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Acoustic scanning microscopy of grain
structure in isotropic solids: pure aluminium

and Al-2.5% Mg alloy

K. FOSSHEIM, T. BYE, S. SATHISH*, G. HEGGUM?
Department of Physics and Mathematics, The Norwegian Institute of Technology,

7034 Trondheim-NTH, Norway

A scanning acoustic microscope (SAM) has been built, and its main features are described.
Acoustical imaging of the grain structures in elastically isotropic 99.995% pure aluminium,
Al-2.5% Mg alloy, and of a composite structure of Al + SiC particles has been performed
using this instrument. We obtain surprisingly good contrast and therefore good imaging in
both pure aluminium and Al-2.5% Mg. The fact that we obtain good contrast even in elastic-
ally isotropic materials like aluminium and Al-2.5% Mg shows that SAM imaging is very sen-

sitive to mechanical near-surface properties.

1. Introduction

The scanning acoustic microscope (SAM) was developed
into a scientific instrument by Quate and co-workers
at Stanford during the 1970s and early 1980s. Towards
the end of that period, when the power of the instru-
ment became obvious, a large number of groups
around the world joined in the task. The instrument
has now reached a degree of sophistication where it
has become a natural supplement to traditional opti-
cal, electron and other microscopy in any materials
characterization laboratory. Essential features like
resolution and contrast are reasonably well under-
stood. The lens theory is well developed. A resolution
range from 500um to 20nm is available. These
developments have been described in a series of
reviews [1-9].

Today much work is devoted to the use of the
instrument. The range of demonstrated applicability is
rapidly expanding, particularly in materials charac-
terization and in medicine.

It is essential to obtain a precise understanding of
the imaging principle and how it differs from the more
traditional imaging techniques. One immediate answer
is that since we are dealing with acoustic waves, we are
dealing with a totally different contrast principle. A
second answer is that the instrument is capable of
viewing through structures that are either opaque to,
or too thick for, optical and electron microscopes. A
third feature is that, beyond being an instrument for
structural characterization, it offers a quantitative
method for the characterization of mechanical near-
surface properties over microscopic regions of the
sample [10-12]. This is obviously a very important fact
since surface properties are so important for the under-
standing and use of materials. In both pure aluminium
and Al-2.5wt % Mg samples, apart from observing

contrast reversal in the grains, contrast reversal in the
grain boundaries is also observed.

The SAM has been used by several groups to study
the grain structure in different materials. The origin of
contrast and the acoustical material signature have
been discussed in a series of papers [13—17]. The effect
of anisotropy has been utilized to explain the contrast
from grain to grain [18, 19]. It has been stated [18] that
an elastically isotropic material like aluminium cannot
show good contrast from grain to grain. We have
therefore undertaken a study of auminium: 99.995%
pure elemental, Al-2.5% Mg alloy, and a composite
of Al + SiC. We were able to demonstrate that the
previous assertions about the difficulty of imaging
aluminium are far too pessimistic. We do in fact
obtain nearly full contrast on a black and white scale
simply due to the difference in grain orientation, a
great surprise in view of what has been said [18]. These
findings again point to the extremely high sensitivity
to the factors influencing the elastic properties near
the surface. Our observations have convinced us that
the instrument will continue to find new and important
applications in surface characterization, and in the
ongoing efforts to tailor material surface properties to
technological requirements.

2. The SAM system: design and
properties

The scanning acoustic microscope [20] is an integrated
system for r.f. acoustic wave excitation, propagation
and detection, mechanical line-scanning of the lens
over the sample area, timing of scanning and r.f. pulse
generation and detection, video display, data storage
and system control. To make it easily applicable it
should run and collect the image at the touch of a
button. In principle all such systems will be similar in
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Figure I Block diagram of the scanning acoustic microscope, show-
ing schematically how the different parts of the system are connected.

most respects, although the practical implementation
of the various parts may be very different from one
system to the next. Qur system is to a large extent
home-made, as regards the control system, timing cir-
cuits, software, lenses and mechanical parts. The r.f.
system, personal computer (PC), vibrators, vibration
detectors and z-scan unit are all standard commercial
items.

A schematic diagram of the whole system is shown
in Fig. 1. In Fig. 2 we show a close-up of the mechanical
scan system. We refer to the figure captions for details.

The lens used in the present work is a single-crystal
sapphire lens whose ¢ axis is along the direction of
propagation of acoustic waves. The length is 16.2 mm,
the aperture 2.5 mm, the effective opening angle is 50°,
and the focal length 1.73 mm.

With the system operated at 90 MHz it has a two-
point resolution of 13 um, while at 150 MHz the
resolution is 8 um. The two-point resolution is cal-

Figure 2 Nlustration of the mechanical scan system, including two
vibrators (V), two LVDT transducers (LVDT), a table (T) for
mounting the sample and an acoustic lens (L).

culated according to the expression

Af
L35 1

Here A is the wavelength in water, /'is the focal length
and D is the aperture diameter.

As is well known, the sapphire—water combination
gives a diffraction-limited resolution with insignificant
spherical aberration.

The radiofrequency (r.f.) transmitter/receiver sys-
tem we used is a Matec 6600 (Matec Inc., Warwick,
RI, USA) unit. The output from the transmitter is sent
to the lens via a stub tuner for impedance matching.
The receiver has a video output giving the positive
envelope of the received pulse. This output is passed to
two sample-and-hold (S/H) circuits mounted in suc-
cession, and also to the oscilloscope for viewing. The
first S/H circuit is a high speed (25 nsec), high accuracy
(0.1%) S/H circuit, and the second one is a slower one
to ensure that the signal is held long enough to be
digitized and stored without drop in signal level. The
output from the second S/H circuit is passed to an 8-bit
analogue-digital (A/D) converter where the digital
output is read and stored by the PC via a parallel port.

In order to obtain a full image, the lens must be
scanned over the sample in a raster pattern. This
is done by two vibrators, one moving the lens fast
along the x axis, the other moving the sample one step
along the y axis per line scan along the x-axis. The
vibrators consist of a permanent magnet and a moving
coil, and can move a total of Smm peak to peak. The
signals controlling the vibrators is generated by a
single-board computer called Bitten, made by ELAB,
Norwegian Institute of Technology, via parallel ports
and D/A converters. The Bitten computer is linked
to the PC by a general-purpose interface bus (GPIB)
to receive information regarding the size of the
scan, frequency, etc., before starting the exposure of
the image. The vibrators are also connected to two
linear voltage differential transducers (LVDTSs) which
measure the actual displacement. This measurement is
used as a feedback to a regulator to make the position-
ing of the lens as accurate as possible.

The lens can also be moved along the z axis using a
stepping motor. This motor can be either manually
controlled or software-controlled from the PC via the
GPIB bus. It has a resolution of 1/8 um per step.

An important feature is the timing of the mechani-
cal scan and of the r.f. pulse detection. This is achieved
by different trigger and strobe pulses generated from
a specially designed circuit. The PC is provided with a
programmable interrupt timer which is used as a rate
generator to make the main trigger pulse. This pulse
triggers the generation of r.f. pulses in the Matec unit,
and is also used by another circuit to produce three
additional pulses delayed in time relative to the r.f.
pulse generation. Two of these are control pulses to
the S/H circuits, and the time delay of these can be
shifted to select the right reflection pulse for imaging.
The third is a strobe pulse to the Bitten computer
which uses it to control the motion of the lens and the
A/D conversion of the video pulse. The synchroniz-
ation is obtained by having the PC read the A/D
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converter when receiving an interrupt signal from the
Bitten computer, and returning a handshake signal
when ready for a new input.

The software running in the PC consists of several
.modules written in Basic and assembly language. This
main control program is command-driven to make the
use of the acoustic microscope as easy as possible for
the operator. The main features are:

(a) To start the exposure of an acoustic image by
sending data about the scan size, ctc. and a starting
directive to the Bitten computer.

(b) To alter a set of parameters determining the
scan size, scan position, scan frequency and the r.f.
pulse repetition rate.

(¢) To receive the image from a video camera
mounted on an optical microscope for comparison.

(d) To store and recover micrographs on magnetic
discs.

(¢) To control the stepping motor for moving the
lens in the z-direction for controlled defocusing.

In addition there are programs for measuring
received voltage as a function of defocus along the z
axis, so-called V(z) curves, and obtaining line scans,
features not yet incorporated in the main control
program.

3. Results and discussion

In our investigations all the samples were mechanic-
ally polished down to 1 um and imaged without etch-
ing. As reported in other studies, almost no contrast
was found at focus. Fig. 3 shows the image at a
defocus of z = —40um for pure aluminium, in a
cold-rolled and recrystallized sample. In view of the
well-known elastic isotropy of aluminium (anisotropy
factor # = 1.22) compared to copper (n = 3.20) and
nickel (5 = 2.38), we get surprisingly good contrast
between the grains, We observe a few grains which are
very dark while there is less contrast among other
grains. This, we suggest, is mainly because the major-
ity of the grains are oriented in the same direction. It
has been observed [21] by electron microscopy that
cold-rolled and recrystallized aluminium can have a

Figure 3 Acoustic micrograph of mechanically polished, unetched
polycrystalline sample of 99.995% pure aluminium taken at a defocus
of z = —40um, scan area 4.5mm x 4.5mm, frequency 90 MHz.

1750

Figure 4 Acoustic micrograph of mechanically polished, unetched
polycrystalline alloy of Al-2.5% Mg, taken at a defocus of z =
—33 um, scan area 4.5mm x 4.5mm, frequency 90 MHz.

high degree of single-axis texture. From the maximum
change in velocity of sound along the principal crys-
tallographic axes, in aluminium we find that a dif-
ference less than 3% in acoustic impedance can give
quite good contrast.

The Al-2.5% Mg sample is a recrystallized sample
which has an average grain size of D = 268 um. An

acoustic image obtained in this sample at z = —33 um
is shown in Fig. 4. To demonstrate the contrast reversal
in a few grains, an image taken at z = —73 um is

shown in Fig. 5. Addition of 2.5% Mg would substi-
tute some of the aluminium atoms in the structure; the
distribution being random, the elastic anisotropy will
not be changed much. In addition magnesium atoms
settle on the grain boundaries. Although the material
is elastically isotropic we get nearly full contrast in this
material.

In order to illustrate the power of the instrument we
show also in Fig. 6 the structure of Al + SiC com-
posite taken at a defocus of z = —40 um. The com-
posite has 25% by weight of finely distributed silicon

~N

Figure 5 Acoustic micrograph of mechanically polished, unetched
polycrystalline alloy of Al-2.5% Mg, taken at a defocus of z =
—73um, scan area 4.5mm x 4.5mm, frequency 90 MHz. This
figure demonstrates contrast reversal in some grains compared to
Fig. 4.



Figure 6 Acoustic micrograph of mechanically polished, unetched
Al + SiC composite, taken at a defocus of z = —45 um, scan area
4.5mm x 4.5mm, frequency 90 MHz. Particle size before aggrega-
tion is 3 to S um.

carbide particles of size between 3 and 5 ym. The dark
spots are the silicon carbide particles or aggregates of
these, in the aluminium matrix.

In conclusion, we have demonstrated that the SAM
instrument is very sensitive to small changes in elastic
properties near the surface of materials (here within
10 um of the surface). It will therefore be suitable for
studying the influence of various kinds of surface
treatment, an area of great technological importance,
which will be our next objective.
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