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h i g h l i g h t s

� The creep behavior of ceramic-
organic supercrystalline
nanocomposites is assessed for the
first time, via nanoindentation.

� The organic phase, even though less
than 10 wt%, plays a dominant role in
the nanocomposites’ deformation.

� Partial recovery of creep after
unloading reveals that supercrystals
feature both viscoelasticity and
viscoplasticity.

� Ligands-facilitated rearrangement of
the ceramic nanoparticles is proposed
as dominating creep mechanism of
supercrystals.

� The applicability of nanoindentation
methodologies, single loading and
continuous stiffness measurement, is
analyzed.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 9 February 2023
Revised 25 April 2023
Accepted 11 May 2023
Available online 17 May 2023

Keywords:
Nanocomposites
Supercrystals
Nanoindentation
Creep
a b s t r a c t

Supercrystalline nanocomposites (SCNCs) are inorganic-organic hybrid materials with a unique periodic
nanostructure, and thus they have been gaining growing attention for their intriguing functional proper-
ties and parallelisms with hierarchical biomaterials. Their mechanical behavior remains, however, poorly
understood, even though its understanding and control are important to allow SCNCs’ implementation
into devices. An important aspect that has not been tackled yet is their time-dependent deformation
behavior, which is nevertheless expected to play an important role in materials containing such a distri-
bution of organic phase. Hereby, we report on the creep of ceramic-organic SCNCs with varying degrees of
organic crosslinking, as assessed via nanoindentation. Creep strains and their partial recoverability are
observed, hinting at the co-presence of viscoelasticity and viscoplasticity, and a clear effect of crosslink-
ing in decreasing the overall material deformability emerges. We rationalize our experimental observa-
tions with the analysis of stress exponent and activation volume, resulting in a power-law breakdown
behavior and governing deformation mechanisms occurring at the organic sub-nm interfaces scale, as
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rearrangement of organic ligands. The set of results is reinforced by the evaluation of the strain rate sen-
sitivity via strain rate jump tests, and the assessment of the effect of oscillations during continuous stiff-
ness measurement mode.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nanocomposites are a particularly promising material category
when it comes to fostering new and targeted combinations of func-
tional and mechanical properties, but their controlled processing
remains a challenge [1]. Supercrystalline nanocomposites (SCNCs)
show great potential in this regard, since their peculiar nanostruc-
ture offers unique opportunities for the fine-tuning of their design
at the nano- and micro-scale, and thus of their macroscopic behav-
ior [2,3]. SCNCs consist of inorganic nanoparticles (NPs) that are
surface-functionalized with organic ligands and architected into
long-range ordered structures. These are reminiscent of atomic
crystal lattices, even though at a characteristic scale that is typi-
cally two orders of magnitude larger, and are thus called superlat-
tices [3]. Two key strategies to achieve these nanostructures (often
of the face- or body-centered cubic type, FCC or BCC) are the
organic functionalization of the NP cores, which prevents their
uncontrolled aggregation during processing, and a narrow NP size
distribution [4,5]. The combination of nano-sized building blocks
and their periodic arrangement in superlattices with ultra-thin
inter-NP spacings leads to a wide spectrum of emergent collective
properties – electronic, optical, magnetic, thermal, and more. Fur-
thermore, SCNCs present a strong analogy with biomaterials, due
to their nanostructured and hierarchical architectures consisting
of a tailored mix of inorganic–organic constituents, and one can
thus foresee potentially achieving enhanced mechanical properties
for applications in e.g. bioimplants, additional to those in battery
electrodes, catalysts and optoelectronic devices enabled by their
functional properties [3,6–10].

In all these instances, then, understanding and controlling the
mechanical behavior of this new material category acquires para-
mount importance. The mechanical characteristics of SCNCs are,
however, still largely unexplored. Among the several factors affect-
ing their mechanical properties (NP size [11–13], packing density
[13], ligand-NP binding strength, interactions among ligands
[11,13], and between ligands and solvent the NP system is stabi-
lized into [14]), the organic ligands play a key role. By inducing
their crosslinking, for instance, it has been shown that a remark-
able increase in the SCNCs strength, hardness, stiffness, and even
fracture toughness, can be achieved [4,5,11–19]. On the other
hand, the presence of an organic phase leads to the presence of
time-dependent features in their mechanical response [17,20]. This
is expected also considering again the analogy with organic-
mineral biomaterials, for which creep has been observed and char-
acterized (e.g. enamel [21,22], bone [23], intervertebral disc [24]).
Creep occurs when testing SCNCs [17], but the underlying defor-
mation mechanisms remain to be unveiled.

Uniaxial creep testing is relatively cumbersome to implement
when it comes to SCNCs, since their production in large sizes is still
quite challenging. Nevertheless, creep testing via instrumented
indentation has progressively been perfected since its initiation
in the 1970s [25], and nanoindentation has become a reliable, effi-
cient and well-established method to evaluate the creep behavior
of nano- and micro-structured materials [26], such as nanocrys-
talline metals [27–29], ceramics [30,31], amorphous materials
[32], polymers [33] and biomaterials [21–24]. Even though the
stress field’s distribution and magnitude induced via indentation
can lead to deviations from uniaxial testing [26,34], many analyses
2

have however shown a very good agreement between the creep
behavior measured with the two testing methods [27,32,35].

There is an additional important aspect to consider when it
comes to nanoindentation creep. Although indentation creep tests
are typically carried out under single-loading mode (i.e. quasi-
static load), they can also be conducted in the so-called continuous
stiffness measurement (CSM) mode [36]. Under CSM mode, a har-
monic load with small amplitude and high frequency is superim-
posed on the quasi-static load, enabling a continuous estimation
of contact stiffness, and thus a more accurate estimation of elastic
modulus and hardness, and reducing the influence of thermal drift,
which represents a major concern in creep studies [37–40]. These
super-imposed oscillations can, however, lead to alterations of the
measured mechanical behavior [41,42]. Potential sources of error
have been identified (underestimation of applied load, displace-
ments or contact stiffness, and loss of contact in the initial test
stages) and both preventive strategies and corrections have been
proposed [43] – such as not applying this method to materials with
large E/H ratios to avoid alterations in the contact stiffness due to
local plasticity [44]. Nevertheless, a great variety of deformation
phenomena can still occur during CSM-based tests, such as
fatigue-associated failure, softening associated with dislocation
nucleation in metallic materials, or hardening associated with
strain rate sensitivity [45–48]. When it comes to SCNCs, given
the peculiarity of their tightly packed arrangement and the
extreme confinement of the organic ligands (in the same length-
scale of the harmonic oscillations), the effect of the CSM testing
mode cannot be directly associated with any of these mechanisms,
and thus calls for a separate analysis.

Here, the creep behavior of SCNCs is characterized and analyzed
under quasi-static and CSM loading modes. The deformation is
assessed for both initial and secondary (quasi-static) creep
regimes, and for its recoverability. Classic creep concepts, i.e. stress
exponent (as reciprocal of strain rate sensitivity, also tested via
strain rate jump tests) and activation volume, are critically applied
to this novel material category, and a new creep mechanism, i.e.
organic-facilitated NP movement, achieved via the rearrangements
of the organic ligands in the sub-nm inter-particle spacings, is pro-
posed for SCNCs.
2. Materials and methods

2.1. Samples preparation

The supercrystalline nanocomposites consist of iron oxide
(magnetite, Fe3O4) NPs, surface-functionalized with oleic acid
(OA) and initially suspended in toluene (Fraunhofer CAN GmbH,
Hamburg, Germany). Starting from these building blocks, the for-
mation of the supercrystalline structure is induced by self-
assembly via solvent destabilization [17,18]. The NP suspension
(40 mg/mL) is poured into a die-punch assembly (14 mm diame-
ter), and placed into a desiccator, in which the atmosphere is then
enriched with ethanol, acting as destabilization agent upon slow
diffusion into the NP colloidal suspension. The self-assembly pro-
cess lasts �15 days. The dry SCNCs ae then recovered by removal
of the supernatant with a pipette. The samples are dried for 24 h
under ambient conditions followed by 2 h under vacuum. By
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means of a second punch they are pressed uniaxially (in a rigid die)
at 150 �C and with 50 MPa, to obtain bulk cylindrical pellets, �4
mm thick. The pellets are then cut into three portions. One is left
as-pressed (AP), while the other two are subjected to a heat treat-
ment (HT) at 250 and 325 �C under nitrogen (N2) atmosphere
(heating and cooling ramps 1 �C/min, holding time 18 min). The
heat treatment induces the crosslinking of the organic ligands,
and in turn a boost of the SCNCs’ mechanical properties [4,17–
19,49]. The different types of samples (AP, HT250, HT325) are then
fixed on SEM stubs with silver glue and embedded into cold-curing
acrylic resin (Scandiquick, Scan-DIA, Hagen, Germany) to test the
cross-section of the pellets. The samples’ surface is polished with
SiC paper and then diamond suspensions, down to a roughness
of 50 nm.

2.2. Composition and nanostructure characterization

To quantify the organic content in the 3 different materials (AP,
HT250 and HT325), thermogravimetric analysis (TGA) is conducted
in a Mettler Toledo TGA/DSC1 STARe System (Mettler Toledo, UK),
from 25 to 900℃ with a heating rate of 5 ℃/min, under nitrogen
(N2) atmosphere. The indents are observed by scanning electron
microscopy (SEM, Zeiss 55-VP, Zeiss, Germany) at 2 kV, to verify
that the indents are in supercrystalline areas (avoiding defects)
and that severe damage has not been induced around the indents.
Topographic measurements are conducted via atomic force micro-
scopy (AFM, NanoScope IV, Dimension 3100 of Digital Instruments,
USA), with a 0.5 Hz scanning speed.

2.3. Nanoindentation

The nanoindentation tests are performed in an G200 system
(KLA, formerly Agilent, USA) at room temperature, with a diamond
Fig. 1. Nanostructure and indents in SCNCs. (a) Fracture surface in AP sample, with view
samples obtained with 5.5 mN load: b) AP; c) HT250; d) HT325. All images are SEM mi

3

Berkovich tip (Synton-MDP, Switzerland), chosen for its geometri-
cal self-similarity [29] and wide use in creep tests. The single-
loading mode (quasi-static) tests consist of five phases: I) loading;
II) creep; III) unloading; IV) backcreep (a low-load, 2% of the max-
imum load, holding step aimed at investigating creep recoverabil-
ity); V) thermal drift measurement (see the inset of Fig. 2 (a)). For I
and III, a rate 0.2 mN/s is selected, to guarantee a fast loading/un-
loading, as well as to avoid overshooting the prescribed maximum
load. During II and IV, the holding time is 1000 s. The maximum
loads are 2.5, 4, 5.5 and 10 mN, corresponding to 200–500 nm
depths, to ensure that the indenter penetrates the sample for a
number of layers of nanoparticles representative of the bulk mate-
rial, as well as to avoid the occurrence of cracking and chipping
damage, based on preliminary tests and previous work [17]. The
backcreep (IV) load of 2% of the maximum load has been selected
to guarantee reliable displacement measurements while minimiz-
ing its effect on creep recovery, in accordance with the recommen-
dations in [21]. The holding time for thermal drift measurement
(V) is set as 75 s. The choice of conducting tests in load-control
mode, instead of displacement-control, is due to the precise target
control and the minimization of the influence of thermal drift that
load-control allows [21,27–29], but tests in displacement-control
mode were also conducted to check on the general applicability
of the test results. The CSM loading mode is also employed in this
study, for 2 purposes: i) measuring the SCNCs’ elastic modulus (E)
and hardness (H) (constant strain rate of 0.05 s�1 and maximum
depth of 300 nm [17], still Berkovich tip); ii) investigating the
influence of oscillations on the creep deformation, with a harmonic
amplitude of 2 nm and a frequency of 45 Hz. The tests under CSM
mode consist of the same 5 steps. At least 12 indents were per-
formed for each load and measurement mode, at a distance of
30 lm from each other. To eliminate the effect of thermal drift dur-
ing long-term indentation experiments, a multi-approach analysis
of the periodic NP arrangement in the magnified image; (b) – (d) indents in different
crographs. Scale bars: 100 nm in (a), 1 lm in (b) – (d).



Fig. 2. Analysis of nanoindentation creep deformation of SCNCs. (a) – (d) Load-displacement curves under different loads: (a) 2.5 mN; (b) 4 mN; (c) 5.5 mN; (d) 10 mN. The
inset in (a) displays the loading scheme (I – loading tamp; II – creep; III – unloading ramp; IV – backcreep; V – thermal drift measurement); (e), (f) Evolution of creep/
backcreep displacements in 5.5 mN tests (marked by dashed boxes in (c)): (e) creep; (f) backcreep. The shading bands indicate the standard deviation. (g) Strain rates in 5.5
mN tests during creep and backcreep; (h) Comparison of creep displacements as obtained in load-control (hollow symbols) and displacement-control mode (solid symbols,
indicated by arrows) creep tests.
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is conducted, as explained in Appendix A. The initial thermal drift
rate is set as 0.05 nm/s to enable the start of the creep tests, and
during the tests the actual drift values are below 0.02 nm/s, as
shown in Fig. A1. The tip calibration is performed on silica.
3. Results and discussions

3.1. Nanostructure, composition and mechanical properties of
supercrystalline nanocomposites

The starting constituents and the final nanostructure of the
SCNCs are characterized by transmission and scanning electron
microscopy (TEM, SEM) and small angle X-ray scattering (SAXS),
see SI Section S1 and Fig. S1. The NP radius is 7.4 ± 0.8 nm accord-
ing to SAXS (Fig. S1(c)). SAXS also reveals the face-centered cubic
(FCC) superlattice of the self-assembled SCNCs for all three types
of samples (Fig. S1(d)), with superlattice constants of 22.8 ± 0.04
nm for AP, 22.9 ± 0.03 nm for HT250 and 21.9 ± 0.12 nm for
HT325, corresponding to interparticle distances (ID) of 1.2 ± 0.03
nm, 1.3 ± 0.02 nm and 0.6 ± 0.09 nm, respectively, as reported in
Table 1. Considering the length of the totally extended OA mole-
cule (�2 nm), these values suggest that the organic ligands are
interdigitated and/or bent at the interfaces between NPs. The
organic content is measured by TGA, as summarized in the same
Table 1 (see also SI Section S2 and Fig. S2). Superlattice shrinkage,
typically reported for heat-treated SCNCs [49], is only observed in
the HT325 case, while the HT250 sample has only a minor reduc-
tion of the organic content with respect to the AP counterparts.
This is because the reactions induced by the heat treatment and
that lead to strengthening and ID reduction proceed at different
rates, and thus at 250 �C strengthening is achieved without signif-
icant shrinkage, while at 325 �C both are detected [19]. Based on
the TGA-measured organic content in AP samples, the OA grafting
density on the NP surface is also obtained, as �2.4 molecules/nm2

(see SI Section S3). This is then compared with the maximum the-
oretical grafting density, i.e. the amount of organic ligands required
to form a full monolayer on the NP surfaces. Assuming that the
ligands are oriented perpendicular to the NP surface and that the
entire NP surface is available for the binding of ligands, the theo-
retical grafting density is then determined as 4.8 molecules/nm2

(considering that the area of the OA anchoring group to the NP is
0.21 nm2) [50]. It should be noted that this theoretical value pro-
vides an upper bound of grafting density, since the NP surfaces
are likely to have binding sites that do not allow their complete
coverage with ligands, and that at the same time TGA can underes-
timate the overall organic content, due to the fact that some resid-
ual carbon can remain in the measured samples, on the NP surfaces
[51]. Nevertheless, the theoretical value is much larger than the
experimental one, making it reasonable to assume that the super-
lattice interstitial sites are empty.

The SCNCs’ elastic modulus and hardness are measured via
nanoindentation in CSM mode (see SI Section S4 and Fig. S3) and
the corresponding values are also summarized in Table 1. With
increasing heat treatment temperature, crosslinking is induced,
and covalent bonds are formed in-between adjacent OA molecules,
leading to a high-strength network holding the material together
[4,19]. Therefore, the elastic modulus and hardness are gradually
Table 1
Superlattice parameters (superlattice constant and interparticle distance), organic co
supercrystalline nanocomposites (SCNCs).

Superlattice constant, a (nm) Interparticle distance, ID (nm)

AP 22.8 ± 0.04 1.2 ± 0.03
HT250 22.9 ± 0.03 1.3 ± 0.02
HT325 21.9 ± 0.12 0.6 ± 0.09

5

enhanced, and this increase is particularly remarkable for the
HT325 sample (58% increase of elastic modulus and 113% increase
of hardness with respect to the AP case). For the HT250 sample, the
enhancement is less pronounced, as a result of slight decrease of
organic content and less pronounced crosslinking. These E and H
values are remarkably high for ceramic-organic nanocomposites,
and especially for supercrystalline materials, which usually feature
the elastic moduli in the 1 – 20 GPa range and hardness around 40
– 450 MPa [12].

The typical SCNCs nanostructure is shown in Fig. 1(a), display-
ing a fracture surface in the AP material, which is representative
of all samples (the differences among them are not detectable at
this resolution). The long-range order arrangement of the NPs is
visible. The superlattice orientation is not uniform throughout
the cm-sized samples, thus rendering the SCNCs poly-
supercrystalline, and the probed mechanical properties can in turn
be considered isotropic. The morphologies of indents obtained
with a 5.5 mN load are shown below, in Fig. 1(b) – (d). All indents
are analyzed at the SEM, confirming that the wide majority have
been performed in supercrystalline domains, and not in localized
defect-affected or amorphous regions. The varying superlattice ori-
entations can also be observed in these micrographs. Indentation-
induced damage, such as cracking and chipping, is not detected in
the indents performed with 5.5 mN, and it is then reasonable to
conclude that no damage is induced by indenting at lower loads
(i.e. 4 mN and 2.5 mN). The indents obtained at 10 mN are also
examined, see SI Fig. S4, whereby slight damage can only be seen
in a few indents in AP and HT250 samples, but none in the
HT325 sample. The data relative to the 10 mN load is thus also con-
sidered in the following analysis.
3.2. Creep occurrence

Load-displacement nanoindentation curves obtained in 2.5, 4,
5.5 and 10 mN tests are shown in Fig. 2(a) – (d). For all applied
loads, the maximum displacements gradually decrease from AP
to HT325 SCNCs, as expected thanks to the crosslinking-
associated enhancement of the mechanical properties. Creep
occurs during the holding at maximum load, while recovery occurs
during the backcreep stage, as marked in Fig. 2(c). To compare the
evolution of creep and backcreep displacements of different sam-
ples, these are displayed for the 5.5 mN case in Fig. 2(e) and (f),
respectively, and in SI section S6 for the three other loads. In
Fig. 2(e), one can observe that creep displacements first increase
quickly and then slow down. The higher the heat-treatment tem-
perature, the smaller the overall creep displacements, indicating
that creep resistance is enhanced by the ligands’ crosslinking.
The backcreep displacements in Fig. 2(f) show a similar trend, ini-
tially dropping sharply and then slowing down. The tests under
different loads (Fig. S5) share the same features. Note that the
backcreep displacements approaching zero indicate that creep
recovery has a negligible influence on the thermal drift
measurements.

Strain rates are also analyzed, to evaluate the difference of
deformation rate between creep and backcreep. The empirical
power-law expression h tð Þ ¼ aþ b � tc is adopted to fit the results
[38], and the strain rate is then calculated as:
ntent and mechanical properties (elastic modulus and hardness) of the tested

Organic content (wt%) Elastic modulus, E (GPa) Hardness, H (GPa)

8.0 37.9 ± 2.6 1.97 ± 0.24
7.3 43.1 ± 4.2 2.40 ± 0.38
5.5 59.8 ± 6.2 4.19 ± 0.52
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_e ¼
_h
h
¼ dh=dt

h
ð1Þ

where h is the total displacement [32]. The evolution of strain rates
during creep and backcreep is shown in Fig. 2(g). The strain rates
decay quickly, both for creep and backcreep, and tend to a quasi-
constant value, with the backcreep strain rates consistently smaller
than those of creep, by a factor of �3. As typical in nanoindentation
tests, due to the multiaxial stress, a fully steady state (constant
strain rate) is not reached [26], so we will refer to this later creep
stage as quasi-secondary (or quasi-steady state).

The varying maximum displacements in the different materials
(Fig. 2(a) – (d)) indicate that for each case different volumes are
involved by the indentation tests when the same load is applied.
To verify whether the volume of deformed material impacts creep
deformation, displacement-control (300 nm) creep tests were also
conducted, keeping all other parameters unchanged. It should be
noted that previous works have revealed the occurrence of com-
paction in SCNCs [17,49], implying that even in displacement-
control tests one cannot attain exactly equivalent volumes of
material affected by the indentation load, but it is still reasonable
to assume that such volumes are sufficiently close to each other
when the indentation depth is kept constant. The comparison of
creep displacements between load-control and displacement-
control creep tests is summarized in Fig. 2(h). The creep displace-
ments under load-control tests exhibit a linear relationship with
the load, with which the data from displacement-control tests is
aligned, indicating that no significant difference can be detected
between load-control and displacement-control creep tests, and
that the influence of different indented volumes can thus be
neglected.

4. Recoverability of creep deformation

Due to the presence of an organic phase in the SCNCs, and the
typically associated viscous material behavior, creep recovery, at
least partial, is analyzed. The same phenomenon has indeed been
consistently observed in biomaterials (enamel [21], intervertebral
disc [24]) and polymers [52,53]. For instance, He et al. reported
that almost 40% of creep deformation in enamel is recovered dur-
ing backcreep, indicating that both viscoelastic and viscoplastic
deformation occur [21], while certain polymers can achieve com-
plete recovery [52]. The displacements during creep and backcreep
under the four different loads are compared in Fig. 3(a), where one
can see that backcreep displacements are consistently smaller than
creep ones, with the ratios of backcreep to creep displacements
ranging from 40% to 50%, similarly to the values reported in [21],
indicating that creep deformation does not fully recover during
backcreep. This only partial recovery is associated with a relatively
low organic content, and especially the high confinement of the
organic ligands in ultra-thin inter-NP spacings, in which the OA
molecules are anchored to the NP surfaces, likely interdigitated
and sometimes also crosslinked.

From Fig. 2(g) one can notice, however, that the strain rate dur-
ing backcreep does not reach zero, and it might thus keep proceed-
ing after nanoindentation. AFM measurements are then performed
several weeks after the nanoindentation tests, on selected indents,
to verify whether the recovery continues after the indenter’s
withdrawal.

Fig. 3(b) – (g) show the resulting topography maps and depth
profiles. The ‘‘bumpy” surfaces (Fig. 3(b), (d), (f)) along the side
faces of the indents suggest that recovery continues after the tip
is retracted (see e.g. the area marked by the dashed box in Fig. 3
(b)). The residual depths measured via AFM (Fig. 3(c), (e), (g)) are
then compared with those resulting from nanoindentation. For
AFM, the intersection of the three scanning lines shown in Fig. 3
6

(c), (e) and (g) is taken as residual depth marker. The difference
between residual depth (AFM) and final nanoindentation depth is
the displacement recovered after nanoindentation, as summarized
in Table 2 for selected representative indents. The recovered dis-
placements are still smaller than creep displacements, indicating
that recovery is not complete even several weeks after nanoinden-
tation. It thus appears that viscoelasticity and viscoplasticity both
occur during creep, although visco-plasticity only accounts for
20–30% of the overall deformation. The Kohlrausch-Williams-
Watts (KWW) model, usually adopted to describe viscoelastic
stress evolution during constant load holding [54], also fails to
describe the stress evolution in the case of SCNCs. Instead, an
expression with double exponential terms describes well this
stress evolution (R2 > 0.99), confirming that creep deformation is
not solely viscoelastic, and that viscoplastic deformation also
occurs (see SI Section S7 and Fig. S6).
5. Initial creep

Based on the results in Fig. 2, one can identify two stages of
deformation during the load holding stage. To distinguish from
the case of uniaxial creep testing, these two stages of nanoindenta-
tion creep are termed initial creep and quasi-secondary creep. The
latter term is chosen to underline that in nanoindentation a fully
steady state cannot be reached. By integrating the strain rates
obtained from Eq. (1), the strain evolution during holding can be
obtained. The outcomes are shown in Fig. 4(a) – (d) (note that
the initial strain is set back to zero to focus on creep strains only).
This creep strain refers to the local deformation near the indenting
tip, and it increases with indentation displacement. It should not
be confused with the representative strain of �8%, which is associ-
ated with the geometrical self-similarity of the Berkovich tip, and
as such independent from the indentation displacement. The same
trend can be found in all plots: the largest strains occur in AP
SCNCs, the smallest ones in HT325 samples, with intermediate val-
ues in HT250 samples, verifying that crosslinking enhances resis-
tance against creep. An attempt is made to identify the transition
point between initial and quasi-secondary creep on the strain–
time curves. Based on the definition of steady-state creep, strain
should have a linear relationship with respect to time. A linear fit-
ting is thus performed from the end of the strain–time curves, and
the transition is set on the point where the linear fitting values
deviate from the experimental ones by 2% [55], as indicated by
the star symbol on the curves. We can then separately analyze ini-
tial and quasi-secondary creep, respectively.

The deformation during primary creep usually proceeds quickly
before reaching steady-state creep [33]. If the strain during pri-
mary creep exceeds 2 � 10-3, the evolution of strain can be
described by a power-lawmodel, i.e. e¼ Bta, where B and a are con-
stants depending on the material, with the time exponent a indi-
cating the decay rate of the creep strain [56]. This model is
applied to the initial creep data, and it is found that the experimen-
tal results match the model very well, which also implies that the
method to determine the transition point is reasonable. The defor-
mation during primary creep is much larger than that associated
with the following creep stage, due to its high deformation rate
[33]. More than 80% of the deformation is observed during initial
creep, see SI Section S8 and Table S1, indicating that initial creep
dominates the total creep deformation.
6. Quasi-secondary creep and underlying mechanisms

Even though accounting for a smaller part of the overall creep
deformation, the secondary stage can shed light on the mecha-
nisms of creep deformation. The strain rate and stress during



Fig. 3. Creep recovery analysis via nanoindentation and AFM. (a) Creep and backcreep displacements under different loads, as recorded by the nanoindenter. (b) – (g) Depth
profiles along corresponding scanning lines in AFM topography maps, verifying the occurrence of recovery after nanoindentation: (b) – (c) AP sample; (d) – (e) HT250 sample;
(f) – (g) HT325 sample. The bottom sections of the profiles in (b), (d), (f) display a somewhat round morphology (marked by a dashed box in (b)), hinting at the occurrence of
recovery. The profiles in (c), (e), (g) show the depth variation along different scanning lines in AFM topography maps, adopted to determine the residual depth after
nanoindentation, which is then compared with the depth recorded by nanoindentation to quantify the overall recovery. Scale bar is 1 lm in the AFM topography maps.

Table 2
Creep deformation recovery based on nanoindentation and AFM.

Recovery after nanoindentation (nm) Recovery during backcreep (nm) Total recovery (nm) Creep displacements (nm) Total recovery (%)

AP 28 20 48 60 80%
HT250 16 12 28 40 70%
HT325 1 16 17 21 81%

Note: Total recovery = recovery during backcreep + recovery after nanoindentation. Nanoindentation has a resolution of 0.01 nm while AFM has a 0.1 nm resolution. Here we
rounded both up to integer values.
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Fig. 4. Identification of initial and quasi-secondary creep on the strain–time curves: (a) 2.5 mN; (b) 4 mN; (c) 5.5 mN; (d) 10 mN. The first segment of the curves, plotted as
scatter squares, represents initial creep, while the second segment of curves, plotted in dashed lines, marks the quasi-secondary creep. The shift between the two regimes is
marked by transition points, indicated by star symbols. A power-law model fits the strain during initial creep (solid lines) with a high correlation coefficient (R2 > 0.98).
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steady state creep are usually correlated via an empirical power-
law equation:

_e ¼ Arnexpð� Q
RT

Þ ð2Þ

where _e is strain rate, A is a constant associated with microstruc-
tural features, r is the stress, n is the stress exponent, Q is the acti-
vation energy of creep deformation, R and T are the ideal gas
constant and absolute temperature, respectively [28,57]. It is widely
accepted that the stress exponent (n) is an indicator of creep mech-
anisms, i.e. n = 1 for diffusion creep, n = 2 for grain boundary sliding,
n = 3 – 7 for creep related to dislocation activity, n > 7 for power-law
breakdown [57–59].

Several previous studies have revealed that the stress exponent
(n) typically coincides in the cases of nanoindentation and uniaxial
tension creep, suggesting that similar creep mechanisms occur,
although a difference can sometimes still exist due to the high
stress concentrations associated with nanoindentation [27]. As
anticipated above, it has also been reported that in nanoindenta-
tion creep a fully steady state is generally not reachable [26], but
since the strain rates in this study (�10-5 s�1) are comparable to
or even smaller than several other reported strain rates where
Eq. (2) has been applied to derive the stress exponent (n) [28,60],
it is reasonable to analyze such quasi-steady-state creep mecha-
nisms within this framework.

6.1. Stress exponent and strain rate sensitivity

The stress exponent (n) can be obtained as n ¼ @ln _e
@lnr ¼ @ln _e

@lnH from
Eq. (2), where r is usually made equivalent to hardness (H) data
in nanoindentation creep. Hardness is calculated as
8

H ¼ P
AC

ð3Þ

where P is the load and AC is the projected contact area [32]. The
function of contact area AC is shown in the Appendix, Eq. (A4). A
negligible influence of indentation size effect on the strain rate sen-
sitivity was verified in [39], and thus here it is reasonable to neglect
this effect on the stress exponent (reciprocal of strain rate sensitiv-
ity). The stress exponent (n) is usually computed by linear fitting of
strain rate and hardness in logarithmic plots, as shown in Fig. 5(a) –
(d). By averaging the stress exponents obtained in the tests under
the four different loads, n is determined as 15.80 for AP SCNCs,
19.10 for HT250 and 21.48 for HT325, all of which are>7, associated
with the occurrence of power-law breakdown. Power-law break-
down indicates that the stress exponent is no longer constant with
changes in applied stress, increasing with rising stress or strain rate
[61]. However, the linearity between ln _e and lnH still appears to be
valid in Fig. 5(a) – (d), perhaps due to the limited data range, which
does not extend enough to reflect the loss of linearity. Meanwhile, n
exhibits an increasing trend with heat-treatment temperature, as
shown in Fig. 5(e).

Power-law breakdown is related to the high stresses induced by
the nanoindenter, and signals the presence of very high creep
strain rates. A threshold value above which power-law breakdown
occurs is found in 10-3G, with G shear modulus of the material [62].
The SCNCs shear modulus (G) can be obtained from the Young’s
modulus (E) as G ¼ E=2ð1þ mÞ, assuming the SCNCs as homoge-
neous and isotropic. The Poisson’s ratio m is taken as 0.34, as previ-
ously derived via FEM for HT325 sample and here extended to all
cases [63]. The representative stress under the indent (assumed
as average over the hydrostatic and plastic sub-indent zones) is



Fig. 5. Relations of logarithmic strain rate vs. logarithmic hardness during creep holding, the slope of which corresponds to the stress exponent (n): (a) 2.5 mN; (b) 4 mN; (c)
5.5 mN; (d) 10 mN; The activation volume (V) is also marked in the plots, corresponding to the slope of logarithmic strain rate vs. linear hardness as suggested by Eq. (5). The
relevant plots can be found in Fig. S8. Note that only the test data relative to the secondary creep stage is shown here. (e) Comparison of the averaged n over the different
loads for the three types of SCNCs, with the corresponding strain rate sensitivity (m = 1/n). (f) Comparison of strain rate sensitivity (m) obtained via creep and strain rate jump
tests. The % indications above the columns indicate the difference of m as measured in these two tests, both carried out under CSM mode.

Table 3
Threshold stress values for power-law breakdown onset and representative stress beneath the indents.

Shear modulus, G (GPa) Threshold value (GPa) Representative stress (GPa)

2.5 mN 4 mN 5.5 mN 10 mN

AP 14.1 1.41 � 10-2 0.27 0.39 0.46 0.44
HT250 16.1 1.61 � 10-2 0.75 0.65 0.74 0.74
HT325 22.3 2.23 � 10-2 0.98 1.37 1.24 1.40
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estimated from Tabor’s law as rr ¼ H=C, where C is a constraint
factor, typically 1 – 3 depending on which regime (elastic/elasto-
plastic/plastic) the deformation is in [64]. Here, C = 3 is adopted,
9

and slight changes of C do not significantly impact the estimation.
The results are summarized in Table 3. Compared with the thresh-
old values calculated based on G, all the estimated representative
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stresses are larger by at least one order of magnitude, confirming
that the occurrence of power-law breakdown is expected.

Large stress exponents (n > 7) have also been reported in creep
tests of UFG (ultrafine grained)-Al [37], UFG-Au [38], nanocrys-
talline Ni [26] and high entropy alloys [29]. All these tests were
also performed with a sharp indenter tip. The creep study on the
high entropy alloy (CoCrFeMnNi) revealed that a low stress expo-
nent (n = 1.3) was obtained from nanoindentation with a spherical
indenter, while it sharply rose to 28.5 with a Berkovich indenter
[29], confirming that large stress exponent values are usually
obtained in nanoindentation creep tests with a sharp tip, such as
the Berkovich tip, which can induce high stress concentration
beneath the indents.

In general, the stress exponent increases with increasing heat
treatment temperature, see Fig. 5(e). In AP SCNCs, the NPs are held
together by weak interactions, mainly van der Waals forces [4],
making it relatively easy for the NPs to move with respect to each
other, also thanks to the OA interfaces acting as a soft and some-
what flexible interlayer. When crosslinking is induced and covalent
bonds are formed in heat-treated samples, instead, a higher stress
is required to enable the NP movement, accounting for the increas-
ing n values.

Strain rate sensitivity (m), the reciprocal of the stress exponent
(m = 1/n), is an indication of the material’s ability to flow viscously.
The larger m, the more homogeneous the material’s flow is [21].
The strain rate sensitivity, shown in Fig. 5(e), decreases with heat
treatment temperature, indicating that the flow becomes progres-
sively more inhomogeneous, and that localized shear flow can be
present. The declining trend of m is another reflection of the
crosslinking effect. Very low m values are associated with a
quasi-perfectly-plastic behavior, as indicated in previous TEM
studies on SCNCs [49].

The strain rate sensitivity is also re-examined via strain rate
jump tests performed under CSM mode [38,65,66]. The goal is to
verify whether the strain rate sensitivity values so obtained are
comparable to those obtained via creep tests, see Fig. 5(f). Strain
rate jump tests rely on lower transition times to reach prescribed
strain rate values, ensuring high accuracy in the assessment of m.
The tests are conducted as follows: the strain rate, controlled by
_P=2P, drops from 2.5 � 10-2 s�1 to 2.5 � 10-3 s�1 when the displace-
ment reaches 300 nm, and subsequently rises to 2.5 � 10-2 s�1

again when the displacement exceeds 400 nm. Strain rate sensitiv-
ity is then calculated as [66]
m ¼ @lnr
@ln _e

¼ @lnH
@ln _e

ð4Þ
where the strain rate jumps from the low value to the high one, see
Fig. S7(a) and (b). The m obtained from strain rate jump tests is in
good agreement, even though slightly smaller, with that from creep
tests, likely due to the difference of strain rates (2–3 orders of mag-
nitude). A fairly good agreement between the two methods is also
found in the relationship between hardness and strain rates, see
SI Section S9 and Fig. S7. This comparison confirms that strain rate
jump tests are also a viable option to measure the strain rate sensi-
tivity of SCNCs, with the advantage of a procedure that is less time-
consuming and less impacted by thermal drift. However, strain rate
jump tests are affected by a limitation when even lower strain rates
are needed, due to the lower bound of loading rate characteristic of
the nanoindenter [39]: a more exact m would be determined under
a lower strain rate, because of the requirement of steady-state
when applying Eq. (4).
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6.2. Activation volume

The activation volume (V) is usually seen as an indicator of the
number of atoms involved in the creep deformation process [28],
and its applicability is here assessed for the case of functionalized
NPs in SCNCs (the crystalline lattice in each NP undergoes negligi-
ble strains [67]). This parameter can indeed provide further insight
into the creep mechanisms, and it is expressed as

V ¼ kT � @ln _c
@s

¼ kT � @ln _e

@ r=
ffiffiffi
3

p� � ¼
ffiffiffi
3

p
kT � @ln _e

@ H=3ð Þ

¼ 3
ffiffiffi
3

p
kT � @ln _e

@H
ð5Þ

where _c and s are shear strain rate and strain, respectively, _e and r
are normal strain rate and strain, H is the hardness, k is Boltzmann’s
constant and T is the absolute temperature [29]. The shear stress s
is expressed as r=

ffiffiffi
3

p
, based on Taylor’s factor relating macroscopic

applied stress and shear stress in a von Mises-plasticity criterion.
Based on Tabor’s law, i.e. H ¼ C � r, C is a constraint factor that
becomes �3 in a fully plastic regime. By performing a linear fitting
of logarithmic _e and linear H (SI Section S10), activation volumes are
determined, as displayed in Fig. S8(a) – (d), with the corresponding
values also marked in Fig. 5(a) – (d) for each load. The activation
volume reduces with heat-treatment temperature in all tests. The
average V values result in 0.25 nm3 for AP SCNCs, 0.19 nm3 for
HT250, and 0.13 nm3 for HT325. This trend confirms that crosslink-
ing hampers creep deformation. Note that, even though both the
stress exponent and the activation volume are proportional to @ln _e

@H ,
for the case of the stress exponent the factor H also plays a role,
and it is thus possible that the stress exponent increases while
the activation volume decreases with increasing level of
crosslinking.

Activation volume, at least in metals and alloys, is correlated
with deformation mechanisms [68], such as plastic deformation
in nanocrystalline materials [68,69], the nucleation of shear bands
in metallic glasses [70], heterogeneous dislocation nucleation to
account for incipient plasticity [71]. V is thus usually related to
the movement of dislocations in crystalline materials. Given the
materials’ Burgers vector b, V can range from about 1000 b3 (coarse
grains) to several b3 (nanocrystalline materials), and it is rational-
ized as the distance between obstacles during the movement of
dislocations [37,66,68]. The activation volume of SCNCs
(0.13 nm3–0.25 nm3) has values comparable to those of nanocrys-
talline materials (0.1 nm3 for nanocrystalline Ni) [37,68]. But if one
considers the superlattice Burgers vectors, which are extremely
large at this scale (here 2 orders of magnitude larger than in atomic
crystals), the SCNCs normalized activation volume, �10-5 b3, is
much smaller than 1 b3, hinting at a substantial distinction in creep
deformation mechanisms with respect to the case of metals and
alloys.

The creep deformation is however more in general regarded as
the accumulation of activation events [71]. If an activation event is
assumed to be a locally and kinetically controlled process, its fre-
quency in a given volume can be expressed as
_n ¼ _n0 � expð� Qa�rV

kT Þ, where _n0 is the attempt frequency of activa-
tion event per unit volume, Qa is the activation energy, r is the
applied stress on the activation volume V, k is the Boltzmann’s con-
stant and T is the absolute temperature [71]. The frequency of acti-
vation events then scales with the attempt frequency, hinting that
in our case the duration of an activation event should be extremely
short. The large deformations associated with superlattice disloca-
tion movement are unlikely to occur in such short timeframes, but
it is possible that a cumulation of shorter-range activation events
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during holding (t = 1000 s) ultimately leads to superlattice disloca-
tion movement.

Indeed, C.A. Schuh et al. found that the activation volumes cor-
responding to heterogeneous nucleation of dislocations (�0.5 b3)
are comparable to a vacancy volume (�0.67 b3), thus showing that
V can be smaller than 1 b3 and that diffusion can account for small
activation volumes [71]. Compared with a NP volume in SCNCs
(1.7 � 103 nm3 here), the activation volume is still smaller by 4
orders of magnitude, indicating that NPs cannot diffuse from one
site to another in the superlattice during one activation event.

Considering the SCNCs’ structure and constituents, a new creep
mechanism is proposed to account for the extremely small normal-
ized activation volumes. This consists of organic ligands-facilitated
NP movement, achieved via the rearrangement of organic ligands
in the sub-nm inter-particle spacings, such as their extension or
compaction – a phenomenon which has been found to play an
important role in the plastic deformation of SCNCs [49]. Even
though the ID value of AP materials (�1.2 nm) suggests that
ligands are interdigitated to some extent, these can still be com-
pacted to facilitate NPs’ movement. Superlattice interstitial sites
can also be considered as voids here (see Results Section 1). The
smaller ID in HT325 SCNCs, as well as the crosslinking, make the
movement of NPs more difficult: the indentation-induced change
in inter-superlattice planes spacing in AP and HT325 materials
has been found to decrease from �20% to �3–4% [49,63]. Yet, such
slight NP movements, which are compatible with the measured V
values in SCNCs, can lead to a series of activation events contribut-
ing to the nucleation and propagation of dislocations, further facil-
itating viscoplastic deformation. It can then be concluded that the
crosslinking of the organic ligands leads to reduced NP mobility,
and thus increased resistance against creep, hampering creep
deformation (Fig. 2), a phenomenon reflected in the decreasing
activation volume values with increasing crosslinking level, as
shown in Fig. S8.
7. Effect of testing mode: single-loading vs. CSM

The main motivation behind choosing single loading–unloading
mode for this creep study is to avoid the impact of the oscillations
that are an integral feature of CSM testing, although CSM exhibits
the advantage of less sensitivity to thermal drift [37]. Some previ-
ous studies have demonstrated that oscillations can lead to alter-
ations in the tested materials’ behavior, such as softening in
metals and hardening in polymers [46], impacting the measured
values. While corrections for some of these effects have been pro-
posed [43], SCNCs remain unexplored territory in this context: The
presence of an organic phase confined in nano-sized spacings can
potentially make these materials particularly sensitive to
oscillations-induced alterations (e.g. organic ligands rearrange-
ment or crosslinking). The impact of oscillations in CSM on the
creep behavior of SCNCs is thus here investigated, by comparing
the creep displacements obtained in single loading and CSM mode,
while leaving all other testing parameters unchanged.

The creep displacements associated with CSM mode are cor-
rected for thermal drift with two methods: the one based on con-
tact stiffness introduced in the Appendix (see Eq. (A1) – (A5)) [37],
and the one based on the same procedure used here for single load-
ing mode (own fitting of recorded thermal drift data), see also SI
Section 11. The comparison of all creep displacements (shown in
Fig. S9) indicates that, when the same type of drift correction is
applied, the creep displacements under CSMmode are smaller than
those under single-loading mode. This trend becomes less pro-
nounced in heat-treated materials. If, instead, the contact
stiffness-based approach is adopted to determine creep displace-
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ments under CSM mode, a more marked difference emerges
between the two testing modes.

It thus appears that in any case the CSM-associated oscillations
do have an impact on the creep of SCNCs, leading to material hard-
ening, even though the extent of this effect is not immediately
quantifiable. Considering the constituents of SCNCs (organic
ligands anchored to the inorganic NPs and confined in�1 nm inter-
faces) and the CSM oscillations amplitude (2 nm, larger than inter-
particle distances), oscillation-induced hardening can indeed
occur. This is somewhat analogous to the storage modulus of poly-
mers increasing with frequency in mechanical testing [72,73].
Nanoindentation also leads to material compaction [17], which
can lead to the stiffening of the material, make it the CSM assump-
tion of constant elastic modulus not fully applicable in this context.
Further details on this analysis are given SI Section S11. The use of
single-loading mode is thus confirmed to be suitable for this par-
ticular type of hybrid nanomaterials, to rule out any oscillation-
induced material alterations, even though the assessment of ther-
mal drift stays an important aspect to carefully tackle in long-term
nanoindentation testing. Strain rate jump tests are a instead a
viable option for strain rate sensitivity analysis.
8. Conclusions

The creep behavior of ceramic-organic supercrystalline
nanocomposites (SCNCs), consisting of iron oxide NPs functional-
ized with oleic acid, has been investigated via nanoindentation,
together with the effect of oscillations in continuous stiffness mea-
surement (CSM) on the same creep deformation. The main findings
are the following:

1) Creep occurs in SCNCs, both in presence and absence of
crosslinking of the organic phase. Heat-treated (crosslinked) sam-
ples show a higher resistance against creep, reflected by smaller
overall creep displacements. Creep recovery also occurs, but not
completely even several weeks after nanoindentation, implying
that viscoelasticity and viscoplasticity are both part of the creep
deformation.

2) Initial creep dominates the total creep deformation, due to a
higher deformation rate at the onset of creep.

3) During quasi-secondary creep, a large stress exponent (n > 7)
hints at the occurrence of power-law breakdown in SCNCs, an
effect that is also verified by comparing threshold stress values
to trigger power-law breakdown and representative under-indent
stress. The increasing stress exponents with heat treatment tem-
perature are also ascribed to the enhancement of mechanical prop-
erties induced by the crosslinking.

4) The extremely small normalized activation volumes with
respect to the superlattices Burgers vector (�10-5 b3) are inter-
preted as associated with slight NP movements, facilitated by rear-
rangement of the organic ligands in the superlattice, which are
hindered when surface ligands are crosslinked.

5) Comparable strain rate sensitivity values are obtained from
creep tests and strain rate jump tests.

Even though ligands only occupy a minor fraction of the SCNCs,
this marked creep behavior is a clear signal of their strong influ-
ence on the nanocomposites’ mechanical behavior, an effect that
is tunable via crosslinking of the organic phase, which alters the
NP-NP interactions. Additional control knobs to tailor the mechan-
ical behavior of this new category of inorganic–organic nanocom-
posite materials can be identified in the NP size and shape and
especially in the ligand density, length and characteristic back-
bone. Many potential research avenues can be pursued to enable
the implementation of SCNCs in a plethora of different
applications.
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Fig. A1. Comparison of thermal drift rates obtained with different methods, for test und
under CSM mode are marked by orange dashed rectangles, while those under single load
and sapphire. The latter are missing for the after-creep stage in the 4 mN tests, due to a
interpretation of the references to colour in this figure legend, the reader is referred to
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Appendix A

Due to the long holding time and low deformation rates in this
creep study, the impact of thermal drift cannot be neglected. The
contact stiffness is, however, less sensitive to thermal drift, and
Maier et al. proposed a method to calculate indentation displace-
ments based on contact stiffness, here summarized [37].

From Sneddon’s equation,

S ¼ 2bffiffiffiffi
p

p � ER �
ffiffiffiffiffi
Ac

p
ðA1Þ

where S is the harmonic contact stiffness measured via nanoinden-
tation, b is a correction factor accounting for the indenter’s shape
that has a value of 1.05 for the Berkovich tip [22], ER is the reduced
modulus and Ac is the contact area.

The reduced modulus ER is calculated from

1
ER

¼ 1� m2s
Es

þ 1� m2i
Ei

ðA2Þ

where the subscripts s and i denote sample and indenter; E and m
elastic modulus and Poisson’s ratio, respectively.

With Eq. (A.1) and (A.2), the contact area Ac can be obtained as

Ac ¼ p
4b2 �

S2

E2
R

ðA3Þ
er: (a) 2.5 mN; (b) 4 mN; (c) 5.5 mN; (d) 10 mN. The thermal drift rates measured
ing mode are marked by blue dashed rectangles. The other data is relative to silica
n unforeseen interruption of the testing cycles after the creep measurements. (For
the web version of this article.)
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The contact area function of indenter is calibrated on silica, and
it is found to be:

Ac ¼ 24:5h2
c þ 249:52hc þ 173:4h0:5

c þ 78:91h0:25
c

þ 51:87h0:125
c ðA4Þ

By numerically solving eq. (A.4), the value of contact depth hc
can be obtained. The total displacement can then be calculated as

hcsm ¼ hc þ e � P
S

ðA5Þ

where e is a constant depending on the geometry of the indenter,
which has a value of 0.75 for Berkovich tip [74].

The difference between hcsm and hmeas (raw nanoindentation
data) is ascribed to the effect of thermal drift:

hthermal ¼ hmeas � hcsm ðA6Þ
The time derivative of hthermal is the thermal drift:

k ¼ dhthermal=dt ðA7Þ
We compare the resulting thermal drift with the one resulting

from alternative approaches. These are: (i) the thermal drift data
measured by the nanoindenter itself, as fitted by the device or with
an own, more accurate, fit, and (ii) the thermal drift data resulting
from indenting reference materials for which the creep deforma-
tion is either known or negligible, namely silica and sapphire. All
these options are evaluated for their suitability to our tests, and
the most appropriate is then selected and applied to the creep data.

More specifically, the following thermal drift assessment meth-
ods are implemented and evaluated. The resuting drift rates
obtained are compared in Fig. A1.

Under CSM mode:
a) drift calculated based on the measured contact stiffness

(calc_csm in the plot);
b) drift provided by the nanoindenter based on the dedicated

segment in the tests (measured_csm);
c) own fitting (fitting_csm) of the data of (b);
d) data extracted by silica tests;
e) data extracted by sapphire tests.
Under single loading mode:
f) data provided by the nanoindenter based on the dedicated

segment in the tests (measured_single loading);
g) own fitting (fitting_single loading) of the data of (f).
Under CSM mode, the drift values relative to silica and sapphire

are not consistent before (silica/sapphire_before in the plot) and
after creep tests (silica/sapphire_after in the plot) for the 2.5 mN
and 5.5 mN tests, and they are not comparable to those from Eq.
(A.7). This drift data is thus discarded. The drift values based on
the nanoindenter measurement and on own linear fitting are com-
parable, and they are also comparable to those from Eq. (A.7), indi-
cating that this data can be employed for the correction.

Under single loading mode, the drift values from measurement
of nanoindentation and own linear fitting are also comparable, but
the drift values from Eq. (A.7) under CSM mode significantly devi-
ate from these in certain tests. Therefore, the value from Eq. (A.7) is
not used here to correct the raw data obtained under single loading
mode.

Based on these considerations, the data obtained from the ther-
mal drift measurements will be adopted for the correction of the
raw data measured in single loading mode, with an own fitting
applied to improve accuracy (g), while for CSM mode both the
contact-stiffness based method (a) and the same procedure
adopted to correct the single loading data (c) are applied.
13
Appendix B. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2023.112000.
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