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COHERENT OPTICAL METHODS FOR METALLOGRAPHY

Martin J. Pechersky1

ABSTRACT

Numerous methods based on coherent optical techniques have
been developed over the past two decades for nondestructive
evaluation, vibration analysis and experimental mechanics.
These methods have a great deal of potential for the
enhancement of metallographic evaluations and for materials
characterization in general. One such technique described in
this paper is the determination of the material damping factors
in metals. Damping loss factors as low as 10-5 were measured
on bronze and aluminum specimens using a technique based on
laser vibrometry. Differences between cast and wrought bronze
were easily distinguishable as well as the difference between
the bronze and aluminum. Other coherent optical techniques
may be used to evaluate residual stresses and to locate and
identify microcracking, subsurface voids and other
imperfections. These techniques and others can serve as a
bridge between microstructural investigations and the
macroscopic behavior of materials.

~ .... .

INTRODUCTION

Optical techniques such as microscopy and other types of visual
inspection and analysis have been in common usage in metallography
and materials characterization for a very long time. Other optical

r
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techniques such as infrared, visible and ultraviolet spectroscopy
determine related information with regard to the material under
investigation. Radiology for imaging, residual stress measurement and
compositional analysis are additional techniques which are also
fundamentally optical in nature. The use of laser light to enhance

metallographic and materials analysis is therefore a natural extension
of more traditional techniques.

The use of coherent optical techniques which has become possible
with the advent of the laser now make it possible not only to perform
morphological analysis [1] but also to obtain additional complementary
information with relative ease. Holographic interferometry [2],[3] is an
example of a widely used and well understood technique in this regard.
This technique may be used to measure strain and therefore the stress

state by inference, lt has also been used to detect mierocracking in
metals and debonding in composite materials. Less widely known but
related techniques known as speckle interferometry and speckle
photography [4] are also in use to characterize the stress state of
materials and for nondestructive evaluation. Speckle techniques can
yield measurement sensitivities similar to holographic interferometry
and they are more suitable for the measurement of in-plane
deformations, lt is also often easier to use; especially electronic
speckle pattern interferometry (ESPI). Speckle does not however give
as detailed spatial resolution as holographic interferometry.

Holography and speckle are full field techniques. That is, they are
used to gather an image of a portion of a specimen or structure which
can then be analyzed to determine the star. of stress; the deformation;
or defects over a relatively large area. Other coherent optical
techniques may be used to analyze materials at a single point. Laser
ultrasonics [5],[6] is a relatively new technique in which ultrasonic

waves are generated in a material by the absorption of laser light..
Laser interferometry is then used to sense the waves after they have
passed through the material. Laser-extensometers [7] are commercially
available devices which are used to measure strain in a local region.
Other examples of the more established techniques include laser

velocimetry and laser vibrometry [8]. These methods can measure the
velocity at a point on the surface of an object which has been
mechanically or thermally excited. These techniques are based on the
measurement of the Doppler shift of laser light scattered from the test
object. !ly measuring the response of a test object to small excitations
information with i regard to the elastic and anelastic properties of
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metals and other materials can be determined. A description of this

measurement technique for some common metals is discussed below.

An overview of many of the other optical methods mentioned here and
their relationship to more conventional techniques is given by Cielo [9].

LASER MEASUREMENTS OF DAMPING IN METALS

This section will give a fairly detailed example of a method in
which a remote and non-contacting laser measurement can determine a
material property of a specimen which is intimately related to the
microstructure of the material. Since the method is remote and

noncontacting it may be applied in situations in which it may not be
practical to perform normal metallographic analysis. A complete
description of the measurement technique with extensive results on
metal matrix composites can be found in references [10],[ll] and [12].
This technique has also been used to mea.,_ure the damping of polymer
composites and viscoelastic materials.

The linear response of metals to vibrational excitation consists of
both a deformation and the generation of heat due to the dissipation of
energy within the bulk of the material. Several mechanisms for
damping in metals are discussed by Zener [!3]. Since many of these
mechanisms are dependent on the microstructure of the material it is
possible to deduce something about the microstructure of the material
by a nondestructive measurement. Because the damping of metals is
usually very small the method to do this type of measurement must not
remove art appreciable amount of mechanical energy from the specimen.
Therefore it is natural to chose a noncontact method for both excitation
and measurement. Such a method based on laser vibrometry is

described in the following paragraphs. This method is based on
traditional methods of measuring modal parameters of vibrating
structures [14]; the main differences being the noncontacting nature of"
the measurement and the sample mounting methods.

The technique is based on vibrating a specimen in a small
frequency range which is centered at one of the specimens natural
frequencies. This is sometimes referred to as the resonance dwell"
method. The shape of the specimen is in the form of a slender beam
which usually has, a rectangular cross section. While the specimen is

vibrating a measurement of the drive point mobility is performed. The
drive point mobility, M is simply the ratio of velocity (V) at the point

at which the speci_nen is beins excited to the excitation force (F).



Thus M(f) = V(f)/F(f) (I)

Where the mobility is a function of the excitation frequency f. A

complicated time varying signal is obtained from this measurement
which is Fourier transformed so that a plot of M versus frequency is
obtained. This plot, which has a single peak at the resonance
frequency, is usually referred to as the Frequency Response Function,
FRF. Once this plot is obtained, the damping coefficient is obtained by
dividing the full width half maximum (FWHM) frequency bandwidth of
the curve by the center (resonant) frequency. This ratio is called the
loss factor and is a measure of the damping in the material. If one
accurately measures the geometry of the specimen and its weight the
modulus of elasticity cml also be determined. Since the specimen is a
continuous system several resonant frequencies can be excited so that
the loss factor and elastic modulus can be determined as a function of

frequency. One may also perform this measurement by setting the
frequency at a fixed value and measuring the velocity then increasing
the frequency and repeating the measurement until a frequency range
which contains a resonant frequency has been covered. This second, is
often referred to as the frequency sweep method. While conceptually
simpler it is not as fast or precise.

From a metallographic point of view the peaks in the damping
versus frequency curve can result from different size features in the
microstructure of the material. A schematic of the experimental set-up
is shown in figure I.
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Figure 1 - Schematic of experimental set-up for material damping
measurements, i
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There are no specific size limitations on the specimens however if the
length to width or length to thickness ratio is to small a more
complicated analysis is required. For the measured results presented
in this paper the specimen length was about 25 cre; its width was 1.25
cm and it was one half of one centimeter in thickness.

The experimental set-up consists of: a specimen suspension
system; an electromagnetic drive coil; a laser vibrometer, and signal

analysis electronics. The suspension system supports the specimen
from fine silk threads which in turn are attached to springs. The
spring rates are chosen to minimize the flow of energy into or out of the
specimen. The suspension points along the length of the specimen are
chosen so that they correspond to nodal lines for the vibrational mode
being excited thereby further reducing extraneous energy losses. The
mechanical excitation system is also designed to minimize extraneous
sources of energy flow. The excitation is accomplished by gluing a
small rare earth magnet onto the specimen and the driving it with an
electric coil. The driving force is determined from the current in the
coil. The only extraneous sources or sinks of energy would come from
hysteresis losses in the magnet, ohmic losses in the coil or

electromotive forces generated by the magnet/coil combination. These
losses were found by experience to be negligible.

Having taken so much care inboth the suspension and excitation of
the specimen it is natural to select a measurement technique which will
also add negligible energy loss or gain into the system. Laser
vibrometry satisfied this requirement in every way. Since the
measurement is not only noncontacting but also remote this

measurement cen be performed at high temperature or under other
hostile environmental conditions. There are other non-contact methods
but none of these are remote. The beam from the vibrometer is focused

onto the specimen and some of the light scattered from the focal spot on
the specimen is collected through the same optics that are used to focus
the beam. The collected light is passed through a small aperture and
sensed a by a set of photodiodes. At the same time the photodiodes are
illuminated by a reference beam. The fluctuations in the optical
interference between the reference beam and the object beam from the
specimen provides a measure of the velocity at the illuminated point on
the specimen. It, should be noted that the surface of the specimen need
not have a mirror finish. That is, a flat or brushed finish provides

sufficient back scattering of light with the proper coherence prope_lties

so that efficient tinterference between the object beam and the reference
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beam is possible. The output of the vibrometer electronics is simply a
voltage which is proportional to the velocity being measured. The
velocity and force signals are fed into an FFT analyzer which
automatically determines the frequency response function over the

desired frequency range. A typical plot of the FRF for wrought bronze
is shown in figure 2.
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Figure - 2 Plot of drive point mobility as a function of drive frequency
for a wrought bronze specimen 'vibrating at its second normal mode.

The ordinate in figure 2 isthe Mobility in dB and the abscissa is
the frequency in kHz. Notice that the total frequency range covered is
about 6 Hz centered around the resonance frequency of 2292.$ Hz. The
frequency re,solution in this plot is about 7.8 mHz. The exa.ct.
frequency of the resonance point is 2292.257 Hz and the FWHM
bandwidth (-3 dB on either side of the peak) is 59 mHz which yields a
loss factor of 2.57"10-5. Based on this type of measuremet_t a plot of

loss factor versus frequency can be obtained for any material so long as.
it can be adequately excited. The rerults of this type of measurements"
are shown in figure 3 for wrought bronze, cast bronze and T6 aluminum.
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Figure 3 - Flexural Damping loss factor as a function of frequency for
three metallic specimens.

In this figure the loss factor for wrought bronze, cast bronze and
T6 Aluminum are plotted as a function of frequency. The open circle
plot is for the wrought bronze, the closed circle plot is for the cast
bronze and the open triangle plot is for the T6 aluminum. It can be
clearly seen from the plot that the loss factor for the cast bronze is
significantly higher than the rolled bronze by about the same amount
over the measured frequency range. The T6 aluminum has about the

same loss factor as the wrought bronze at the low end of the spectrum
but increases more rapidly at the higher end. While metaliographic
analysis was not performed on these samples it well known that cast
metals have higher damping coefficients than formed metals.

Notice that for all three samples there is a sudden rise in the loss
coefficient around 4 kHz. This sudden rise is net due to a material
property but results from the onset of appreciable acoustic radiation
from the specimens. Thi_ sudden increase in acoustic radiation is a
well known phenomena and the onset frequency is called the
coincidence frequency. The frequency at which this occurs is

proportional to the square root of the ratio of the mass density to
Young's Modulus and inversely proportional to the thickness of the

material. Therefore if measurements at high frequencies are required
one may wish to do them in vacuo. This would not present a problem for
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this technique since the laser beam and return signal can be passed
through any transparent material. As an aside; this measurement
technique can provide a new method to measure the acoustic radiation
properties of structures by doing the measurement in both air and invacuo,

CONCLUDING REMARKS

The technique described above is just one of many coherent optical
measurement techniques that has significant potential for materials

characterization and metallographic analysis. The purpose of
concentrating on this particular technique was because it is novel and
because the type of results obtained are not as obvious as some of the
more well known techniques that were mentioned in the introduction.
The fact that most coherent optical methods can perform precise and

accurate measurements remotely is a major feature which can be taken
advantage of in many ways. Evaluations of materials at their operating
temperatures and in harsh environments allows for information to be
gathered which before these techniques emerged could not be

accomplished. Since the measurement techniques often supply
different but complimentary information new ways of interpreting data
for materials characterization are possible. There is little doubt that
many further developments along these lines will occur in the future.
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