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Outlook

« How to use force microscopy to get information on mechanical properties at
the small and ultra-small scales

* Viscoelasticity and phase contrast AFM (tapping mode)
 Material hardness and nanoindentation

« Lateral force microscopy and friction coefficients at the small and ultra-small
scales

Probing mechanical properties of isolated nanostructures: the relevant
example of carbin nanotubes
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Phase imaging techniques

Animations at www.ntmdt.com!
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Specimen

This technique allow us to discriminate materials with
different viscoelastic properties

Dephasing between mechanical
oscillation (e.g., the tapping
oscillation) and the response of the
surface (affecting the tip deflection)
depends on the viscoleasticity of the
surface (purely elastic vs Newton fluid)

Interpretation similar to a forced and
damped mechanical oscillator

Phase imaging:
- adds a contrast mechanism;
- allows for local material analyses
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An interesting mechanical property: viscoelasticity

Viscoelasticity is the property of materials that exhibit hoth viscous and elastic characteristics when undergoing
deformation. Viscous materials, like honey, resist shear flow and strain linearly with time when a stress is
applied. Elastic materials strain instantaneoush when stretched and just as quickly return to their ariginal state
once the stress is removed. Viscoelastic materials have elements of both of these properies and, as such,
gxhihit time dependent strain. Whereas elasticity is usually the result of hond stretching along crystallographic
planes in an ordered solid, viscosity is the result of the diffusion of atoms or molecules inside an amorphous
material [

Linlike purely elastic substances, a viscoelastic substance has an elastic component
and aviscous compaonent. The viscosity of aviscoelastic suhstance gives the
suhstance a strain rate dependent an timal'l Furely elastic materials do not dissipate o a
eneryy theat) when a load is applied, then remaoved!] Howrewer, a viscoelastic :

substance loses energy when a load is applied, then removed. Hysteresis is /

obsered in the stress-strain cumve, with the area ofthe loop being egual to the enerogy -
lost during the loading cycle”]. Since viscosity is the resistance to thermally activated "
plastic defarmation, aviscous material will lase energy thraugh a loading oycle.

Plastic deformation results in lost energy, which is uncharacteristic of a purely elastic (a] (b]
material's reaction to a loading cycle“l.

Specifically, viscoelasticity is & malecular rearrangement, When a stress is applied to fi::ilsa:tailnmc;:?;fg;T':':;Er':r:l':rzt:’i::;ﬁ;ri‘asji:l'?i: nd
aviscoerlastic material such as a polymer, parts of the long polymer chain change position

This movement or rearrangement is called Creep. Polymers remain a solid material even
when these parts oftheir chaing are rearranging in order to accompany the stress, and as
this ocours, it creates a back stress in the material. When the back stress is the same s strain. [1
magnitude as the applied stress, the material no longer creeps. YWhen the original stress
is taken away, the accumulated back stresses will cause the polymer to return toits
ariginal form. The material creeps, which gives the prefisvisco-, and the material fullky

shows the amount of energy lost {as heat)in a loading and

unloading eyele. iz equal to @b (T (E.:, where I iz stress and 2

u!

12 examples ofwiscoelastic materials include amaorphous palymers,
lcrystalline polvmers, biopalymers, metals atwvery high termperatures, and

recaovers, which gives the suffix —E|.'aStil:it‘5-'[2], meh materials. Cracking occurs when the strain is applied quickly and outside of
v 2lastic limit,
ViSCOEIaStiCity can be addressed at the local scale Aviscoelastic material has the following properties:
by using AFM in phase Contrast & hysteresis is seen inthe stress-strain curve.

o stress relaxation occurs: step constant strain causes decreasing stress
& creep occurs: step constant stress causes increasing strain

At the small scale, it is associated with some

friction occurring in the harmonic oscillators
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Origin of phase contrast |

Assuming a dynamic system is in equilibrium, the average energy input must equal the average energy output
or dissipation. Applying this rule to an AFM running in a dynamic mode means that the average power fed into
the cantilever oscillation by an external driver, denoted as P, must equal the average power dissipated by the

motion of the cantilever beam P, and by tip—sample interaction P, :

Transferred power balance

Pin=P¢J+Ptip (1}
The term I_Jtip is what we are interested in, since it gives us a direct physical quantity to characterise the

tip—sample interaction. Therefore we have first to calculate and then measure the two other terms in Eq. (1), in
order to determine the power dissipated when the tip periodically probes the sample surface. This requires an
appropriate rheological model to describe the dynamic system. Although there are investigations in which the
complete flexural motion of the cantilever beam has to be considered [13], a simplified model, comprising a
spring and two dashpots, represents a good approximation in this case (Fig. la).

The spring, characterised by the constant & according to Hooke's law, represents the only channel through
which power P_ can be delivered to the oscillating tip z(¢) by the external driver z,(t). Therefore the
instantaneous power fed into the dynamic system is the force exerted by the driver times the velocity of the

driver:; !

Py(t) = Fy(6) 24(1) = k[ 2(1) = z4(0) ] 24(1) Elastic model (probe) (2)

- Z=0

I ¥s<a

Assuming a sinusoidal steady state response and that the base of the cantilever is driven sinusoidally z,(t) = 4,
cos( wt) with amplitude A, and frequency w, the deflection from equilibrium of the end of the cantilever can be
written as z(¢) = A cosl wt — ¢), with 4 and 0 < ¢ < 7 denoting the oscillation amplitude and phase shift,
respectively. This allows us to calculate the average power input per oscillation cyele by integrating Eq. (2) over

one period T=27/ w:

_ 1 .7 1 .
P, = ?f P t)di= ;ﬁ:mﬂd Asin ¢ Average power per cycle
0 2

Power depend on phase shift

This contains the familiar result that the maximum power is delivered to an oscillator when the response is 90°

out of phase with the drive.

B Anczykowski et al. / Applied Swrface Science 140 (1999) 376-382
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Origin of phase contrast |l

a) Effective damping b)
z(t)}

sample surface. The movement of the cantilever base and the tip is denoted as z,(¢) and z(r), respectively. The cantilever is characterised
by the spring constant & and the damping constant o (a) In a first approach, damping is broken into two pieces o and a,: First, intrinsic
damping caused by the movement of the cantilever's tip relative to its base and second, damping related to the movement of the cantilever
body in a surrounding medium, e.g., air damping. (b) In first order approximation, these two contributions can be combined to one effective
damping constant e. Note that no specific force—distance dependencies are introduced to model the actual tip-sample interaction.

2(t)]

o E Fig. 1. Rheological models applied to describe the dynamic AFM system, comprising the oscillating cantilever and tip interacting with the
k
I

The simplified rheological model as it is depicted in Fig. la exhibits two major contributions to the damping
term P,. Both are related to the motion of the cantilever body and assumed to be well modeled by viscous

damping, caused by the deflection of the cantilever beam, i.e., the motion of the tip relative to the cantilever
base. Therefore the instantaneous power dissipated by such a mechanism is given by

Py(t) = | Fu(0)2(2)|= e, [2(1) =24(1)]2(r)]  Power dissipated with damping (4)

Note that the absolute value has to be calculated, since all dissipated power is ‘lost’ and therefore cannot be

returned to the dynamic system. Dissipated power is estimated as
However, when running an AFM in ambient conditions an additional damping mechanism has to be th dff b t . t

considered. Damping due to the motion of the cantilever body in the surrounding medium, e.g., air damping, is € difrerence between Inpu

in most cases the dominant effect. The corresponding instantaneous nower dissipation is given bv

(driving) power and power

(1) = | Fun( 1) 2(1)| = a2 22(1) Damping by motion in a viscous environment intrinsically used by the cantilever

In order to calculate the average power dissipation, Egs. (4) and (5) have to be integrated over one complete

oscillation cycle. This yields (Spnng) In its OSC|”at|On
- I o7
P =?—LP:J|(E)CH
1 R . ( A=A, cos ¢ \ ) (6)
= —awA|(4—A4 c0s ¢)arcsin — + A, sin ¢
T AT+ A3 -2 A4 cos ¢ |
P —]fTP (£)de = ta, 04 (7)
w= ), e = z0@ A

Considering the fact that commonly used cantilevers exhibit a quality factor of at least several hundreds (in
UHV several ten thousands), we can assume that the oscillation amplitude is significantly larger than the drive
amplitude when the dynamic system is driven at or near its resonance frequency: 4 = A,. Therefore, Eq. (6)
can be simplified in first order approximation to an expression similar to Eq. (7). Combining the two equations
vields the total average power dissipated by the oscillating cantilever

P,=1aw’4® with a=a, + o,

(8)
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Origin of phase contrast Il

-

We can now solve Eq. (1) for the power dissipation localised to the small interaction volume of the probing
tip with the sample surface. Furthermore, by expressing the damping constant « in terms of experimentally
accessible quantities such as the spring constant &, the quality factor {_,, and the natural resonant frequency
w, of the free oscillating cantilever, e = k/((0_, , w,), we obtain:

1 hw m]

cant

Pip=Po=Fy=7 o Qeam Ag Asin @ = A‘?u
Note that, so far, no assumptions have been made on how the AFM is operated, except that the motion of the
oscillating cantilever has to remain sinusoidal to a good approximation. Therefore, Eq. (9) is applicable to a

variety of different dynamic AFM modes.

Now let us consider another dynamic AFM mode, often referred to @s_tapping mode apdl which is commonly
used in AFMs running in ambient conditions [3] In this case the cantilever is driven at a fixed frequency and
with a constant drive amplitude, while the oscillation amplitude and phase shift may change when the probing
tip interacts with the sample surface. Assuming that the oscillation frequency is chosen to be w,, Eq. (9) can be

further simplified by considering that the free oscillation amplitude A, is given by 4, = 0., A, This vields

(9)

1 ke,

F

P2 Qe

Eq. (10) implies that if the oscillation amplitude A is kept constant by a feedback loop, like it is commonly
done in tapping mode, simultaneously acquired phase data can be interpreted in terms of energy dissipation.
When analysing such phase images [14-16], one has also to consider the fact that the phase may also change
due to the transition from net attractive (¢ > 90°) to net repulsive (¢ < 90°) interaction between the tip and the
sample [17,18]. More details on how to interpret phase data are discussed in Ref. [12].

[AU Asinm_AE] {ID}

Dissipated power depends on the phase shift (and viceversa!)
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Fig. 1. (a) Schematic diagram illustrating the interaction of the tip with the surface in the model of an oscillator with a constraining
force and friction. (b) Dependance of the phase shift of the oscillating cantilever on the distance betweaen the tip and the surface.

Fig. 2. Typical (a) topographic and (b) phase 3 x 3 pm AFM image of the Si(111) step surface: diagonal curves show the profiles

of (a) relief and (b) phase shift.
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9= Ae t AAks @
where A; and @ are the amplitude and frequency of
free oscillations of the tip, A and @ are the amplitnde
and frequency detected when the tip is brought to the
surface, and {F is the Q@ factor of the cantilzver,

Fi 1b demonstrates the ical experimental
d:'p:ngi-;c: aof the normal phass stl':ﬁt in nscllﬁatiuns af
the AFM cantilzver on the tip-suface spacing A. The
value of the normal phase shift is used to determine
kinetic energy dissipation £, ineach eyele of AFM tip
oscillations; for miid]:m'p-:rs:. the amplitude of fres tip
ascillations and its distance from the surface must be
fizzd.

For example, in the typical cass, the amplitude of
fre= oscillations of the cantilever was A, =27.5nm at a
frequency of tip oscillations of 156 kHz. The maximal
phasz shitt was 57 at a distance 4; - 4 = 3.5 nm from
the suface (relative clamping {4; — A4, = 0.9). It
should be moted that in the case of strong clamping, the
force of interaction between the tip and the surface
increases, which causes irreversible changes in the sur-
face as well as in the tip [16]. [n the cass of o weak
clamping betwesn the tip and the surface, the phass
shift in oscillations is s=nsitive to small deviations in
clamping, which hampers the phase shift measure-
ments. For this reason, we chose an imermediate ampli-
txde A = [0 nm for phase shift recording (relative
glsapping A — AVA, = 0.6), for which the phase shiftis

IURNAL OF EXPERIMENTAL AND THEDRETICAL PHYSICE  Val. 108  Na 2

2008
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Figure 2. (a) AFM phase contrast image of PMMA-PS template. (b) SEM image of gold
nanopaticles selectively bonded to the PMMA regions of the diblock copolymer template by
surface chermistry technigues.
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Sample consists of polypropylene (PP) balls immersed in
polyurethane (PUR) matrix

Topography
T racga;  SdGonm

Digslpation
zrange: LDpW oo 357 ¥ par tap
1. APM image of @ cromessction of @ polymer blesd: Polypropylens (PP) partcles ambeddad in o pohvoredtane (PUR) mamix Tie
ipation image was somobrecsly ogoired while seanming
ipatiom is signifimndy lower on PP dan on FUR

ce topography and exhibix o smmg masesal conmsn Energy

Figure 1. AFM image [(a) topography and (b) phase contrast] of PS-b-PMMA on a
PS-rPMMMASSI surface produces hexagonally packed cylindrical PWMMA domains. Phase
contrast images show brighter areas in the PMMA regions where elastic modulus is greater.
(c) SEM image of Au nanoparticles selectively attached to hexagonal PMMA regions of the
|_diblock conalvmer array

http://www.df.unipi.it/~fuso/dida —v. 1 - part 5 —pag. 9




Another interesting mechanical property: hardness

Indentation hardness tests are used tao determine the hardness of a material to defarmation. Several .
such tests exist, wherein the examined material is indented until an impression is formed; these tests

can be performed on 8 Macroscopic or microscopic scale.

When testing metals, indentation hardness correlates linearly with tensile strength. This impartant
relation permits economically important nondestructive testing of bulk metal deliveries with lightweight,
even portahle equipment, such as hand-held Roclwell hardness testers, [1]

Hardness measurements gquantify the resistance of a material to plastic deformation. Indentation
hardness tests compose the majority of processes used to determine material hardness, and can be
divided into twao classes: mictolncdentation and macroincientationtests. Microindentation tests typically
have forces less than 2 M (0,445 lhy). Hardness, however, cannot be considered to he a fundamental
tmaterial property. Instead, it represents an arbitrary quantity used to provide a relative idea of material
prnperties.[z] As such, hardness can only offer & comparative idea of the material's resistance to plastic

deformation since different hardness techniques have different scales.

Macroindentation tests [edif]

The term "macraindentation” is applied to tests with 3 largertest load, such as 1 kaf ar more. There are
varinls macraindentation tests, including:

& Vickers hardness test (HY), which has one of the widest scales

s Brinell hardness test (HE)

« Knoop hardness test (HE), for measurement over small areas

& Janka hardness test, forwood

» hlever hardness test

« Rockwell hardness test (HR), principally used in the USA

« Shore durometer hardness, used for polymers

« Barcol hardness test, for composite materials
There is, in genaral, no simple relationship betweaen the results of different hardness tests. Though
there are practical conversion tables for hard steels, far example, some materials show gqualitatively
different behaviors under the warious measurement methods. The Vickers and Brinell hardness scales
correlate well over a wide range, howewer, with Brinell anly producing overestimated walues at high
loads.

Scuola Dottorato da Vinci —2009/10
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Stress-strain curve shgwing typical yield behavior for
nonferrous alloys. Stres (0) is shown as a function of
strain (€)

1 True elastic limit

2: Proportionality limit

3 Elastic limit
4 Offset vield strength Pl a Stl E 9#5 Et
Microindentation tests [2dit]

The term "microhardness" has heenwidely employed in the literature to describe the hardness testing
of materials with low applied loads. A more precise term is "microindentation hardness testing.” In
micraindentation hardness testing, a diamond indenter of specific geametry is impressed inta the
sUrface ofthe test specimen using a known applied farce {commanly called a"load" ar"test load™ of 1
to 1000 gf. Microindentation tests typically hawe forces of 2 M {roughly 200 af and produce indentations
of about a0 pm. Due to their specificity, microhardness testing can be used to obsere changes in
hardness on the microscopic scale. Unforunately, it is difficult to standardize microhardness
measurements; it has been found that the microhardness of almaost any material is higher than its
macrohardness. Additionally, microhardness values vary with [0ad and work-hardening effects of
materials.®! The two most commanly used microhardness tests are tests that also can be applied with
heavier loads as micraindentation tests:

o Wickers hardness test (HWV)
& knoop hardness test (HK)

In microindentation testing, the hardness number is based on measurements made of the indent
formed in the surface of the test specimen. The hardness number is based on the surface area of the
indent itself divided by the applied force, giving hardness units in kofmm?®. Microindentation hardness
testing can be done using Yickers as well as Knoop indenters. For the Vickers test, both the diagonals
are measured and the average value is used to compute the Vickers pyramid number. In the Knaoop
test, anly the longer diagonal is measured, and the Knaoop hardness is calculated based an the
projected area ofthe indent divided by the applied farce, also giving test units in kaffmm=
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Macroscopic hardness measurements

Brinell
Bearing v

The simplest idea: to put a known load
onto a surface, keep it there for some
time and look at the mark left onto the
surface (indentation)

Vickers

[

i —
] | =

- i
L]

Hardness = applied load/contact area
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Depth Sensing Indentation

The analysis of indentation load-penetration curves produced by depth-sensing indentation systems is often based
on wotk by Oliver and Pharr. Their analysis was in turn based upon relationships developed by Sneddaon for the
penetration of a flat elastic half space by different probes with particular axisymmetric shapes {e.qg., a flat-ended
cylindrical punch, a parabaloid of revolution, and & cane). In general, the relationships between penetration depth,

b, and load, P, for such indenter geometries can be represented in a power law expression: P = alh - h)™, where
a contains geometric constants, the sample elastic modulus, the sample Paoissan's ratio, the indenter elastic
tnodulus, and the indenter Fosson's ratio, he 15 the final unloading depth, and mos a power law exponent that s
related to the geometry of the indenter; for a flat-ended cylindrical punch, m =1, for a paraboloid of revalution, m =
1.5, and for a cone, m =2,

In applying this equation to the calculation of modulus, Oliver and Pharr made two significant realizations. First,
the slope of the unloading curve changes constantly due to a constantly changing contact area. In prior research,
the high load portion of the unloading curve was appraximated as linear, which incarrectly assumes that the
contact area remains constant for the initial unloading of the material. This practice created a dependence of
calculated modulus walues an the number of paints used in the linear fit. Second, if the unloading curve can be fit
by a power law expression, then a denvative, dP/dh, applied at the maximum loading point (hga., Pmas) should
yield information about the state of contact at that point. This derivative was termed the contact stiffness, 5,
which is a function of the projected area of tip-sample contact, A, and the reduced modulus, E,, which contains
the elastic modulus (E) and Poisson's ratio () for bath the sample and the indenter material and accounts for
defarmation of both the indenter and the sample.

Basic idea of DSI (after Oliver and
Pharr): instead of measuring the
contact area, let’s measure the
penentration depth upon
application of a variable load
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Nanoindentation and AFM

“A Introduction to nanoindentation

Indentation tests are perhaps the most commonly applied means of testing the mechanical properties of materials. In such a test,
a hard tip, typically a diarmond, is pressed into the sample with a known load, After some time, the load is removed. The area of
the residual indentation in the sample is measured and the hardness, H, is defined as the maximum load, P, divided by the residual
indentation area, A, , ar

H = P/a,

The idea of nanaoindentation arose from the realization that an indentation test is an excellent way to measure very small valumes
of materials. In principle, if a very sharp tip is used, the contact area between the sample and the tip, and thus the volume of
material that is tested, can be made arbitrarily small, The only problem is determining the indentation area. It is easy to make an
indentation that is so small that it is difficult to see without a powerful microscope.

To solve this problem depth sensing indentation methods were dewveloped. In this method, the load and displacement of the
indenter are recorded during the indentation process and these data are analyzed to obtain the contact area, and thereby
mechanical properties, without having to see the indentations.

Manoindentation refers to depth-sensing indentation testing in the submicrometer range and has been made possible by the
development of 1% machines that can make such ting indentations while recording load and displacement with very high accuracy
and precision, and 2% analysis models by which the load displacement data can be interpreted to obtain hardness, modulus, and
other mechanical properties,

(Nano)indentation is a common technique to ascertain
N Elastic recovery elastic/plastic behavior of the materials

loaded _ (Pmax, heng} | (if carried out with a load modulation, also surface
viscoelasticity can be analyzed)

partially

unloaded - . :
Data pertaining to the elastic modulus and to the plastic

behavior (e.g., shear modulus) can be attained and
comparison with macroscopic results (e.g., Vickers hardness,

]
i
|
E {Ppat, Npar)
i
]
I
]
1

— L. Rockwell,...) may lead to interesting insights on the
/ microscopic nature of surfaces and nanostructures

Plastic deformation Displacement, h
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Force [uN]

AFM- nanoindentation (and problems)

A Material H — _MAX_

hardness: A
Material c
50 P . Numerical evaluations show A = h™, with m depending on the h range
: se1g’
40 — \
n.'E‘ 3
30 - <
L
20 — 0
unloading 0 hem U7
10 - Height (nm)
80
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0 N . M
T ' ' ! ' ! 60
400 200 600 700 : )
Distance [nm] = BiaS 1018 12 43
. . =~ 40
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of the indentation depth h 20 21 22 23 24 25
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Contact area derived from h through |
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Applications of nanoindentation

31.7 Polymer Medium

The polymer storage mediam plays a criacial role i@

mullipede-like themmmomechanical = s, The
Than-film mulubyer streine wi ‘W. aclive
layer {see big. 212015 nol the only pessiechoios, con

sicdering the almost ualimited mnge of poly mer malenals

aviilable. The ideal medinm shonld e eaaly defonnabie
OT Whllng, ol IUCHTan oS shon = H1 ) [GF R THES AT
wenar and thenmal degradation. Finally, ose woukd alsas
like 1w b absle wremss and rewnle daka repeatedly. In or
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Polymers can be
plastically deformed

If thermoplastics are
used (and tip is
heated), deformations
can be reversed

Fig. ¥.i8a=c Viscoelagtic madel of indentation writing.

{a) The bed tip heots 2 small volume of palymer material
,@. ¢ shear modulbas of the polymer dops
dmslicaly Tom G o MPa, which in tum allowes the tip

to_indeni e polvnser In respoese, elastic stres {repre
seniled ax compression springs] builds up in the palymer.
Im ndditian. viscous farces (pepresented as pistons) nssocd
ated with the relaxation e for the bocal deformation of
mokemalar wegments limit ibe imdeniation speed. (8] Ai the
e of the writing process, the lempemture is guenched on

a macrasecand b soale o mom lenperature: The siresed
conlgumizan of the polymer 15 fmeen-m [represenied by
the locked pistonsy {€) The Anal indentation cormespomds ia
a metasiable configamtion. The criginal unstressed flnt siate
af the polymer can be recovered by healing the indentation
valume o nsare than & which unbocks the compressed
sprimegs {afier [31.15])

der o be able o address all important aspicls properly,
s unidersLanding of the base physical mechanian of
hermrmechamcal wriling and ersing 15 reguinsd.

31.7.1 Writing Mechanism

In a pedemben expenmenl e visualire wiiling ol an
islemtation a8 the malion ol a mgid body (the tipina s
o menme | ke prolymer il ), Let us inaially assome

Proprieta piccola e piccolissima scala

that the polymern, e % like a ample li
wkGler b has been beabed aboyve the glas-ransition
Lemperiine In 8 5o . JLE WIRCOE
rag Jorees musl mol exosed e losding Foroe applied
Ly e lip dunng mdenialion, We can esbimale an uppes
beisiandd Tor the viscosily [ ool He polvmer mell using

SRS o] ia lim:

I = Galpr. [31.1}

In actial indentaliea Joomation, e lp losling Foroe
is on Che onber l:|]'ur|.d the radii T

valune al the apex of the Up is I}'ﬁuully@
Aszumdng a depih of the indentation of. @y, & = Snm
amul ur.nil:ln. the mean
wizlocily_dunng indestatiom formation i5 on lhe onder
|:|Z'~I-n{-|.' s ihermal relaxation

Lirnes are o8 The onder of micrseconds |31 0002 1] amd.
tisnciz, the heating Wme can be equated o the mne il
Lakes o fonm an mmdentabiom. With these parometiers
we oblan = 25 Pas, whersas (vpecal values for e
shesr viscosly o FMMA are a1 least seven onders ol
magni e lirger even ol emperaiures well above il
glass-transilion point [31.34%].

Thiz apparenl conlradiction can b resolved by con
siderimg thal polvmer properiies are sinmgly depemsdent
on thee Eme scale of observalion. Al lme scales on e
onder ol [ ms and below@@langlement molofis in el
et froeen i and the PRIMLA modecwles Fomm a relatively
slatic nefwork. Delommation ol the PRINLA now proceesds
by means of uneomelaled deformations of shorl molecw
Lar segmmwnis, ralher than by a flow mechanism msalving
Lher coardinated moliea ol entire molecular chaings. T
price onae has 1o pay is thal elastic siress buikls up i e
molecalar nelvwork as & resull of the deformataen e
poedymer 15 in a so-calledg U the ol
liand, cormesposding relaxalion Dmes are onders ol mag
mifude smaller, giving nse 0 am elfective visoosily al
millipede ome scles on (he onder off [0Fas |31.34%).
a5 requined by our simple arguament (s (31,100 Mobe
that, unlike normal wiscosary, this lgh-freguency vis
costly is basically independest ol the detdked molecalar
sirsciare Oof The FRMAM A, 1 e, chain lesgih, Beicity, poly
tisgpersily, ee. In el we can even expect thal simalar
trighe freguency visoous properties can be foumsd ina large
class of other polymer matenals, whach makes ibermis
mechanical wriling & ralber robusl process o lerens ol
makeral selection.
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Fig. i.xdab Topogmphic image of individunl indemin-
tioms. {a) The region around the aciual indentations cleady
shows the threefold symameiry of the tip, here a theee-sided

pyramid. (B] The indeniniions themselves exhabi shap
wdgex, ax can b men from ihe invered 3-IF inasge. Innsge

size is 2% 2 pum? (Fram [31.15] (@ 2002 IEEE)

o .....E

scale is the same for all images. The beater tenaperstures faor the indeniation on the left-hand =ide are 445, 4000 365, amd 275°C
for the palymers Palysulfane, PRMMA I {anionically polymerized PRIMA . M = 26k PMAA 1 (Palvmer Siandard Service.
Crermany., M = 500k, and Polystyreme. respeciively. The iempembare inoreas: between evenls on the hodzomnial axis is 14, 22,
2, and 99C. l':medl'r:h (Fram [31.15] IEI"-‘{[E 1EEE)

cnm alsn erse entive fields of indenintions wilbout destmoying indenintions n the edges of the fields. This is demonstrabed in (€.
where a field has been erased from om indentation Beld Smilar to the ane shown in (a). The dstance belween the lines is T0nm

Seuld Do s Ao da Vinci — 2009/10 Proprieta piccola e piccolissima scala

Examples of nanoindentation

Besides tribological and nanomechanical
applications, nanoindentation can be
envisioned as a nanofabrication tool or a

data storage method

2

:

|

=5 AL Iy 0.3 1

Fig. M.2%a—¢ Indemintions im a PMMA ﬁl
The deph of the indenistions is ~ 15 nm, roughly the siume ax
the thicknes of the PMMA laver The indentations on the Lefi-
hiznd side were wniltken fsl, then o secomsd seres of indemmions

was nade with decreasing distance from the find series going, from
fa] 1o (el fafier [21.15])

i

=1

Da B. Bhushan, Handbook of

checrensing the paich in the venical dl:llﬂnb!,' n[uflhl\u shawing that lua:nlls scheme works For individual Bnes. One nanOteChnOIOgy (Springerl 2003)
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Hardness [GPa]

Size effects in nanoindentation

(a)
(b)
(c)

Aluminium Bulk  DNISP
Silicon Wafer DNISP
Polystyrene Layer DDESP

Nanoindentation of a hard coating (BALINIT C) (d PMMA  Llayer DDESP
1':'0 Lavers are 100 nm thick spin coated films on glass
g1 ®0our model, hF 000 nm  AFM image of an 3 - |
1 indentatign mark b E
6 1 & our model, h¢ ] e (@ | 604 (b)
47 DNISP tip ] e o 403
i 1 . L] @ = @
2 @ = {1 & ) o ® @ 91 204 ..Oa g
| o ] 7] O 0 g
,\.' & 0 TITTII T I T[T I [ ITITTT 0 TIT T[T T T[T I T[T TTT[TTTT
AT Q.
@ - » 0 4 8 12 16 0 1 2 3 4 &
10 - ® o !'- LT 1)
25 ° & a b4 g 07— 12 39 Te our model, hr
] B 4 = 8= (c) s our model, he (d)
4 & T 6+ 8
I I | I I I | I I I | I I I 4 —- D
5 10 15 20 5. T o 4 o = e
|ndentatlﬂn depth [nm] 0 ] |. I ID I Ll 0 !Illllllllllllligléﬁlﬂl
0 10 20 30 0 10 20 30 40 50
. Investigated Literature Indentation depth [nm]
Material depth range a H, [GPa]
data [GPa] -
[nm] Behavior of H on h,:
o
Silicon 0.5-4.0 1.9 13+2.4 13 . H (hF ) = khg + Ho
Gold 528 13 | 13+02 | 1114 with k consfant, @ <0, .
—— T o o110 587) H, asymptotic hardness at (Apparent) hardness increases at
: 5 ;3316 " - macroscopic indentations small (<10 nm) indentation depths
Polystyrene 3.0-10 1.2 5 ~0.3 possibly due to cumbersome
OMMA L0.30 03 | 05801 04 material accommodation at the
- s 6 ' ultra-small scale
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Not to forget: adhesion forces

4 Deflessione cantilever R L1 | R Y N /L
=Forza punta g # L
campione . ~ B
- Bare Gold 4 o
5 o -
Distanza punta campione - /,/’" -
i T I |/ I I T T T l I I T l T T T I |_
0 50 100 150 200

Pull-oft Piezo displacement [nm1

N 1 N 1 T Y A I
SAM coated Gold
Oro: adesione= {19+ 1) g}y, Adhesion forces of SAM

SAN: adesione=[{5.5+£023)

&8

SAM = 0RO perché ha superficie
idrofobica

Scuola Dottorato da Vinci—2009/10

(nonanethiol) layers

| N N A T A O O A I |

\Il\ll\|\lIllllll|II\Jl\llI'!IlIllI\ll\lli_-24X10-

Adhesion forces between 2 40 60 80 100

tip and surface can be

accurately measured

Piezo displacement [nm]

F. Prescimone, Tesi di laurea in Scienza dei Materiali, 2008
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Additional variants of force microscopy

We have seen how AFM, based on the occurrence
of tip/surface van der Waals forces, can map the
local topography of the sample

No sample preparation is needed, and the topography
map is obtained with “absolute” calibration

T e

10 um

The achievable space resolution can reach the
atomic level, even though most common

Figure 19: Scanning electron micrograph of a can- inst : bl . lightl I

tilever made of Si. (24 Instruments are capable of a slightly smaller

resolution (in the nm range, depending also on the

sample properties!)

The close vicinity between tip and surface realized in AFM opens the way for probing

physical quantities other than the van der Waals interaction force ruling the vertical
deflection (bending) of the cantilever

What can be learned by measuring the lateral motion (torsion) of the cantilever?
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Lateral Force Microscopy (LFM, SFFM)

ool dlods laser During the scan, the tip is continuously displaced
‘ , with respect to the surface
a)
Fﬂﬂﬁ"l‘lﬂ'f

]
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Friction forces occur, resulting in a torsion of the
cantilever

Cantilever torsion can be recorded by a two-
dimension position sensitive detector (i.e., a 4-
guadrant photodetector)

Friction effects can be corrected by the
topographical artifacts by comparing forward and
backward scans

v, scan direction

—_— e (A+B)-(C+D) = normal force (AFM signal)

Fepring e (A+C)-(B+D) = lateral force (LFM signal)




Friction and topography: artifacts and genuine

Trace (forward scan) Retrace (backward scan)
v de
£l
) Ly T v
T AT v
I Friction force is always
oriented against motion!

From topography data (the space derivative...)

Surface slope /\ Surtace slope /\

T \/ T \/ R

| v

Lateral force data (Local) friction data

Friction force Friction force
e -

-
. : TR

Lateral force data are always convuleted with topography (slope), but genuine
information of the local friction can be derived by comparing trace and retrace and
considering simultaneously acquired topography data
nanotechnology (Springer, 2003)
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Examples of LFM/SFFM images

) Wire spring consisat = 2 500 N
v Frictlonol § &
Farce Lood = 75« Hi= N
a0
i 0™ B
00 |- ey
0 -+
i py -5of 1
: Logd = 2.5 10 ™= N
0 A0 —_
P _so M
; P 1Y
Lo ! |
- Load = 5.6 % 10N
100
A0
o
_%0 /
T -—
¥ ¥
A 410 o 1A mi

EF||:_I:_.HI-1!.!|—I: Friction loops on graphite soquired with {a) Fiyg =

 Sample posiiben (4

ET.!‘ pM. B} 24 pM and {e} 75 pM. {Afier [20.1])

v LFM/SFFM offers an additional contrast

mechanism

v'Possibility to discriminate different materials at

the atom

v'Nanotribology investigations can be carried out

level

Scuola Dottorato da Vinci—2009/10
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| I
e

T islg—4

Fig. 20,18 (a) Topography and (b} friction image of
(111177 messured with a FIFE coaled Si-ip. (Afler
[23.2aT])

Fig. 20,198, Fricion images of {8} Callll) and
{B) Ol 100 Frame siones 3 nme (A fer [20034])

Da B. Bhushan, Handbook of
nanotechnology (Springer, 2003)
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A few words on nanotribology

-

macroscopic Sliding motion of the AFM tip “in
friction j m contact” with the surface turns out
o T | | affected by “tribological

mechanisms” at the atomic scale:
- Adhesion;

- Ploughing;

- Deformation

gingle
o mg R

* Modello di Tomlinson (1929) :

modello di attrito applicabile su scala atomica

scale must account for local tip
/surface interaction

elastica 72 K(Ax

viene dissipata nel
processo di rilassamento
daZ2a3
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reticolo

2 % g La frizione é I'energia
= i = ' )? che



Stick-slip mechanisms during the scan

cantilever \ ® ff
‘x 5 \¢ _
\ ! Potenziale “\\,\' slip ~ _ .
' Ju— elastico della | | Eor Interaction potential accounts for
‘\\Opunm molla \ / the periodic surface potential
— b .-r”‘\ll l,-"(-\"lll
A \ /
/ / u - Potenziale interazione \/
\/ O\/ Q\/Ou‘ O\/O punta-reticolo

Pend . 08 — : ' ' ' ' Forza laterale
nel?anreeg':zie o1 media:

. rer L permette il
di equilibrio: % 012 calcolo di 1

costante Z 00}

elastica che L::’_D 5|
rappresenta le ! _

interazioni 0,41 Area_dentr_"o il
punta-campione 06l L . ciclo di

_ 0 1 2 3 4 5 isteresi: energia

VKr=1H+1/Ke X (nm) | totale dissipata

Singola linea di scansione LFM di NaCl a v= 2.5 nm/s

Stick and slip provide
a sensitive contrast
mechanism at the
atomic level
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AFM-based nanomechanics on isolated nanostructures

. [ -

~—~

(e.g, tensile or torsional stress, etc.

to reproduce at the ultra-small scale
mecahnical analysis on macroscopic specimens

F,
= 0.6 i T
=5 o LS i -
L} %:—""-_"’ : X
E 0.4 1 Yon "'lll""
2 «—L—ng
I |
2 pod e
3

contact
L
0.0 0.2 0.4 0.6 0.8 1.0
AFM tip displacemeant {Jm)

FIG. 3. (a) Lateral force on single-wall nanotube rope as a function of AFM
tip positiom. The four symbaols represent data from four consecutive lateral
force curves on the same rope, showing that this rope is straining elastically
with no plastic deformation, The foree increases as x° afler contact, as
expected for an elastic string with no slack. The solid line is a fit of Eq. (2]
to the curve marked with circles. The fit parameters correspond to elastic
strain of 2.8=0.4%. A linear background was subtracted from the data
before fitting: only one in eight data points s shown for clarite, (b, inset.
The AFM tip moves along the trench, in the plane of the surface, and
displaces the rope as shown, Variables marked are used in Eq. (2],

TABLE L. Trench widths, angles, offsets, maximum extension of AFM tip,
and ohserved elastic straing for four ropes tested. The dominant error in
strain 1§ dus to calibration of the piezoelectric AFM scanner.

£ e Faff L om0
[ I# [gern [em] Emax
43 0 0.26 0.54=10.03 2E=04%
7 122 0.95 0.57=0.03 5.E=0.9%
41 0 0.67 0.3 1=0.02 1.2=0.2%
45 0 048 0.32=0.02 LI=01%
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777 S o
EVAPORATE Crifu THROUGH
;"///////f MASK OR RESIST

LIFT OFF EXCESS METAL

L

REMOWVE OXIDE WITH HF ETCH

ETCHIN KOHTO
7 PRODUCE DEEP TREMCH

Preparation of a suitable
sample si part of the research!

FIG. 2. Rope of single-wall nanotubes freely suspended over trench in sili-
con before () and after (b) being stressed past its elastic [mit.

O A Wakers % L AL Encecn, M. J. Cassvaet, J. L, D T Colbert, K. A Smith, and
R E Sraley
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Nanoscopic investigations of the mechanical properties

Laser-
diode

Stress/strain (and fracture) by AFM

i

Diamond tip/
steel cantilever

L .,;.;-;ﬂ

Photodetector

S {itiH I Piezo
L Hd tube ]
S scanner bt
R T B
Dy, = sensitivity X b |
dV g
3 Figura 19 - Immagini SEM che mostrano (a) I'apparato per Ia misura di carico tensile di MWCNT con un
¥ nanotubo attaccato a due punte AFM opposte prima dell'imposizione del carico; (b) il meccanismo di frattura
Dbuam A " P T .
;F telescopico" tipico dei MWCNTs.

Dheam = Dpiean— Diip
Fyeam = Fiip= stiffness of cantilever x Dy,

Fig.25.1 Schematic showing the details of a nanoscale
bending test. The AFM tip is brought to the center of the
nanobeam and the piezo is extended over a known distance.
By measuring the tip displacement, a load-displacement
curve of the nanobeam can be obtained [25.38]

AFM can be used to apply local
(and controlled) deformations

Figura 20 - Grafico stress-strain in misure tensili condotte su fibre di SWCNT.



A (very) few examples of AFM nanomechanics with CNTs |

position-sensitive

laser photodetector
/{ T 3 KHzZ
I cantilever
R

N piczoplate
sg*'HHzUWWVW\ﬂ
ultrasonic -
transducer 5 MHz
J\;Oa: 3 kHz

Fig. 1. Schematic view of our experimental set-up which allows the de-
tection of machanical resonances in a coiled nanotube using non-contact
AFM

e
AL (him)
15
1"
10
S
0
(e (&)
5
1
1
Tl
1
| s_}lﬂm"‘ 5 \
10
1L 1} n
I {sech
Fig.5 Reversible conductance change mnducesd by mechanical deformation of metallic mamotube using
AFM tip. {ad) AFM image of the mnotube an the trench. (b)) Schematic illustration of the suspended

manaiube and AFM tip induing the deformation. (o) Vertcal displucement (AZ ) and conductance (3} of

manatube during six reversible dqu'rrr'..:l.num with§ sec interval.
——~—y

110 5 -
i 1 "
= = o
ER g
E b _._,.t'lrll't..___ﬁl'_lan
F 4 i =4 am
El
T 1
3 T

¥ inHep

b .3
F {MHz)

Fig- 2. i Thesedbenemaraal men oot AFM =

11

e od o aapeded oral
mmcnbe Ealgdy o anp fenad By the alge of o gold pal o o b
coa israre. b Vsl deplasened of gt AFM fp whach & poion sl
e e alad desonils (e whoE e o Al el e Risdtes of e ex-
chaca hapscy The sl b Cediponds o Loasesos S0 of tie
ara. The corwer m bt el oemsped o e eoraees Sseiins] dis-
Ay bt sbippad eeparach of the AFM G powanls the mmcmube (hip dant
Ad = las)
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A (very) few examples of AFM nanomechanics with CNTs Il

VOLUME B4, NUMBER 24 PHYSICAL REVIEW LETTERS 12 June 2000

Tensile Loading of Ropes of Single Wall Carbon Nanotubes and their Mechanical Properties

The mechanical response of 15 single wall carbon nanotube (SWCNT) ropes under tensile load was
measured. For 8 of these ropes strain data were obtained and they broke at strain values of 5.3% or lower.
The force-strain data are well fit by a model that assumes the load is carried by the SWCNTs on the
perimeter of each rope. This model provides an average breaking strength of SWCNTSs on the perimeter
of each rope; the 15 values range from [3 to 532 GPa (me wdel the 8
average Young's modulus values determined range froQ 320 o 1470 GPa (mean 1002 GPa).

g

L 1. SEMW oroges showng n S8CNT mope memie-
kg o mes oo and ader te CNT rope waa
brofoen. (] 4 term i loedad 590N T rope between an A58 Bp
rd 1 SWCNT "raper™ wrrpie. (H) Clossan s shorasng the
pachment (cerhomceous depoest of te end of be 500N T
o o the AW Bn (2] The mme SECNT ope ader R
pmcded e v perre cahee o brokoe. Che crrage saras dus one 100
r wan ghot | pmiom the sitschrmens neggeon on

e ArM Bp (d] Amsher clos-n wEw O e uRcTTErE e
mher the rope was brokemn, showeng the depos was m- . roue
El A shorace showing an overves of the bmele-iodng
epermere. I the chamate, te gay onclser ndeste
where the cantlever 'windd be = no rope e attached on the
A e 0F] The wemed clos-pucosd S8 T rope with
1:-.|.3:|1.|. oo scon ueed N the e i te pepos o
20420 g U CTOe-AT SN AN T U dasmemer rra ed
wh the 52
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Conclusions

»The atomic force microscopy is based on probing mechanical interatcions at the
very local scale

»The methods, the approach, the techniques, the technologies involved in AFM
are (more or less) readily available for probing mechanical properties at the
small and ultra-small scales

» Motivations oar associated with the need for analysis of nanosized samples or of
locally inhomogeneous surfaces

cmall eraloac wit
CQITIUIl OvAdiIwo [ 9

» A vivid example of the above is Carbon NanoTubes
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