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ABSTRACT The technique of AFM bending test of a suspended nanoobject has been improved. An analytical
method has been created for calculating Young’s and shear moduli of object’s material based on data of such
tests. In Timoshenko approximation, we consider problems of bending a beam one or both ends of which lie
on elastic Winkler foundations. The obtained solutions are used to eliminate uncertainties in the calculation of
elastic moduli that arise when the conditions of fixing an object (console or bridge) on the edges of a recess in
the substrate are unknown.
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1. Introduction

Atomic force microscopy (AFM) [1, 2] is effectively used for bending tests [3—6] of suspended rod-shaped nanoob-
jects (consoles, bridges). According to the theory of elasticity for slight bending of rods in the Euler—Bernoulli approxi-
mation [7], based on the stiffness or deformation profiles measured using AFM and the dimensions of the suspended part
of the object, one can calculate the Young’s modulus £ of the object. First of all, it is important to exclude possible errors
in AFM measurements of contact stiffness associated with the characteristics of the tip—sample contact (whether the tip
slides along the surface or is clamped), the sample topography, and other factors, see [8]. Then, for correct calculation, it
is necessary to know the conditions for fixing the object to recess edges. This information can be obtained by comparing
test data with model bending profiles [9—-15]. In paper [15], analytical dependence was obtained for the bending profiles
of model beams (consoles and bridges), supported, in particular, on elastic Winkler foundations [16].

To apply the Euler—Bernoulli approximation, it is required that the shear displacements wg be much less than the
bending displacements wp. In an isotropic elastic material, G/E > 1/3 (the shear modulus G = E/(2[1 + v]), Poisson’s
ratio v € [—1,0.5]). Therefore, in a thin rod (with the transverse diameter d much smaller than the length [), this
requirement is satisfied, wg/wp ~d* /1> < 1. It is also believed [17] that for an anisotropic crystalline material in this
approximation the Young’s modulus £ is determined along the long axis of the rod-shaped object. However, from the
theoretical point of view [18], there is no limit for the value of v for an anisotropic material, and G/E can be so small
that wg ~ wp. This necessitates allowance for shear strains in AFM bending test of a rod-shaped object.

In this paper, the problems of bending of model consoles and bridges are solved taking into account shear strains in
the Timoshenko approximation [19]. As before [15], three types of conditions for fixing the ends of the beam were studied,
Fig. 1: clamping, ring spring, and elastic Winkler foundation. The analytical dependence obtained for the bending profiles
of consoles and bridges was used to process the data from AFM bending tests of MgNi;SioO5(OH), nanoscrolls [15].

2. Calculation results

Figure 2 shows diagrams of shear only (a) and bending only (b) of a console loaded with a vertical force. In Fig. 2a,
only tangential mechanical stresses 7., act in the console section with area A. They are parallel to the force F' = F, and
balance it in any such console section. The console displacement wg is proportional to the distance x to the pinch point
and inversely proportional to G,

wg =0z, F,=Ar=AGl, wg=[F,/GA]z, (D
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where 6 is the angle. Strictly speaking, 7, , is distributed nonuniformly over the beam section. This can be taken into
account by adjusting the shear modulus G = kG using the Timoshenko shear coefficient s, k = 6(1 +v)/(7+6v) = 1
for a cylindrical rod [19, 20].

In Fig. 2b, only normal mechanical stresses o, act in the console section at point x. They are perpendicular to F’,
and balance the moment of force F, (I — x). The console displacements w g obey the differential equation

dPwp/dx® 2 1/R(z) = [F.(1 —v?)/EI|(l — ), (2)

where [ is the moment of inertia of the beam section (I = wd* /64 for a circular section with diameter d). Usually v is
small (= 0.25), and the factor (1 — V2) is close to unity and may not be presented in the formula for solving Eq. (2) [7],

wp = [F,/6EIz*(3] — ). (2a)

The resulting console displacement is w = wp + wg. In AFM, the displacement of a suspended object can only be
measured at the point where the force is applied. The theoretical dependence for such a displacement is obtained by using
the substitution [ = z in the formula for wg,

w = [F,/3EIz® + [F./GA]x. (3)
To interpret AFM data, it is convenient to use the normalized displacement profile {(x) = w/wps ax, depending on the

dimensionless variable y = x /I,

Ce1(x) = (6 + 3vx)/(1 + 37), @)

for the following fitting parameter v = [E1/GAl?].
Let us write expression (3) in two equivalent ways:

w = [F.I°[3ET)(x’ + 37x), (3a)

w = [F1/GAl(x + x*/37). (3b)

If v = 0, then only the cubic dependence of the bending on x remains in (3a). If v — oo, only the linear dependence of
the shear on z is left in (3b). Assuming that the experiment satisfies one of these limiting extremes, we can calculate only
E or only G of the console, which below are referred to as the zero versions of elastic moduli or their values according to
the zero model,

Eco = [F:®/3wyaxI] = [1/31kc,

5
Geo = [I/Alke, )

(a)

(b)

F
(©)
z P -1
7z @ x' 1' 1+1'e X

F1G. 1. Options for fixing conditions. Clamping: (a), model 1. Ring spring: (b), model 2. Elastic
Winkler foundation (Winkler coefficient kyy, lengths L and R, origin on the left support, bridge length
[, force F' applied at point z): (c), model 3.
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I I I
(0] x ] X
FI1G. 2. Shear only (a) and bending only (b) of a console of length [ and thickness ¢. The force F' = F,
transforms a rectangular section of length Al into a parallelepiped with vertex angles 7/(2 + 6) (a) and

into an isosceles trapezoid with bases stretched to Al and compressed to Al~ and an angle between
the sides v = (Al™ — Al™)/t, corresponding to the local curvature radius R = Al/~ (b).

where k¢ is the minimum console stiffness. For a bridge with minimum stiffness kp, the formulas for calculating the
zero versions of elastic moduli are as follows:

Epo = [1°/1921kp,
Gpo = [l/4A)kp.
Based on the value of  that matches the fitting dependences (3) and (4) with the experimental bending profile, both
elastic moduli can be determined in intermediate cases,

Ey=®pc1Eco, Ppc1=1+3y,

G1=®cc1Geo, Peor =1+ (37) ' = @pei(3y) 7,

where we have introduced ® g1 and ®¢1 — correction factors according to model 1, Fig. 1.
Relations similar to (4) and (6) can also be derived for models 2 and 3 of boundary conditions, Fig. 1. The displace-
ments of the suspended beam span in the Timoshenko approximation satisfy the equations

(52)

(6)

dp/dz® =0,
(7
dw/dx = ¢ — [EI/GA]d*p/dx?.
In this approximation, the displacements of a beam segment on an elastic foundation obey the equations
d*o/dxt — [kw /GAld*¢/dz* + [kw /EI)p = 0,
®)

w = —[EI/kw]d3p/dx3.

When a rigid cylinder is pressed into a softer elastic base with Young’s modulus E', the Winkler coefficient in (8) is

estimated to be ky ~ Ep [15].
3

General solutions to systems (7) and (8) are, respectively, w = Z arz”® and w = Ay exp(fiz) + Ay exp(—Siz) +

k=0
Ay exp(Baz) + Ay exp(—pBax). The exponents 3 and 3y are related by 87 + B35 = [kw/GA] and 5; 33 = [kw/EI].
If [kw EI/ 4G2A2] < 1, then 57 and (3 are a pair of complex conjugate numbers, otherwise positive real numbers. The
unknowns a and Ay, are found from the boundary conditions (see Table 1). As a result, for a bridge and console in each
case of fixing conditions in Fig. 1, we obtained simultaneous systems of linear equations, which were solved analytically,
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see, for example, the paper [15]. To speed up the calculations, we used computer algebra programs Mathematica
(Wolfram Research, USA) and Mathcad (PTC, USA).

Tables 2 and 3 list the final fitting relationships and correction factors for a console and bridge in the cases of clamped
ends and ends supported on ring springs (Fig. 1). More cumbersome solutions for the model with an elastic Winkler
foundation are discussed separately below.

For a cantilever beam (a suspended segment of length [, a segment on an elastic foundation of length L), the following
exact fitting relationship was obtained:

3 3
Ces(x) = chﬁka/zckﬂf- ©)
0 0

co = 6sin(6) [sin(o/z) sinh (28, cos(0/2)) — cos(6/2) sin (278, 5111(9/2))] ,

¢1 = 65in2(6) [cosh (2281 cos(6/2)) — cos (278, sin(&/Z))} ,

¢s = 6sin(f) [sin(e/z) sinh (2A8, cos(6/2)) + cos(8/2) sin (2AB; sin(e/z))] ,

03 =2 [sin?(m) cosh (23, cos(8/2)) + cos2(6/2) cos (2AB, sin(6/2)) — 1]
The factors for correction of elastic moduli corresponding to (9) are

3

Opos =Y enff/2D,

0
Peos = [B7/6cos )P pes; (10)

D=2} [1 — sin®(0/2) cosh (2AB; cos(0/2)) — cos®(0/2) cos (2AB; sin(9/2))}.

TABLE 1. Versions of boundary conditions

Boundary Conditions
Clamping w=¢=0
Foundation w=dp/dx =10
Ring spring w=0,dp/dr = [4/N]p
Free end do/dx = d*p/dz* =0
Point of load F' on console dp/dx =0,

d*¢/dx?* = —[F/FEI

Point of load F' on bridge wy —w_ =y —p_ =0,
d(p+ — p-)/dx =0,
&*(py —p-)/dz® = [F/EI]

TABLE 2. Calculation of elastic moduli of console in Timoshenko approximation (A,y € [0, 00),
X € [0, 1] E; = ®gcjEco, Gj = ‘I)Ecj(g’y)icho. Eco = 64[[3/37'l'd4]kc, Geo = 4[l/ﬂ'd2]kc)

j, model no. Coj Prcj
3
X” 4 37x
1 &= 1+3
1+ 3y +or

x> + 3Ax? + 37y

2
1+3\+3y

1+3A+7)
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TABLE 3. Calculation of elastic moduli of bridge in Timoshenko approximation (\,y € [0, 00),
X €[0,1]. Ej = ®p;Epo, G; = ®pp;i(37) 'Gpo. Epo = [I*/37d* kg, Gpo = 4[l/7d*|kp).

7, model no. (Bj PEp;
— 53 13 — 52 3 — 39
1 64{0« X 3= x*)” | 3(x X)} |+ 487
(14 12v)(1 + 48y) (14 48v)
) o [ DO +3DAA D + BA+ D] (= x7)? | 3RA+ Dy — ) 1+8A_+48
(146X +127) (1 + 8\ 4 48(2x + 1)v) (1+8X+48(2x + 1)) 142X\ v

The dimensionless parameters in (9) and (10) are: A = L /I, measured from AFM topography data, and /3; and 6, deter-
mined by fitting. Here are the expressions for the fitting parameters:

B =1/ kw/EI,
cos = \/kw EI/4G?A2.

In (11), B; is V/2 times greater than the parameter designated in the same way in the paper [15]. The Winkler elastic
foundation coefficient is calculated as

(1)

kw = 2GAB} cos 612
For a bridge with span length [ (see Fig. 2), only asymptotic solutions (LS;/l, Rf3;/l > 1) turn out to be relatively
compact,

3 3
Coa(x) = Y biBf(x — X2)k/zbkﬁz]€2_2k- (12)
0 0

bo = 6[(48 + 2487 + 1) cos(0/2) + 2833 + dcosB} + 24 cos(30/2) — 24, cos(26)],
b = 6[B1(6 + 57) — 24 cos(0/2) — Bi(72 + 57 ) cos § — 8(6 + 7 ) cos(30/2) + 24 cos(50/2)],
by = 6cos(0/2)[B; + 65, cos(0/2) + 2 — 16 cos 0],
bs = B; + 4cos(0/2).
192[1 + 2 cos 6] — 1923, cos(36/2) + 48871 — 2 cos 0] + 163} cos(0/2) + 3}
B} [Br + 4 cos(6/2)] ’ (13)

®pps =

(pGBS = [ﬁ?/96 COS 0](DE33.

If & = 7/2 (this corresponds to G — ©0), then applying the substitution 8; = 3;/ V2 in (9), (10), (12), and (13) yields
expressions for the Euler—-Bernoulli approximation derived in the papers [15] and [21].

Relations (9)—(12) are valid for ky EI < 4G*A? and 6 € (0,7/2]. This requires large values of G. Considering
kw =~ Ep and the beam to be cylindrical, we obtain the condition G > / Ep E/167. The consistency of (9) or (13) with
measurements for # = 0 violates this condition. In this case, for small values of G, relations (9)—(13) should be applied
after substitution § — ¢ - 6", and the fitting parameter should be varied in the range 6" € (0, c0).

3. Analysis of AFM data

The test for the suitability of the model consists of comparing the results of an analysis of bending tests for various
types of objects, namely, consoles and bridges. Data were taken from AFM bending tests [15] of MgNisSioO5(OH)4
phyllosilicate nanoscrolls grown by hydrothermal synthesis [22]. Nanoscrolls were deposited on a calibration grating of
rectangular grooves TGZ2 (period 3 pm, groove depth 110 nm, NT-MDT SI, Russia); they formed consoles and bridges
over the grooves. The bending tests were carried out in the PeakForce QNM AFM mode, FMGO1 cantilevers (NT-MDT
SI, Russia) were used, and the spring constant was refined using the thermal-noise—based method [23]. AFM signals
of height, peak force error and deformation were recorded [14, 15,21]. The deformation signal was corrected taking
into account the contribution of methodological factors, including slipping of the AFM tip on inclined sections of the
sample [8, 14, 15]. The Gwyddion 2.55 [24] program was used to process the AFM data.

Figure 3 presents test data for a console and bridge. The processing results are, respectively, as follows: I = 1037 nm,
Ilp = 1463 nm; dc = 80 nm, dg = 66 nm; kc = 0.61 N/m, kg = 8.32 N/m; Ecg = 113 GPa, Goo = 0.13 GPa;
EB() = 146 GPa, GBO = 0.89 GPa; @ECI = 126, (PGCI = 482, @EBI = 155, q)GBl = 281, CI)EC2 = 256,
(DGCQ — 00, (I)EBQ = 1.58, (I)GBQ = 2.73; (I)Ecg = 1.82, @003 — OQ; (I)EB3 = 1.38, (I)GB3 = 5.76.

In total, AFM test data from 27 bridges and 18 consoles were processed. It is convenient to present the results on
phase planes (Fig. 4).

In Fig. 4a, each studied object is characterized by a point on the phase plane: the abscissa is the value of the ratio of
the squared diameter to the length of the suspended object, d*/I, and the ordinate is the value of k¢ = kp for a bridge
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F1G. 3. AFM height images of the relief of the TGZ2 grating fragments with a recess overlapped by (a)
a bridge and (b) a console of MgNi»SisO5(OH),4 nanoscrolls. AFM maps of the corrected deformation
signal of the bridge (c) and console (d). The dashed lines indicate where the deformation profiles were
extracted. Normalized deformation (displacement) profiles of the bridge (e) and console (f): red solid
lines — experiment, black dashed lines — approximation according to model 1. AFM imaging was
performed with Peak Force Amplitude and Frequency of 150 nm and 1 kHz, respectively. The Peak
Force Setpoint and the Scan Rate were as follows: 60 nN, 0.3 Hz (bridge) and 15 nN, 0.2 Hz (console).
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F1G. 4. Distributions of AFM bending test data for bridges (filled squares) and consoles (hollow tri-
angles) made of MgNi;SisO5(OH),4 on phase planes. Calculation results: shear only (a) and bending
only (e); model 1, (b) and (f); model 2, (c) and (g); model 3, (d) and (h). The inclined straight lines
show the isolines of the shear modulus G in (a)—(d) and the isolines of the Young’s modulus £ in

(e)—(h).

or k¢ = 4k¢ for a console. On a log-log scale, according to (5a) and (5), the isolines of G are straight lines with a unit
slope. The results of applying models 1-3 are depicted in Figs. 4b—4d; k¢ = @ Bjkp for a bridge and kG = 4dccojike
for a console, j = 1-3.

On the phase planes in the bottom row of Fig. 4, the abscissa of a point is the value of d*/I*, and the ordinate is the
value of k¥ = kp fora bridge or k¥ = 64k¢ for a console, Fig. 4e; in Figs. 4f—4h, the ordinate of a point is, respectively,
the value of k¥ = @5 Bjkp or kE = 64 ecjkc, j = 1-3. According to (5a) and (5), in this representation the isolines

of I have a unit slope coefficient.
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TABLE 4. Elastic moduli for MgNisSisO5(OH)4. Results of using different models for processing
data of AFM bending tests of a suspended object. 1 The number of test objects.

G £+ 0(G) (GPa) E 4+ 0(F) (GPa)
(Nh (Nh
J, model no. Bridge Console Both Bridge Console Both
0 0.7£03@27) |02£0.1(18) | 0.5£0.3(45) | 74£51(27) | 51 +48(18) | 66 449 (45)
1 43£5527) |07+£0.7(18) | 2.9£4.6(45) | 10069 (27) | 7562 (18) | 90 £ 67 (45)
2 3.9£52@27) |07£06(7) | 2.7£4.4(44) | 104+£7227) | 84+£79(18) | 96 £ 75 (45)
3 9.7+11.520) | 1.7+2.04) | 83+109124) | 9763 (27) | 115£92(18) | 103 £ 75 (45)

Since a bridge with the average span length (I5) = 1.6 £ 0.2 um is several times longer than a console with (I¢) =
0.5 4 0.2 um, on the phase planes, data on bridges are located to the left of console data. In the zero version (Table 4), the
Young’s modulus of a bridge is approximately one and a half times greater than that of a console. Therefore, in Fig. 4e,
the cluster of points is elongated at a flatter angle than the isolines of E. In Figs. 4f—4h, the average slope coefficients
of the clusters of points become closer to unity, in accordance with the decrease in the discrepancy between the average
Young’s moduli of bridge and console determined from models 1-3 (Table 4). Application of model 3 produces minimal
discrepancy.

In the zero version, the values of G for consoles and bridges differ several times, and the discrepancy increases after
processing with the use of models 1-3. Unlike the bottom row in Fig. 4, on the phase planes of the top row, clusters of
points are not aligned along isolines. This demonstrates the fact that in AFM testing, the displacement of a suspended
object is controlled by bending strains rather than shear strains. In the fitting curves (Table 2 and (9) for consoles and
Table 3 and (12) for bridges), the coefficients of the terms linear in x and y — x? decrease with increasing shear modulus.
For the boundary conditions of model 3, the linear terms will also be presented in shear-neglecting fitting dependences
obtained in the Euler—Bernoulli approximation [15]. This is partly why the values of G determined in the Timoshenko
approximation using this model are the largest in Table 4, at the level of 10 GPa. Note that the calculation of the elastic
moduli of chrysotile nanoscrolls using the density functional theory (DFT) method gives shear moduli comparable to this
level [14,22]. This closeness of calculations with measurements and, at the same time, better consistency of the average
values of the Young’s modulus of bridges and consoles makes model 3 preferable. It remains to add that the six-fold
difference in the shear moduli of bridges and consoles according to this model in Table 4 is overrated — out of eighteen
consoles, fourteen consoles correspond to the case of G — oo without participating in the statistics.

4. Conclusions

The procedure for AFM bending test of suspended rod-shaped objects has been improved. To process measurements
and determine Young’s and shear moduli of the material of objects, theoretical dependences of the bending of a suspended
beam segment at a load point on the position of this point on the segment are obtained. Three models of boundary
conditions are considered. The suitability of the models was studied by processing data from AFM bending tests of
bridges and consoles made of MgNisSis O5(OH)4 nanoscrolls. The minimum discrepancy between the average Young’s
moduli of such bridges and consoles and, at the same time, the best agreement between the experimental values of elastic
moduli and the results of DFT calculations is provided by the Winkler model of a beam on an elastic foundation.
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