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Outlook

• How to use force microscopy to get information on mechanical properties at 
the small and ultra-small scalesthe 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-smally
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!

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

Topography map Phase mapp g p y p

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

Viscoelasticity can be addressed at the local scale 
by using AFM in phase contrastby using AFM in phase contrast

At the small scale, it is associated with some 
friction occurring in  the harmonic oscillators
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Origin of phase contrast I

Transferred power balance

Elastic model (probe)

Average power per cycle Power depend on phase shift
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Origin of phase contrast II
Effective damping

Power dissipated with damping

Dissipated power is estimated as
the difference between input

Damping by motion in a viscous environment

the difference between input 
(driving) power and power
intrinsically used by the cantilever
(spring) in its oscillation
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Origin of phase contrast III

Dissipated power depends on the phase shift (and viceversa!)Dissipated power depends on the phase shift (and viceversa!)
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Phase shift and approach
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Example of dissipation energy measurements

Sample consists of polypropylene (PP) balls immersed in 
l h ( )polyurethane (PUR) matrix
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Another interesting mechanical property: hardness

Plastic Offset 

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 5 –pag. 10Proprietà piccola e piccolissima scala



Macroscopic hardness measurements

Brinell

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 

Vickers

surface (indentation)

Hardness = applied load/contact area
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Depth Sensing Indentation

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

http://www nanoindentation cornell edu/http://www.nanoindentation.cornell.edu/

(Nano)indentation is a common technique to ascertain 
elastic/plastic behavior of the materials
(if carried out with a load modulation, also surface 
viscoelasticity can be analyzed)

Elastic recovery

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, 
Rockwell,…) may lead to interesting insights on the 
microscopic nature of surfaces and nanostructures 

Plastic deformation
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AFM‐ nanoindentation (and problems)

AFM tip
Material

= MAX

C

P
H

A
Material
hardness:

Material C

Gold

Either hF or hC can be used as representative 
of the indentation depth h

Contact area derived from h through 
specifiic models
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Applications of nanoindentation

Polymers can bePolymers can be 
plastically deformed

If thermoplastics areIf thermoplastics are 
used (and tip is 

heated), deformations 
can be reversed

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 5 –pag. 15Proprietà piccola e piccolissima scala



Examples of nanoindentation

Besides tribological and nanomechanical 
applications, nanoindentation can be 

envisioned as a nanofabrication tool or a 
data storage methoddata storage method

Da B. Bhushan, Handbook of 
nanotechnology (Springer, 2003)
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Size effects in nanoindentation
(a) Aluminium    Bulk      DNISP
(b) Silicon          Wafer    DNISP
(c) Polystyrene Layer DDESP

AFM image of an
indentation mark

Nanoindentation of a hard coating (BALINIT C)
(c) Polystyrene  Layer    DDESP
(d) PMMA          Layer    DDESP

Layers are 100 nm thick spin coated films on glass

DNISP DNISP tiptip

Material
Investigated 
depth range 

[nm]
α H0  [GPa]

Literature 
data [GPa]

Behavior of H on hF:
α +( )H h kh HSilicon 0.5‐4.0 ‐1.9 13±2.4 13

Gold 5‐28 ‐1.3 1.3±0.2 1.1‐1.4

Balinit C 2‐15 ‐1.0 5.5±1.2 5‐8 (?)

Polystyrene 3.0‐10 ‐1.2
0.83±0.2

2
~0.3

with k constant, α < 0, 
H0 asymptotic hardness at 
macroscopic indentations

α= + 0( )F FH h kh H
(Apparent) hardness increases at 
small (<10 nm) indentation depths

possibly due to cumbersome2

PMMA 1.0‐30 ‐0.73
0.58±0.1

6
~0.4

possibly due to cumbersome
material accommodation at the 

ultra‐small scale
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Not to forget: adhesion forces

Bare Gold

SAM coated Gold
Adhesion forces of SAM 
(nonanethiol) layers

Adhesion forces between 
tip and surface can be 
accurately measured

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

W h h AFM b d thWe 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

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

f ( ) fdeflection (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)

During the scan, the tip is continuously displaced
with respect to the surface

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

Cantilever torsion can be recorded by a two-
di i iti iti d t t (i 4dimension position sensitive detector (i.e., a 4-
quadrant photodetector)

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

• (A+B)‐(C+D) = normal force (AFM signal)

• (A+C)‐(B+D) = lateral force (LFM signal)
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Friction and topography: artifacts and genuine

Trace (forward scan) Retrace (backward scan)Trace (forward scan) Retrace (backward scan)

Friction force is always
oriented against motion!

From topography data (the space derivative…)

Lateral force data (Local) friction data

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

Da B. Bhushan, Handbook of 
nanotechnology (Springer, 2003)

information of the local friction can be derived by comparing trace and retrace and 
considering simultaneously acquired topography data  
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Examples of LFM/SFFM images

A B

A BA B

LFM/SFFM offers an additional contrast 
mechanism

Possibility to discriminate different materials at 
th t l lthe atom level

Nanotribology investigations can be carried out Da B. Bhushan, Handbook of 
nanotechnology (Springer, 2003)
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A few words on nanotribology

Sliding motion of the AFM tip “in 
contact” with the surface turns out 
affected by “tribological 
mechanisms” at the atomic scale:
- Adhesion;
- Ploughing;
- DeformationDeformation

Friction models at the ultra-small
scale must account for local tipscale must account for local tip
/surface interaction
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Stick-slip mechanisms during the scan

Interaction potential accounts for 
the periodic surface potential 

KBr : theory KBr :LFM image Stick and slip provide
a sensitive contrast
mechanism at the 

atomic level
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AFM-based nanomechanics on isolated nanostructures

Goal: to reproduce at the ultra small scaleGoal: to reproduce at the ultra‐small scale 
mecahnical analysis on macroscopic specimens
(e.g, tensile or torsional stress, etc.)

Preparation of a suitable
l i f h h!sample si part of the research!
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St / t i ( d f t ) b AFM

Nanoscopic investigations of the mechanical properties

Stress/strain (and fracture) by AFM

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



A (very) few examples of AFM nanomechanics with CNTs I
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A (very) few examples of AFM nanomechanics with CNTs II
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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 

ll d lt ll lsmall and ultra‐small scales

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

However, measurements suggest the occurrence of specific systems at the ultra‐
small scales with peculiar mechanical propertiessmall scales with peculiar mechanical properties

A vivid example of the above is Carbon NanoTubes
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