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Outline

• Principle of Atomic Force Acoustic Microscopy (AFAM),
dynamic operation mode of an Atomic Force Microscope
(AFM) in the ultrasonic frequency range

• Mechanical models of AFM cantilevers and the contact
between a sensor tip and a sample surface, resonance
vibrations of the cantilever without and with sample contact

• Application of AFAM to image microstructural features and 
local stiffnesses of α and β phases in the Titanium alloy 
Ti-6Al-4V



Frequencies and Wavelengths of Elastic Waves

Hypersound



Sensors of Commercial Atomic Force Microscopes
Small elastic beams: 
Length: a few 100 µm, width: a few 10 µm, thickness: a few µm, 
Sensor tip: Radius of a few nm up to of a few 100 nm,
Material: Silicon single crystal (cantilever and chip ond piece),
Vibration resonances in the ultrasonic frequency range,
i.e. usable as a near field ultrasonic probe.

Optical microscopy image SEM image

Typical values:
1. Free bending resonance frequency: 10 - 300 kHz
Spring constant: ca. 0.1 - 60 N/m

Cantilever
Sensor tip10 µm



Dynamic AFM Operation Modes with Ultrasonic Frequencies

- Atomic Force Acoustic Microsopy (AFAM), vertical und lateral,
- Ultrasonic piezo-mode,
- Ultrasonic Friction Force Microscopy (UFFM)

exploit flexural and torsional vibration resonances of AFM cantilevers

Imaging of sample surfaces:            Spectroscopy:
- Amplitude                                       Contact resonance spectroscopy
- Phase                                             (Quantitative determination of
- Contact resonance frequency local material parameters)



Atomic Force Acoustic Microscopy (AFAM), Set-Up
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AFM: Atomic Force 
Microscopy



Boundary conditions: 
clamped-free beam ⇒ solutions from textbooks
clampled-surface coupled beam ⇒ nonlinear force curve

Flexural Vibrations of a Beam of Constant Cross Sec tion 

E: Young's modulus
ρ: Mass density
γ: Damping constant
A: Cross section area
I: Area moment of inertia

Equation of motion of 
flexural vibrations in a bar:



Quasi-Static Force Curve Between a Sensor Tip and a  Sample

Repulsive region:
Hertzian model of the
contact forces
⇒

Relation between the
contact stiffness k* and the
local indentation modulus
of the sample surface

Equivalent for shear forces
and torsional resonances
⇒ shear modulus

S. Hirsekorn
Nanotechnology 8, 1997, 57-66.

Calculated from a measured AFM – force – distance – curve,
Silicon cantilever in contact with a chromium sample

k* = 
– dF/dz(ze) 
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Cantilever Beam and Contact Model

kC: Static spring constant of the AFM cantilever beam

U. Rabe
Applied Scanning Probe Methods II, 
Springer, 2006, 37-90.

k*, k*lat: Vertical and lateral
contact stiffness

γ, γlat: Vertical and lateral 
interaction damping

L+L': Length of the cantilever
L: Position of the sensor tip
h: Length of the sensor tip
α0: Angle between cantilever

and sample surface



P

Lateral contact stiffness klat
* = 8aG*

E*, G*: Effective Young's and shear modulus of the contact

Contact radius

Contact stiffness = 2aE*

AFM tip

Sample

Hertzian Model of the Mechanical Contact
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Isotropic materials

ET: Young‘s modulus – tip
νT: Poisson ratio – tip
ES: Young‘s modulus – sample
νS: Poisson ratio – sample

D. Maugis
Contact, Adhesion and Rupture 
of Solids, Springer, 2000.



AFAM Contact Resonance Spectra, Nonlinear Forces

Increase of the excitation amplitude: 
softening effect, asymmetric shape of the
resonance peak, and amplitude jump

Inversion of the direction of the
frequency scan: hysteresis

Sample: silicon; cantilever: silicon, 2nd contact bending mode



Topography, AFAM, and Piezo-Mode Images

Topography,
Height scale 20 nm

AFAM, 860 kHz,
Amplitude Image

Piezo-Mode, 865 kHz,
Amplitude Image

Diamond coated cantilever; Spring constant: 54 N/m; 1st bending mode;
Static load: 540 nN; Image size: 10 µm x 10 µm 

Polycritalline Barium Titanate Ceramic, imaging of ferroelectric domains

U. Rabe, et al.
Journal of Physics D – Applied Physics,
Vol. 35, 2002, 2621-2635.



AFAM Amplitude Images of the First Bending Mode

Sample: PIC 151,
Polycritalline Barium 
Titanate Ceramic (PTC)

Imaging of ferroelectric
domains within a grain,
the different orientations
influence the elastic
behaviour.

1. Bending contact
resonance: 697.5 kHz

U. Rabe, et al.
Journal of Physics D – Applied Physics,
Vol. 35, 2002, 2621-2635.

Image size: 4.5 x 4.5 µm2
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Topography and AFAM Image of Nanocrystalline Nickel

Topography image, 
Height scale 10 nm
Image size: 1.5 x 1.5 µm2

Contact resonance frequency 
AFAM image, frequency scale: 
730 – 750 kHz

Cantilever
spring constant: 
kc = 48 N/m,

Free bending
resonances:
f1 = 166 kHz
f2 = 1031 kHz

Sample:
Nanocrystalline nickel
Grain size: 167 nm

U. Rabe, et al.
Surface and Interface Analysis
Vol. 33, 2002, 65-70.



AFAM Contact – stiffness Image of Nanocrystalline Nicke l

Image size: 1.4 x 1.5 µm2

Indentation modulus M of nickel:

Experiment
[GPa]:
MPos 1 = 234
MPos 2 = 184
MPos 3 = 176

Calculated from
single crystal
literature values
[GPa]:
M(111) = 223
M(110) = 218
M(100) = 202

Hertzian
Theory

Indentation
Modulus M

Contact
Stiffness k*

Flexural Beam
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U. Rabe, et al.
Surface and Interface Analysis
Vol. 33, 2002, 65-70.



Titanium
- Titanium: transition metal, strong, highly creep resistant, light, heat-

resisting, biocompatible, and corrosion resistant 
→ broad field of industrial applications.

- Primarily two different crystal structures in titanium: the hexagonal 
close-packed (hcp) α-phase and the body-centred cubic (bcc) β-phase. 

- Pure titanium: 100% α-phase at room temperature if cooled down slowly 
enough to allow diffusion; above the β transition temperature (BTT = 882°C 
for pure titanium) the bcc structure is stable.

- Transition of the β-phase during cooling: 
Depending on temperature and cooling rate the β-phase transforms either 
into the metastable β-phase, the stiff hcp α’-, or the soft tetragonal close-
packed (tcp) α’’-martensite structures.

- Strong variations of the bulk properties with the ratio of the phases: 
the hcp α-phase with strong elastic anisotropy has the highest indentation
modulus (~117 GPa); the metastable bcc β-phase with significantly lower
anisotropy has the lowest indentation modulus (~82 GPa). 

- Forming preferred just above the β transition temperature: the bcc-structure
contains more slip planes, i.e. is easier to deform than the hcp-structure.



Titanium alloys :
Stability of α- und β-phase below the β transition temperature by adding
appropriate elements to the fluid titanium; stabilisation of the α-phase and 
increase of β transition temperature by e.g. N, O, C, Al, Sn and Zr; 
stabilisation of the β-phase and decrease of β transition temperature by e.g. 
Fe, Bi, Mn, Cr, Co Mo, Ni, Pb, Cu, V und Nb (in order of decreasing effect).

Most common titanium alloy: Ti-6Al-4V
- 60% of the titanium market, 80% thereof aircraft industry;
- Al for α-, V for β-phase stabilisation, β transition temperature ca. 1000°C;
- Slow cooling to room temperature (i.e. time for diffusion processes): α- and 
stable β-phase (at least 15% proportion of weight vanadium);

- Quenching to room temperature (i.e. no time for reorganisation of atoms): 
depending on temperature and cooling rate transformation into metastabile
β-phase, soft tcp α’’- or hard hcp α’-Phase;

- Microstructure and arrangement of α- and β-phases dependent on heat
treatment: lamellar, equiaxed, and a mixture of both.

Titanium Alloy Ti-6Al-4V



Titanium Alloy Ti-6Al-4V

Microstructures and local stiffnesses of the α- and β-phases in 
the titanium alloy Ti-6Al-4V:

- Determine the macroscopic material behaviour.

- Quantitative investigation of the microstructure of titanium
alloys after different heat treatments lead to guidelines of 
systematic material design.

- Appropriate tool: Atomic Force Acoustic Microscopy
(AFAM).

- In addition: energy-dispersive X-ray spectroscopy (EDX) in 
order to identify the different phases and to determine their 
chemical composition, backscattered electron (BSE)  
imaging in order to compare the results with another method. 



kHz

5 µm5 µm

Titanium Alloy Ti-6Al-4V, AFAM and BSE Images
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α-phase: large grains, 
identification by BSE;

β-phase: small dark
spots at the α-phase 
grain boundaries;

α-phase: higher contact
resonance frequencies
and thus higher stiffness
than the β-phase;

Variation of the stiffness
from grain to grain within
the α-phase due to the
high single crystal
anisotropy and different 
grain orientation. 

Initial state

Heat treatment: 650°C (1h),
Quenching with water

J. Rabe, Diploma thesis, EEIGM,
Materialwissenschaft und Werkstofftechnik
Fakultät III der Universität des Saarlandes,
Saarbrücken, 2009



5 µm 5 µm

kHz

Heating only below the β transition temperature, i.e. the
microstructure is mainly determined by hot forming
processes, which change structures and induce stresses; 
the α- and β-phases are present; heating after forming
leads to stress reduction and recrystallization, the grain
size grows with the temparature of the heat treatment.

J. Rabe, Diploma thesis, EEIGM,
Materialwissenschaft und Werkstofftechnik
Fakultät III der Universität des Saarlandes,
Saarbrücken, 2009

Titanium Alloy Ti-6Al-4V, AFAM and BSE Images

Heat treatment: 850°C (1h),
Quenching with water

α-phase: large grains, 
identification by BSE;

β-phase: small dark
spots at the α-phase 
grain boundaries;

α-phase: higher contact
resonance frequencies
and thus higher stiffness
than the β-phase;

Variation of the stiffness
from grain to grain within
the α-phase due to the
high single crystal
anisotropy and different 
grain orientation. 



J. Rabe, Diplomarbeit, EEIGM,
Materialwissenschaft und Werkstofftechnik
Fakultät III der Universität des Saarlandes,
Saarbrücken, 2009

Heat treatment at 1050°C (1h):
100% β-Phase;
Quenching with water:
100% very fine needle-like tcp
α’’-martensite structure, visible in the
AFAM, but not in the BSE image.
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Titanium Alloy Ti-6Al-4V, AFAM Image
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Heat treatment at 
1050°C (1h), quenching
with water, 2nd heat
treatment (1h), 
quenching with water; 

Sample 5: long plates of 
α-phase of high stiffness, 
intermediate the β-phase 
of lower stiffness; 

Sample 6: larger 
thickness of α-phase 
plates because of the
larger mobility of the
atoms during the heat
treatment due to the
higher temperature. 

2nd Heat treatment at 650°C,
quenching with water

J. Rabe, Diplomarbeit, EEIGM,
Materialwissenschaft und Werkstofftechnik
Fakultät III der Universität des Saarlandes,
Saarbrücken, 2009

Titanium Alloy Ti-6Al-4V, AFAM and BSE Images

2nd Heat treatment at 850°C,
quenching with water



Heat treatment at 
1050°C (1h), quenching
with water, 2nd heat
treatment (1h), 
quenching with water.
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J. Rabe, Diplomarbeit, EEIGM,
Materialwissenschaft und Werkstofftechnik
Fakultät III der Universität des Saarlandes,
Saarbrücken, 2009

Sample 7: The temperature of the 2nd heat treatment (950°C) is higher than
the martensite transition temperature causing transformation of the β-phase 
into the α’’-martensite structure (of lower stiffness than the α-phase). 

2nd Heat treatment at 950°C,
quenching with water

Titanium Alloy Ti-6Al-4V, AFAM and BSE Images



Summary of the results:

- AFAM and BSE images: consistent, but in contrary to BSE, AFAM clearly
shows stiffness variations of different grains in the α-phase due to its
strong single crystal anisotropy and different grain orientations as well as 
the fine needle-like structure of the α’’-martensite-phase.

- Energy-dispersive X-ray spectroscopy (EDX): the chemical composition of 
the α-phase and thus its lattice parameters and elastic moduli are almost
independent on the heat treatment; this is not the case in the β-phase.

- The macroscopic behaviour of Ti-6Al-4V is mainly determined by the ratio
of the phases, but not by the chemical composition of the β-phase: AFAM
measurements indicate an increasing indentation modulus of the β-phase 
with decreasing amount of vanadium while ultrasonic bulk measurements 
show a decreasing macroscopic modulus with increasing temperature.

- Investigating microscopic properties as function of heat treatments leads to 
"material design".

Titanium Alloy Ti-6Al-4V


