
NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2021, 12 (1), P. 118–127

Young’s modulus of phyllosilicate nanoscrolls measured by the AFM
and by the in-situ TEM indentation

M. M. Khalisov1,2, V. A. Lebedev3, A. S. Poluboyarinov4, A. V. Garshev4,
E. K. Khrapova1, A. A. Krasilin1, A. V. Ankudinov1

1Ioffe Institute Politekhnicheskaya, 26, Saint-Petersburg 194021, Russian Federation
2Pavlov Institute of Physiology, Russian Academy of Sciences

Makarova emb., 6, Saint-Petersburg, 199034, Russian Federation
3University of Limerick Limerick, V94 T9PX, Ireland

4Lomonosov Moscow State University GSP-1, Leninskie Gory, Moscow, 119991, Russian Federation
Alexander.ankudinov@mail.ioffe.ru

PACS 07.79.Lh, 87.64.Ee DOI 10.17586/2220-8054-2021-12-1-118-127

Ni3Si2O5(OH)4 phyllosilicate nanoscrolls were investigated by two techniques: the bending-based test method of AFM and the indentation method
with visual control in STEM. In the first case, the average measured Young’s modulus, about 200 GPa, turned out to be significantly higher than in
the second one, 40 GPa. The reasons for this discrepancy are analyzed.
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1. Introduction

Phyllosilicates with chrysotile, pecoraite, halloysite structure, as well as some others [1] roll up into long nan-
otubes and nanoscrolls with outer and inner diameters being in the range of 20− 200 nm and 4− 30 nm, respectively.
The driving forces of the phyllosilicate layers scrolling are the surface structure differences and the crystal lattice
mismatches between the metal-oxygen (octahedral) and silicon-oxygen (tetrahedral) sheets [2]. A similar mechanism
underlies the method of 3D micro- and nanostructures production [3], in which a strained semiconductor film is sepa-
rated from the substrate using a sacrificial layer, and then scrolled to compensate the strains. Scrolled structures may
also be formed from a thin, unstressed film to compensate the surface energy difference of the top and bottom sides
of the film, [4]. Owing to their composition, structure and morphology, phyllosilicate nanoscrolls are considered as
promising adsorbents and capsules [5–7], catalysts [8–12] and reinforcing components of composite materials [13–16].
In the view of their latter application, it seems interesting and important to determine the mechanical properties of the
individual phyllosilicate nanoscrolls.

The morphology, composition, structure, and mechanical properties of individual nanoobjects can be studied using
the methods of scanning and transmission electron microscopy (SEM, TEM), as well as atomic force microscopy
(AFM) [17–19]. The bending-based test method of AFM [20–22] provides an opportunity to measure the Young’s
modulus of tubes, rods, and scrolls. For such a quasi-one-dimensional object, a nanobridge, bending stiffness is
determined, and the result is analyzed using the theory of elasticity [23,24]. The nanobridges are formed, for example,
over the pores of the track membrane after a droplet of colloid of one-dimensional nanoobjects has dried [25], or by
using other sample preparation methods [26]. For nanoobjects located on a solid substrate, the Young’s modulus can
also be measured using the novel indentation technique with in-situ detection of the actual object’s deformation by
TEM or SEM [27].

In this study, aimed at determining the Young’s modulus of synthetic nanoscrolls Ni3Si2O5(OH)4 with a pecoraite
structure, the capabilities of the AFM and the in-situ TEM indentation techniques are compared.

2. Sample preparation and investigation methods

The Ni3Si2O5(OH)4 phyllosilicate nanoscrolls were synthesized by hydrothermal treatment at 350◦C of the prod-
uct of the reverse precipitation reaction from NiCl2 and Na2SiO3 solutions, the procedure details are given in [28].

TEM data were collected at 200 kV in HAADF-STEM mode using Libra 200 microscope (Zeiss, Germany).
To minimize undesired charging effects, beam monochromatization was employed. For the in-situ TEM indentation,
Hysitron PI-95 picoindenter (Bruker, USA) was implemented. This setup permits to control tip displacements and the
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force applied with a high precision using the embedded actuator. Moreover, series of (S)TEM images acquired during
the measurements allows one to observe the entire indentation process.

Sample preparation was performed as follows: a droplet of a suspension of particles in isopropyl alcohol was
applied to silicon substrates with a trapezoidal microprotrusion with a top base width of 1 µm (Flat-top silicon wedges;
Bruker, USA) and then dried in air. The substrates were attached with conductive paste to a copper prism which than
mounted into the Hysitron PI-95. The force applied by the indenter was pre-calibrated on a microcantilever with a
known stiffness, 45 N/m. Loading and unloading forces as functions of sample deformation were corrected for drift
in accordance with TEM data. This made it possible to determine the position of the picoindenter tip with an accuracy
sufficient to investigate samples 20− 50 nm thick.

The indentation data processing was carried using the Hertz contact theory. The selected section of the corrected
force curve was approximated by the dependence of this theory for the paraboloid-cylinder contact:
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δ
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The following designations are used. Effective Young’s modulus E∗ =
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reduced radius R∗ = RTRS/(RT + 2RS) and the ellipticity parameter ε = (RS +RT )/RS characterize the bodies
in contact; γ ≈ 2(1 + 0.4 ln ε)

3
ε−0.27/(3ε+ 1.8); load force F , δ is the total deformation of the nanoscroll and the

diamond indenter (we neglected the latter); RS and RT ≈ 100 nm are the radii of cylindrical nanoscroll, sample (S),
and parabolic indenter (T); ES and ET = 1140 GPa are the sample and indenter Young’s moduli; Poisson’s ratios
νS= νT ≈ 0.3. Eq. (1) were obtained for an axially symmetric indenter and when the length of the cylindrical
sample is significantly greater than its radius. The latter makes it possible to neglect the sample-substrate contact’s
deformation, see Appendix.

Several samples for TEM experiments were studied by AFM on an NTEGRA Aura setup with Nova Px control
program and HybriD Mode of the operation (NT-MDT SI, Russia).

To prepare the samples with nanobridges for AFM testing, a suspension of Ni3Si2O5(OH)4 nanoscrolls in iso-
propanol with a concentration of about 0.3 g/l was used. A droplet of the suspension was applied and dried on a TGZ3
silicon calibration grating (NT-MDT SI) with a period of 3 µm and a rectangular groove depth of 558 nm. The ad-
vanced version of the bending-based test method of AFM was used with special algorithm to establish the nanobridge
span length and to identify the boundary conditions of the nanobridge fixation [29]. If one end of the nanobridge rested
on a protrusion and the other was in a depression, we used the results of [30] to correct the contribution to the deforma-
tion signal from an AFM probe sliding over an inclined object. The nanobridges, formed from nanoscrolls deposited
on the gratings, were preliminarily studied in a Quanta 200 scanning electron microscope (FEI, USA). Subsequently,
SEM data were used to facilitate the detection of the nanobridges in a BioScope Catalyst atomic force microscope
(Bruker, Germany) integrated into a Z16 APO optical microscope (Leica, Germany).

The bending-based tests were conducted in the PeakForce QNM AFM mode, simultaneously registering the
signals of the sample relief height, the deformation D, and the peak force error FE . The signals were determined by
an automatic force curve analysis algorithm in the scanning program. To visualize and analyze the AFM data, the
NanoScope Analysis 1.80 (Bruker) program and free software Gwyddion version 2.55 were used [31].

In the signal D, the instrumental contributions were corrected. Automatically, the deformation is determined by
85% of the contact part of the force curve and does not correspond to the setpoint force FSP , but to the actual force,
which is the sum of FSP and FE . To eliminate the contribution from the AFM probe sliding on inclined sample areas
into the signal D, we used a simplified version of the filter [30], which is reduced to multiplying the measured signal
value by the square of the cosine of the angle θ between the vertical direction and the surface normal at the point of
measurements. Such a correction does not affect the bending profile of horizontally located nanobridges, since it is
equal to unity on them. The corrected deformation was calculated, thus, by the expression:

DC =
DFSP cos2 θ

0.85FSP + 0.85FE
. (2)

Two nanobridge bending profiles were extracted from the AFM image ofDC values: (1) with the nanobridge span
length (the distance between the attachment points at the boundaries of the calibration grating groove) lT , determined
from the AFM topography data; (2) with a span length lS , the start and end points of which were set at the locations
where the DC signal began to exceed the horizontal baseline of zero signal.

Then the profiles (1) and (2) were normalized vertically, ζ = DC/D
MAX
C , and horizontally, χ = x/li (x is the

coordinate value along the profile, i = T, S), and approximated by the expression:

ζn (χ) = 4n
(
χ− χ2

)n
, χ ∈ [0, 1] . (3)
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The fitting parameter n describes the model of deformation and fixation of the nanobridge at the edges of the
depression. For n = 1, the object under study exhibits the properties of a stretched string, for n = 2 – a supported
beam, for n = 3 – a clamped beam [29].

From the two profiles with 2 ≤ n ≤ 3, the one with a minimum residual with the fit, Eq. (3), was selected, i.e.
more consistent with the theory [29], which was then approximated by the expression:

ζλ(χ) = 43(χ− χ2)3
(2 + λ)

(1 + 2λ)(2 + 3λ)
+ 42(χ− χ2)2

6λ(λ+ 1)

(2λ+ 1)(3λ+ 2)
. (4)

Young’s modulus, E, was calculated using the λ value, which characterizes the nanobridge fixing conditions and
is the result of fitting [29]:

E = Φ(λ)ECB ; ECB =
kMIN
S · l3

192 · I
, Φ(λ) =

4λ+ 2

λ+ 2
. (5)

Equation 5 uses: a correction factor Φ(λ); a Young’s modulus ECB in the case of a clamped beam, conditional
for the nanobridge; a minimum stiffness kMIN

S = FSP /D
MAX
C at the point of maximum deflection DMAX

C ; a span
length l, selected earlier from the lT and lS ; a moment of inertia I = πd4/64 for a model shape of the nanobridge, a
cylindrical beam with a section diameter d.

3. Results and discussion

3.1. In-situ TEM indentation

Figure 1 shows the load-unload indentation curves for two test cycles of a 60 nm diameter nanoscroll with TEM
visualization of the process. In the first cycle, the indentation force is close to 10 µN at the maximum deformation,
about 20 nm (about a third of the diameter). In the second cycle, the force increases to 40 µN, while the deformation
remains at about the same level. The apparent strengthening of the nanoscroll by almost four times in the second cycle
seems to refer to an increasing stiffness of the contact of the nanoscroll with the non-smooth substrate, see Fig. 1(a)
and inset, in other words, to the formation of a closer contact between them. In addition, the observable particles can
be associated with phyllosilicate foreign granulas in the path of the electron beam. They can be located both in the
plane in front of or behind the analyzed nanoscroll, as well as directly below it. In the last case, the measured stiffness
will be significantly decreased.

Since the radii of the studied nanoscrolls are much smaller than their length, the load-unload curves can be
processed using Eq. (1), see also Appendix. Accounting for data noisiness and the comparability of the nanoscroll

FIG. 1. (a) A STEM image of a phyllosilicate nanoscroll between the picoindenter (I) and the sub-
strate (S) (experiment No. 7, Table 1). Inset: the STEM image of the nanoscroll-substrate interface
(experiment No. 5, Table 1). (b) Measured dependences of the indentation force F (t) and of the in-
denter displacement δ(t) on time in the experiment; (c) load (L) and unload (U) dependences F (δ).
The steepest section without hysteresis (cycle 2 marked by a corresponding number and an arrow)
apparently reveals the picoindenter-substrate contact
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TABLE 1. Young’s moduli of the nanoscrolls, E, results of the in-situ TEM indentation

No d, nm E, according to load dependence, GPa E, according to unload dependence, GPa

1 60 Cycle 1:15; Cycle 2:50 Cycle 1:60

2 60 Cycle 1:2; Cycle 2:20 Cycle 1:10; Cycle 2:40

3 50 40 –

4 65 50 163

5 25 Cycle 1:12; Cycle 2:35; Cycle 3:45 Cycle 1:55; Cycle 2:42; Cycle 3:50

6 60 15 –

7 60 Cycle 1:10; Cycle 2:20 Cycle 1:20; Cycle 2:35

deformation with its radius, such processing gives an estimated result. Because the indentation experiment can be ac-
companied by inelastic processes of formation, compaction and/or elastic processes of deformation in the nanoscroll-
substrate contact, this is an underestimation.

The data of seven indentation experiments are summarized in Table 1. If each experiment is averaged over all
cycles, without distinguishing between the cases of loading and unloading, and then the results of all experiments
are averaged, then the final value of Young’s modulus will be 40 ± 30 GPa. Distinguishing these two cases, we get:
30 ± 10 GPa (load) and 60 ± 50 GPa (unload). A systematic increase in the value of Young’s modulus calculated
from the unloading section of the F (δ) dependence can also indicate in favor of creating a tighter nanoscroll-substrate
contact.

3.2. Results of bending-based tests and their comparison with in-situ TEM indentation data

AFM data of bending-based tests of Ni3Si2O5(OH)4 nanoscrolls obtained in PeakForce QNM mode are shown
in Fig. 2. The nanoscroll formed a bridge across the grating groove, as seen in the image in Fig. 2(a). On the
simultaneously measured and then corrected image of the deformation signal, Fig. 2(b), the signal is maximal in the
nanobridge middle, light contrast. The large signal at the nanobridge top and bottom edges is apparent and has an
instrumental origin associated with the AFM probe slippage [30]. The signal profile along the dashed line on the
nanobridge is shown in Fig. 2(c), the right axis shows the deformation values.

According to the presented data, the nanobridge minimal stiffness is about 0.6 N/m, Table 2. In Fig. 2(c), the left
axis, the normalized experimental profile is in optimal agreement with the model one, Eq. (4), at λ = 1.01. Thus, the
boundary conditions for the nanobridge are intermediate between the supported and clamped ends. The span length
of the nanobridge is approximately 2.2 µm, and the nanoscroll height on the flat protrusions of the grating is 46 nm.
Accounting for the fixing (boundary) conditions, the calculated Young’s modulus is 299 GPa.

Table 2 summarizes the bending-based test data for twenty nanobridges. Disregarding the fixing conditions, the
Young’s modulus averaged over the all experimental values are 120 GPa and 110 GPa, excluding the minimum and
maximum values; taking these conditions into account – 200 GPa and 170 GPa, respectively.

In most cases, the AFM experiment shows a significantly higher value of Young’s modulus than the TEM ex-
periment does. In the both experiments, the nanoscrolls diameters do not differ on average (54±14 nm, Table 1;
56±14 nm, Table 2). However, depending on the way of averaging, mean values of the Young’s modulus in the AFM
experiments are 3–6 times higher than those in the TEM experiments. Since the projected TEM image of the nano-
scroll on the 1 µm-thick-substrate is analyzed, it is difficult to inspect the nanoscroll-substrate contact directly at the
vicinity of the indentation region. If, for example, the nanoscroll covers a cavity on the substrate, then processing of
the indentation curves will give an incorrect and underestimated value of Young’s modulus. Let us estimate the cavity
width corresponding to the stiffness values ∼ 1 kN/m in the TEM experiment, see Fig. 1. According to the data in
Table 2, on average, a 2 µm-nanobridge has a bending stiffness of 1 N/m. The beam stiffness is inversely proportional
to the cube of its length, and the nanobridge over the 200 nm-wide-cavity will have the stiffness ∼ 1 kN/m.

As shown in [7], phyllosilicate nanoscrolls with a pecoraite structure have a small positive zeta potential< 30 mV,
hence, they are prone to aggregation. During the sample preparation, the substrate can become contaminated with
particle aggregates, so that small particles, or even layers of such particles, which are softer than the substrate, appear
under the nanoscroll. This may violate an indentation experiment condition, which requires the nanoscroll adheres
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TABLE 2. Young’s modulus of the nanoscrolls, E, according to the AFM data of the bending-based
tests processed by the algorithm of [29]

No
kMIN
S d lT lS

RT RS n λ Φ(λ)
ECB E

N/m nm nm nm GPa GPa

1 0.63 52 1890 1980 0.005 0.003 2.7 S 0.12 1.17 71 83

2 1.04 53 1860 1820 0.008 0.006 2.3 S 0.49 1.59 84 134

3 0.53 35 – 1270 – 0.004 2.4 S 0.40 1.50 76 115

4 0.73 58 – 1390 – 0.004 2.9 S 0.05 1.07 18 20

5 0.89 62 2010 1830 0.010 0.005 2.0 S 8.88 3.45 39 136

6 2.67 44 1870 1890 0.030 0.006 2.7 S 0.13 1.18 510 603

7 0.61 46 2170 2060 0.003 0.004 2.2 T 1.01 2.01 149 299

8 0.63 81 1970 2370 0.067 0.004 2.5 S 0.24 1.32 21 27

9 1.05 37 1870 2010 0.013 0.008 2.2 S 0.69 1.77 480 849

10 0.84 53 2130 2030 0.004 0.005 2.1 T 1.06 2.04 109 222

11 0.54 52 – 2280 – 0.002 2.1 S 1.19 2.12 93 196

12 0.71 81 2120 1970 0.025 0.003 2.8 S 0.09 1.13 13 15

13 2.68 51 2090 1960 0.023 0.009 2.5 S 0.26 1.35 318 427

14 0.33 68 1940 1810 0.023 0.004 2.7 S 0.14 1.20 10 12

15 0.50 50 1970 1870 0.003 0.003 2.0 S 2.65 2.71 56 151

16 0.88 50 1910 1740 0.005 0.010 2.6 T 0.17 1.24 104 128

17 0.33 44 1900 1830 0.013 0.004 2.6 S 0.17 1.24 57 70

18 0.96 54 2060 1790 0.005 0.007 2.0 T 4.02 3.00 105 314

19 0.48 81 1900 2000 0.024 0.008 2.4 S 0.36 1.46 9 14

20 1.55 64 1920 2210 0.024 0.008 2.4 S 0.30 1.39 106 148

Average Young’s modulus: 120±150 200± 220

Average Young’s modulus across the entire sample without

two extreme values: 110±120 170± 160

Designations used: minimum stiffness kMIN
S and diameter d of the nanobridge; residual,

RT or RS , of the model and experimental profile and the span length, lT or lS , according

to the stiffness, S, topography, T ; fitting parameters n and λ of model dependences

(3) and (4); correction factor Φ(λ) for ECB conditional case of clamped beam, Eq.(5).
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FIG. 2. AFM experiment No. 7. (a) The AFM topography image of a region of the TGZ3 grating
with the Ni3Si2O5(OH)4 nanobridge. (b) The AFM image of the DC signal, corrected deforma-
tion. The nanobridge bending profile data were taken along the dashed line (c). The normalized
nanobridge bending profile DC/D

MAX
C and the model profile (dashed line), Eq. (4) with a fitting

parameter λ = 1.01. PeakForce QNM parameters: FSP = 10 nN, Peak Force Amplitude – 150 nm,
Peak Force Frequency – 1 kHz, Scan Rate – 0.3 Hz, Frame Size – 256 × 196, cantilever FMG01
(NT-MDT SI)

tightly to the substrate. It is difficult to identify inappropriate nanoscrolls in TEM, as noted above. Such an opportunity
is provided by combined SEM and AFM studies.

Two samples prepared for TEM experiments were investigated by SEM and AFM, see Fig. 3. To test the suitability
of nanoscrolls for the TEM experiments, the AFM stiffness signal was analyzed. This signal measured in HybriD
Mode (NT-MDT SI) corresponds to the force curve slope. On a solid and flat sample, it is maximum and is considered
equal to the cantilever stiffness. The amount of the signal reduction determines the stiffness of the probe-sample
contact; see more details in [30]. In Fig. 3(b), the AFM signal is maximal on the upper portion of the substrate and on
a nanoscroll. Since this nanoscroll is indistinguishable from a solid substrate in terms of stiffness, it can be assumed
that it adheres tightly to it. On another nanoscroll in Fig. 3(d), the signal differs (darker contrast) from the maximum
by about 10%. Neglecting the probe-nanoscroll contact contribution, one can estimate the nanoscroll-substrate contact
stiffness as 500 N/m (∼= 54 · 0.9/0.1). That is close to characteristic stiffness values ∼ 1 kN/m in the in-situ TEM
indentation experiments, Fig. 1.

The AFM data in Fig. 3 reproduced well in repeated scans. Consequently, they reflect elastic responses and, in
particular, the elastic behavior of the probe-nanoscroll-substrate contacts. The presented results reveal very likely the
elastic deformation of the nanocroll-substrate contact that might lead to underestimated values of Young’s modulus
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FIG. 3. (a), (c) SEM images of Ni3Si2O5(OH)4 nanoscrolls on the substrates, S; these substrates are
also used in the TEM experiments. (b), (d) The AFM stiffness signal images of the same nanoscrolls
as in (a) and (c), correspondingly. HybriD Mode parameters: (a) FSP = 300 nN, cantilever stiffness
calibrated by the Sader method [32] 56 N/m, Amplitude – 50 nm, Frequency – 1 kHz, Scan Rate –
0.25 Hz, Frame Size – 128× 128; (b) 150 nN, 54 N/m, 50 nm, 1 kHz, 0.2 Hz, 64× 64; cantilevers
RTESPA-300 (Bruker)

in the TEM experiments, Fig. 1 and Table 1. The AFM study of inelastic deformations in the nanoscroll-substrate
contact may be difficult to implement, since it will require two orders of magnitude larger indentation forces, as in the
TEM experiments. In conclusion it should be emphasized that the presented SEM and AFM results show the way to
select the nanoscrolls for further in-situ TEM indentation measurements.

4. Conclusions

In this research, the Young’s modulus of synthetic phyllosilicate Ni3Si2O5(OH)4 nanoscrolls with a pecoraite
structure was measured by AFM and in-situ TEM indentation techniques. For the first time, the quantitative results
obtained by both the techniques were cross-compared.

In AFM experiments, advanced bending-based tests with an algorithm that identifies and takes into account the
boundary conditions of nanobridges formed by the nanoscrolls were applied to measure their Young’s moduli. The
average Young’s modulus was 200 GPa.

Additionally, the nanoscrolls were tested by modern in-situ TEM indentation technique using the Hysitron PI-95
setup. The mean measured Young’s modulus value obtained was 40 GPa.

Also to analyze the indentation experiments, a convenient form of Hertz theory dependence for the contact of an
elliptic paraboloid with a cylinder was proposed and used.

The nanoscrolls prepared for TEM measurements were also studied by SEM and AFM methods. Evidences of
deformation of the nanoscroll-substrate contact were found. For the nanoscroll indentation experiments, this unac-
counted deformation could be the main reason for the obtained low values of Young’s modulus. This result seems to
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be very useful for systematizing in-situ TEM indentation measurements, as it shows that preliminary combined SEM
and AFM studies allow selection of the nanoscrolls presumably weakly or strongly attached to the substrate.
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Appendix

A probe (an indenter) with an elliptic paraboloid surface is described in the XY Z coordinate system by the
function

zP =
x2

2rx
+

y2

2ry
. (6)

The surface of the cylinder corresponding to a sample (a nanoscroll) is specified in theXSYSZ coordinate system
by the function

z∗S
∼= −

x2S
2R

, |xS | � R, (7)

see Fig. 4. The principal radii of curvature of the elliptic paraboloid, rx and ry , and the radius of the cylinder, R, are
introduced. If the angle X̂,XS = α, then xS = x cosα + y sinα, and in the XY Z coordinate system the cylinder
surface is described by the function

zS = −cos2 αx2 + sin2 αy2

2R
. (8)

FIG. 4. The model indenter with the elliptic paraboloid surface, zP dependence, and the nanoscroll
sample with the cylinder surface, z∗S dependence. The origin of the coordinates of both systems is
at the point of contact

In theXY Z coordinate system, the distance between some point on the cylinder (sample surface of the nanoscroll,
nanotube) and the point located vertically above it on the elliptic paraboloid (the indenter surface) is determined by
the function z (also the elliptic paraboloid):

z = zP − zS =
x2

2Rx
+

y2

2Ry
, (9)

with curvature radii at the point x, y, z = 0:

Rx =
Rrx

R+ rx cos2 α
, Ry =

Rry

R+ ry sin2 α
. (10)
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We also introduce the reduced radius R∗ at this point and the ellipticity parameter ε of the horizontal section of
the surface (9) by any plane z = const > 0:

R∗ =
RxRy
Rx +Ry

=
Rrxry

R(rx + ry) + rxry
, ε =

Ry
Rx

=
ry(R+ rx cos2 α

rx(R+ ry sin2 α)
. (11)

If the distance between the points located on the same vertical on the probe and on the sample is described by the
elliptic paraboloid, then there is the following solution to the Hertz problem, see Eqs. (9) and (10) in [33]:

δ1 =

[
γ

9F 2

16E∗2R∗

]1/3
, γ =

2F3

π2k2E
. (12)

The exact solution of the Hertz problem for a spherical indenter probe of radius r on a flat sample is obtained from
(12) by substituting γ = 0.5 andR∗ = r/2. The reduced Young’s modulusE∗ is expressed in terms of Young’s moduli
EP , ES and Poisson’s ratios νP , νS of the probe, P , and of the sample, S: E∗ = ((1− ν2P )/EP + (1− ν2S)/ES)−1;
δ1 deformation of the contact area, F force of indentation; E and F values of complete elliptic integrals of the first
and second kind, k ellipticity of the contact area (approximately equal to ε2/3), [33]. In [33], see equations (6)–(8),
analytical dependences were obtained that approximately relate k, E and F with the ellipticity parameter ε:

k ∼= 1.0339ε0.636, (13)

E ∼= 1.0003 + 0.5968ε−1, (14)

F ∼= 1.5277 + 0.6023 ln ε, (15)

k2E ∼= 1.0693ε1.272 + 0.6379ε0.272. (16)

Using (15) and (16), we obtain an approximate dependence for γ from (12):

γ =
2(1.5277 + 0.6023 ln ε)3

π2(1.0693ε1.272 + 0.6379ε0.272)
. (17)

For a spherical indenter on a flat sample ε = 1, and from (13–15) and (17) we obtain: E(1) ∼= 1.5971, F(1) ∼=
1.5277, k(1) ∼= 1.0339, and γ = 2× 1.52773/(π21.033921.5971) ∼= 0.4232 < 0.5. Substitution of (15) in (12) in the
case ε = 1 underestimates the indentation value (δ1/δH = 3

√
0.4232/0.5 ∼= 0.95) in comparison with the exact Hertz

solution by 5%. As shown in [33], in the other cases the error is smaller.
To calculate the values of E∗ in the in-situ TEM indentation experiment, the indentation curves can be analyzed

using the simplified expression (17) for γ in (12):

γ ≈ 2(1 + 0.4 ln ε)3

ε0.27(3ε+ 1.8)
. (18)

Considering the picoindenter (probe tip) as a paraboloid of revolution with a radius of curvature r, and a nanoscroll
as a cylinder with a radius of curvature R, we have:

R∗ =
Rr

2R+ r
and ε =

R+ r

R
. (19)

R∗ differs from the reduced contact radius of two balls with radii r and R(= R/(R+ r)).
The experimental force curves can be characterized, for example, by the stiffness of the picoindenter-nanoscroll-

substrate composite system. Eq. (12), taking into account (18) and (11), makes it possible to determine the stiffness of
the picoindenter-nanoscroll contact k1:

k1 =
∂F

∂δ1
= 2E∗

√
R∗δ1/γ. (20)

In the TEM experiment, the total deformation is measured: δ = δ1 + δ2. Where δ1 and δ2 are the deformations of
the picoindenter-nanoscroll contact and of the nanoscroll-substrate contact, see also Fig. 4. It is possible to determine
k2 as the stiffness of a cylinder of length l with a substrate with Young’s modulus ESb and Poisson’s ratio νSb. It does
not depend on the cylinder radius R, [24, 34]:

F =
π

4
E∗∗lδ2, E∗∗ =

(
1− ν2S
ES

+
1− ν2Sb
ESb

)−1

, k2 =
∂F

∂δ2
=
π

4
E∗∗l. (21)

Assuming E∗ ∼ E∗∗, the deformation δ2 can be ignored in the experiment when πl � 8
√
R∗δ1/γ. Since

δ1 ≤ δ ≤ R, and γ ∼ 1, the condition is simplified to l� R∗.
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