, it
is usually caused by the propagation of damaged zone
facilitated by microcracks.’**°*! The analogy between
uniaxial fatigue and indentation fatigue tests has been
explored, resulting in a model aimed at elucidating gov-
erning mechanisms (intrinsic/extrinsic) in indentation
depth propagation.” Indentation fatigue and conventional
fatigue share the feature of showing a stress singularity,
which in indentation lies at the rim of the contact with the
indenting punch, analogous to a crack tip.** A cone crack
can be initiated from the contact edge, where the largest
tensile stress is located,* either when loading with a spher-
ical tip or a flat punch.** As no significant difference is
found in terms of cone crack extension direction between
flat punch and spherical tip indentation,* the indentation
depth propagation model can be extended to the case of
spherical tip.
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FIGURE 3 Morphologies of indents after fatigue failure, obtained with a load amplitude of 1.53 mN for as-pressed (AP), 0.95 mN for

heat-treated at 250°C (HT250) and HT at 325°C (HT325) supercrystalline nanocomposites (SCNCs): (A) chipping around indent in AP SCNC,
with a magnification of the supercrystalline nanostructure; (B) HT250 SCNC; (C) HT325 SCNC. Scale bars are 1 um.

The indentation depth propagation tests were carried
out with a load ratio of 0.2, to delay fatigue failure. Three
different pairs of mean load and load amplitude were
selected: 1.2 + 0.8, 1.5 + 1, and 1.8 + 1.2 mN, with all
other parameters kept unchanged from nanofatigue tests.
Again, failure occurred first in HT250 SCNCs (here in 6
indents out of 10 under 1.5 + 1 mN cyclic loading), in
line with the outcomes of the F-N analyses, and thus in
the following only the results relative to AP and HT325
SCNCs are shown. The indentation depth propagation
under 1.5 + 1 mN is shown in Figure 4A, together with
the corresponding propagation rates in Figure 4B, both of
which feature a quick sinking in the beginning, followed
by a slowdown until a quasi-steady state, analogous to the
first two stages of fatigue crack propagation. The same
trend is observed in the case of 1.2 + 0.8 and 1.8 + 1.2 mN,
as shown in Figure S3.

The indentation depth propagation model™ that enables
identifying the underlying mechanisms is then applied:

145

dd\ _ m n
<W>s = C(Kma)"(AK) @
where dd/dN is the depth propagation rate in the steady
state (as the subscript “s” indicates); C, m, and n are con-
stants depending on material and testing conditions.** The

maximum stress intensity factor K, and stress intensity
factor range AK can be computed as

P

Koy = —=2X_ 3)
2ay/ma

AK = AP 4)

Za\/ﬁ

where a is contact radius; P,z and AP are maximum
load and load range, respectively.” The contact radius is

calculated as @ = 1/2Rh, — h?, where R is the radius of

spherical tip, and h, is contact depth. The contact depth is
obtained as

h.= h-— % ©)
where h is the measured displacement and S is the con-
tact stiffness, whereas ¢ = 0.75 for spherical tips.*® The
two exponents, m and n, associated with extrinsic or
intrinsic mechanism responsible for the indentation depth
propagation, can be obtained by regression analysis via
Equation (2), where the Levenberg-Marquardt algorithm
is adopted and yields a very high correlation coefficient
(R? > 99%). The propagation rate (dd/dN) is estimated after
6 x 10% cycles, that is, in quasi-steady state, as marked in
Figure 4B. Their values under different mean loads and
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FIGURE 4 Nanoindentation depth propagation tests under

1.5 + 1 mN cyclic loading: (A) depth propagation and (B)
corresponding propagation rate. The shaded bands in (A) denote the
standard deviation.

TABLE 2 Summary of m and n under different mean loads and
load amplitudes.

Mean load + load AP HT325
amplitude (mN) m n m n
1.2+0.8 9.0 7.9 23 3.2
1.5+1.0 7.3 4.8 2.2 31
18+12 10.2 6.9 4.0 5.7

Abbreviations: AP, as-pressed; HT325, heat-treated at 325°C.

load amplitudes are displayed in Table 2, and the respec-
tive averages are determined as m = 8.8 and n = 6.5 for AP
SCNCs, and m = 2.8 and n = 4.0 for HT325 SCNCs.

The propagation rate (dd/dN), then, has a stronger
dependence on K., (m > n) in AP SCNCs, whereas on
AK (m < n) for HT325 ones. The growth of fatigue cracks
can be seen as a mutual competition between intrinsic

mechanisms of crack advancement ahead of the crack
tip, dependent on AK as the driving force of crack prop-
agation, and extrinsic mechanisms of crack-tip shielding
behind the tip, controlled by K,,..*> These competing
crack growth mechanisms can be correlated to the inden-
tation depth propagation.*>*’ Extrinsic mechanisms thus
dominate in the depth propagation for AP SCNCs, whereas
intrinsic mechanisms are predominant in HT325 ones.

The interactions among NPs need to be again consid-
ered to explain this substantial difference. As van der
Waals interactions dominate in AP materials,’ whereby
intact oleic acid chains, uncrosslinked, at the NP interfaces
play a major role in allowing plastic deformation of the
superlattices,'® NPs can easily be rearranged under cyclic
loading, resulting in the formation of micro-plastic zones,
relieving the applied stress. At the same time, energy can
also be partially dissipated by non-crosslinked ligands. The
driving force for depth propagation is thus diminished,
decelerating the process, hinting at extrinsic mechanism in
AP materials. In HT325 SCNCs, the mechanical properties
are enhanced thanks to crosslinking,'** and stress relief
becomes less efficient due to the difficult rearrangement
of NPs, leading to the dominance of intrinsic mechanisms.
It is also very likely that indentation depth propagation in
SCNCs is accompanied by microcracks, due to the non-
pronounced plasticity of SCNCs, although no catastrophic
failure (crack or chipping) is observed.

4 | CONCLUSIONS

The nanofatigue tests of ceramic-based SCNCs with dif-
ferent degrees of crosslinking were carried out thanks to
CSM mode in nanoindenter. AP SCNCs thus possess the
longest fatigue life, followed by HT325, whereas HT250
SCNCs have the shortest one, as explained by their respec-
tive loss factors, characterizing the potential to dissipate
energy. Chipping is identified as the major failure mech-
anism, whereas the governing factors in nanoindentation
depth propagation result to be dominatingly extrinsic in
AP SCNCs and intrinsic in the case of HT325. Although
ligands only occupy a minor fraction of SCNCs, this
study reveals their strong influence on the nanocompos-
ites’ dynamic mechanical behavior, tuneable by ligand
crosslinking. Other approaches to tailor fatigue properties
of SCNCs can be identified in controlling the ligands’ den-
sity and their molecular length, paving the way toward
an ever-broader spectrum of applications for this new
category of hybrid materials.
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