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Abstract:

Open celled foamed aluminum typically consists of an irregular frame of solid struts
with typical lengths of the order of millimeters and thicknesses of a fraction of a millimeter.
Total aluminum volume fractions are of the order of 10%. Quoted values of static modulus and
mass density allow one to infer long wavelength ( much greater than strut length ) ulirasonic
wave speeds. These predictions are compared with the velocities observed in 100kHz transient
signals.

At higher frequencies, where wavelengths are comparable to strut lengths, ultrasound
can be transported only diffusively. Wavespeeds are unmeasurable, and of little meaning
anyway. We therefore also report on ultrasonic measurements appropriate for the high
frequency regime. These include diffusivity, absorption and modal density. Recent literature
has reported measurements of diffusivities and absorption in other materials, particularly in
metallic polycrystals. Measurements of modal densities are new.
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Introduction

Ultrasonic nondestructive characterization of materials with complex microstructures
commonly proceeds by measurements of ultrasonic wave speed, attenuation, or backscatter.
Wave speed measurement provides information on volume-averaged effective moduli and is
relatively insensitive to details of microstructure. Attenuation, in many cases largely due to
scattering from microstructural heterogeneities, provides a better probe of microstructural
detail. Unambiguous measurements of attenuation are, however, sometimes difficult; and clear
separation of the effects of diffraction and absorption from those of atienuation impossible.

Measurement of backscatier from the micro-heterogeneities, or "grain noise," is
increasingly proposed as an alternative method for ultrasonic microstructure characterization.
Amongst the difficulties in backscatter measurements, however, is the need to assume that the
scattered signals represent rays that have scattered exactly once from the microstructure.
Multiple scattering complicates the analysis.

These difficulties are most severe in materials with extremely strongly scattering
microstructures. Scattering at long wavelengths is weakest, so it is often possible o confine
one's ultrasonic tests to the lower frequencies and thereby avoid the difficulties discussed above.
The shorter wavelengths, however, presumably carry more information on the details of the
microstructure. It is therefore desirable to inquire as to whether short wavelength, high
frequency, ultrasonics can be employed to ascertain material character.

The work reported here concerns the use of ulirasonics in the 200 kHz to 2 MHz range
in an open-celled aluminum foam. The material is manufactured by ERG-Aerospace in Oakland
California (web site: hitp://www.ergaerospace.com) and is available in a range of pore sizes
{between five and 40 pores-per-inch) and porosities (typically 7%). A sample is shown in
Figure[1]. The structure is nominally isotropic and consists of short struts of lengths of the
order of one millimeter and widths of the order of one quarter the lengths, joined at three-strut
junctions. Theoretical and experimental analyses of their static elastic and plastic properties
do exist. See, for example, the paper on mechanics of cellular solids by Ashbyl1].

The history of ultrasonics in this parameter regime is limited.  Guo et af2] studied
multiply scatiered diffuse ultrasound in polycrystalline iron. Weaver ef af[3,4] did similar
work on brasses and steels. Weaver and Sachse[5] studied diffuse multiply scattered ultrasound
in a slurry of glass beads in water. The theory of such scattering is discussed by Weaver[6],
and by Turner and Weaver[7] and by Ryzhik ef al.[8] Throughout this literature it is concluded
that the energy density (energy per frequency and per volume) of a multiply scattered diffuse
ultrasonic field should evolve, at sufficiently late times after many scatterings, in accord with a
diffusion equation. The laboratory work[2-5] in this regime has been largely confined to



Figure 1] Photograph of the samples used in this study.



characterizing the phenomenological parameters of that diffusion equation - the diffusivity and
the absorption. In this paper that procedure is followed once more, but the material is also
characterized by means of measurement of its ultrasonic modal density (modes per volume per
frequency.)

At long wavelengths, substantially greater than the strut lengths of ~1 mm, one could
inquire as to the properties of air-borne acoustics through such foams. At frequencies less than
~50kHz, air-borne ultrasound may be imagined as propagating with little disturbance except
for losses due 1o viscous and thermal processes at the abundant metal/air interface. The present
paper is not concerned with air-borne ultrasound.

One could also, in an immersed sample of the foam, ask for the effective properties at
frequencies substantially less than 250 kHz, at which wavelengths/2r are greater than strut
lengths. A Biot-like mixture theory, with shear waves in the solid frame, and two different
longitudinal waves, is likely to be applicable. This paper is not concerned with fluid saturated
foams.

The ultrasound of interest here is borne by the solid frame, with little if any interaction
with the air in which the sample is immersed. At sufficiently low frequency, where
wavelengths/2r are greater than strut lengths, one anticipates an effective medium, with little
attenuation, and wave speeds given by the square root of the ratio of the effective static moduli
and the material density. According to the paper by Ashby[1], the static moduli are of the order
of p2 times those of the parent bulk aluminum, where p is the porosity (7% in the samples
studied here). The density is p times the density of bulk aluminum. Thus one expects wave
speeds at long wavelengths to be Vp, or 26%, of those of bulk aluminum. The requirement that
shear wavelengths / 2r = Cshear / @ be greater than strut lengths, then translates to a

frequency regime f < 120kHz.

In the opposite limit, in which wavelengths are substantially less than strut lengths, one
pictures ultrasound propagating along struts, at guided-mode speeds comparable to those of bulk
aluminum, and scattering at the junctions. The picture is valid only if wavelengths are less
than strut lengths, or f > 3 MHz. At intermediate frequencies one anticipates some kind of
transition, as mean free paths vary between infinity at long wavelengths to 1 mm at short
wavelengths, and as speeds vary between one quarter those of bulk aluminum at low frequencies
to those of bulk aluminum at high frequencies. It is in this intermediate regime that the tests to
be reported have been conducted.

Initial tests, in a conventional configuration, were conducted by pulse-echo contact
ultrasonics using a 500kHz broad band piezoelectric transducer applied to one face of a 18 mm
thick slab of the material. The transducer was coupled to the foam with water, and with grease.
Even after repetition averaging, no back-wall reflected signal was detected. Indeed, no
reflection was detected at all. The reason for the complete lack of echo is not certain. While one
expects high attenuation at this frequency and a consequent weak back-wall refiection, one
might have nevertheless expected some backscattered grain noise. The observed lack of grain
noise suggests that the coupling was too weak. The transducer presumably coupled to the
rough-surface foam at a small number of asperities, each of which was presumably highly
compliant, with a consequent poor impedance maich.

In a point/source point receiver configuration, using Valpey-Fisher pin-transducers
with diameters of about 2 mm, one may apply the transducers to individual struts and
junctions, and improve the coupling. A waveform from the configuration shown in Figure [2] is
shown in Figure [3].

An expanded view of the early time part of this waveform is shown in figure 4]. It is

4



100 to 1000 repetition averages

Pulser s oo l

A
:

o O

N

Digitizer

water
couplant

/N receiver control
source data

_— N

a a a a a a a a Cat)
A A A AAAAA a a a A A A AAAAAMAAARAAAAAAAAAAAA A A
a o aaaaa a a a a a aaa Y aa a
a A a a a ~ a A a
a A A M AAAAAAAAAAAAAA A A A AAAAAAAAAASAAANAn
a A a a a a A A A aaaa A a A aaaa
a a a a a a ~ a a a s aa
A A A Aa nAaa a a A AAaAAANAAAAAAAAAAAAAA A AAAAAAaA
a A A A A A A AAAAAAAAAAAANAaa
A A A A a A a a a Y
A A A A AAAAAAAALAAAAAAAAANAAAAAAAAAA A AN A A aa
a aa a a a A a a a
A A A A AL A A A AAAAa A A A A s aa A A aa a a a a a
A AAAAAAAALAANAAAAAANANAANANAAAAANMAANAAANAAAMAAAAAANAARA 486
I EEEEEEEEY S a A a A & a
A aa a a A A A A A A s aaAaaa a a a a a a a
A A A A A AAAAAAaA A A AAAAA A AaaA A AAAAAAAAAAAAAAaa
A A A AMAaAAAAAAAAa a a
a a a a A a a a A a a A a

Figure 2] Point Source / Point Receiver Configuration
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Figure 3] A point source/point receiver waveform obtained in the configuration shown, after
100 repetition averages.
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seen that there is an arrival at about 45 usec, with a frequency of about 70 kHz . This
corresponds to a low frequency wavespeed of 1.56 mm/ psec, well in accord with the theoretical
gstimate of 26% of the bulk wave speed in aluminum. Wavespeeds obtained by similar scrutiny
of other waveforms, from different source/receiver configurations, are also consistent with
this estimate. In all cases, however, the first arrival has a frequency of the order or less than
100kHz. Higher frequencies are present in the waveform, but arrive more slowly. They are
not as characterizable by means of an arrival time.

At higher frequencies one is led to attempt an analysis like that of Guo et af2] or Weaver
et af3,4,5] in which the evolving energy density is fit to the solution of a modified diffusion
equation.

Q%(%Q = DV?ERY - EX,t) + IIEX}D (1

where E(x,t) is ultrasonic spectral energy density (energy per volume, per frequency
bandwidth), and D is frequency-dependent diffusivity (with dimensions of length squared per
time); o is absorptivity (with dimensions of inverse time) and II is the input spectral power

density. IT is concentrated in space and time for a point impulsive source.
D is characteristic of the microstructure, and is nominally identifiable with the product
of speed and mean free path L [6].

D=cL/3 =c/60

(2

This identification, however, requires that one be able to unambiguously quantify c and L. The
phenomenological quantity D, however, presumably has legitimacy in conditions in which ¢ and
L may be ambiguous.

The absorptivity ¢ is due to (linear) loss mechanisms, for example internal friction,
dislocation motion, or loss into an adjacent fluid.



As described elsewhere[2-5], waveforms such as that of figure 3 may be analyzed for
their fit to solutions of equation(1) by first doing a time-frequency analysis. The waveform is
arbitrarily divided into time windows (in this case of width At =102 psec each) and each time
window is given smoothed edges and separately Fourier analyzed. For each time-window the
resulting spectrum is then squared and integrated over a frequency bin of arbitrary width Af
(in this case equal to 156 kHz). The result is a table of power spectral densities E(f,t) at each
of several times and in each of several frequency bins. The resulting quantity E is not precisely
ultrasonic spectral energy density itself (in ergs per cm3 per kHz) but differs from that by a
factor related to transducer sensitivity and a factor relating the measured local mean square
motions detected by the transducer to the local strain and kinetic energy densities. That factor
is unknown, but presumed constant.

It also differs in that the waveform is stochastic, and so E, as constructed by the above
procedure, is only statistically representative of the actual local energy density. One could cope
with the resulting uncertainty by averaging, over a small region in space, or over an ensemble
of equivalent samples, but that is not necessary.

Assuming Gaussian statistics (based on an application of the central limit theorem and
assuming a large number of contributing rays at any given place and time), and assuming near
stationarity (across each frequency bin and across each time window) one can show that the
measured energy density fluctuates away from its ensemble average by one part in the square
root of the product of At and Af.

E=E ot (1/VAAT}YE_ (3
in the present tesis this is, for Af = 156 kHz; At = 102 usec,
+ 1/ VAt Af = + 25%. (4

But, the effective value of Af may be much less than the nominal 156 kHz. Fourier Transforms
of the full waveform show a very irregular spectrum, and stationarity in frequency is not well
satisfied.

The fluctuations are reducible by increasing At and/or Af - with consequent loss of time
or frequency resolution. The fluctuations are in principle also reducible by spatial averaging
over small regions. , ‘

A typical plot of the logarithms of the tabulated energies, versus time for each of several
frequency bins, is shown in figure[5]. It may be noted that a) there is an electronic noise level
substantially less than signal level; b) there is cross talk from source to receiver circuits at
the trigger time; c) the energy arrives over a distance of 70 mm on a time scale of nearly a
msec, corresponding to diffusive transport and not propagation; d) the late time behavior is
dominated by absorption with different frequency bins having different absorptivities; and e)
there are occasional excess fluctuations in bins and times at which the fluctuations exceed
+25%, but that generally fluctuations lie within the stated error bars.



Fit procedure:
The solution to the lossy diffusion equation (1) in an infinite one-dimensional medium is

Exf) =Co—j§:.alt exp{ —x?/4Dt } exp{-ot} (5

where the constant depends on the amount of deposited energy. In a one-dimensional bar of

finite length this solution must be supplemented by additional terms, of similar form, due to
image sources. If the source and receiver are at opposite ends of the finite bar there is one
image source adjacent to the actual source, and two on the opposite side; all three are at the same
distance from the receiver as the real source; their effect is merely to quadrupie the above
expression. The next closest image source is at a distance of three bar-lengths from the
receiver; it therefore does not contribute significantly until very late times ( t > 9 * length2 /
4D ), times which we later find (after evaluating D) to be outside the range examined here.

In a bar of finite cross section, there are also effects, at early times, due to the finite
rate at which the diffusing energy field establishes an equilibrium distribution across the bar
thickness. As the source and receiver were placed at the midpoints of their respective ends,
this takes place on a time scale t ~ width2 /4x2D. The two transverse dimensions were 18 and
38 mm, which correspond to time scales far shorter than all of the time scales examined in this
work.

In consequence of the relative dimension of the bars used, and the time scales examined,
and the actual rate of diffusion, the energy evolves as if it were in an infinite thin bar. lts
logarithm evolves according to

loge E(tf) = A-oct-x2/4D1t -(1/2) loge t (6

where x = 70 mm is the bar length.

This expression is a linear functional of three unknown coefficients, A (related to
amount of energy deposited), ¢, which is interpreted as absorptivity, and x2/4D, related to the
diffusivity. For each frequency band, and for the time range in which the signal is clearly
above the noise, the observed loggE 's are then fit by simple linear regression to these three
parameters. )

In more complex geometries, where the bar is not modelable as infinitely long and
infinitely narrow, one would need to do a non-linear regression, and the fit procedure would be
more cumbersome. This is discussed in references[3,4].

The fit parameters extracted from the linear regression are plotted in figure [6] versus
frequency.

As is usually the case, the absorptivity rises with frequency, approximately linearly.
The physical mechanisms behind the absorption are not clear. The recovered values exceed the
values one would estimate for losses into air . They furthermore have been found to decrease on
chemical polishing, and to increase with exposure to oils. It is surmised that most of the
absorption is due to surface processes.

In a configuration in which both source and receiver are on the same end of the bar, the
relevant solution to the diffusion equation is identical to (5)- except that x is set to zero. A
two-parameter fit then allows recovery of absorptivity alone. If our sample has spatially
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Figure 5] The observed In E's are plotted versus time, and the best-fit solution to the diffusion
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uniform absorptivity, and if the diffusion model is robust, the recovered absorptivity should be
the same. The recovered absorptivities were found to be about 10% less in the new
configuration, an amount judged, for now, to be negligible. '

Similar tests have also been carried out in a 97 mm long bar of a 10 pore-per-inch
material. The resulting fit parameters are also shown in figure 6.

If the diffusion rate is a function of the elastic properties and of the microstructural
geometry, then dimensional analysis says that D should be given by the following form

D= (1/3) * "¢" * "L" * g(owllc, V) (7

where "c" is a material wave speed, of the order of 3 mm/ usec, v is the micro-scale material
Poisson ratio, g is a dimensionless function and "L" is the micro-scale length. The factor 1/3 is
inserted in order to accentuate the similarity to equation(2).

If g is taken to be unity one concludes that D should be about 10 cm2 / msec, by taking L
= strut length =1 mm. This estimate is in accord with observations.

The theory also suggests that two samples, with different strut lengths, but otherwise
exact scale versions of each other, will differ in their D's by a factor of the length scale ratio if
one also keeps the product of frequency and L constant. Thus one would predict that the 20 ppi
sample, at frequency f should have half the diffusivity of the 10 ppi sample at frequency f/2.
This scaling is not precisely followed. For example, the diffusivity of the 10 ppi sample at 500
kHz is only 50% greater than that of the 20 ppi sample at 1 MHz. One surmises that the
samples are not scale models of each other.

source receiver

||
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E(t) AR Sectional

P, known Area A=

! 6 5t:m2
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Figure 7] Composite sample used for evaluation of modal density.
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Measurement of Modal Density

Two reverberant materials (with sufficiently good coupling between them) will,
according to Statistical Energy Analysis[see e.g. 9], exchange ultrasonic energy until they
achieve a steady-state dynamic balance with equal amounts of energy per normal-mode-of-
vibration.  This behavior may be used to evaluate the ratio of modal densities of two materials.

Here we conduct energy flow measurements on a composite structure composed of a solid
aluminum block, with known modal density (known from theory), and known absorptivity
(determined from prior measurements) which is coupled (by means of superglue) to the end of
the 20 ppi sample of aluminum foam. The configuration is indicated in figure (7).

Energy flow equations for this system, the generalization of (1), are,

E®) = —c Et) — F@® + 6(t)

e(x) = —oext) +D d’¢(x,t)/ 9x” 8

ot
F=mn{ E®/ pV — ex,t)_/p,A)
F= -D de(x,t)/dx|_,

where F represents the power flow. from the block into the foam. F is proportional (with
coefficient n) to the difference of energy per mode in the two materials at the contact point. The
diffusion equation in the foam is supplemented by a boundary condition on the power flow at the
contact point. ‘

We assume i) Good Coupling, i.e. large n, between materials and i} no added losses due
to glue, and solve these energy flow equations using Laplace Transforms. It is concluded that the
asymptotic behavior of the energy in the block is an exponential decay like

E1 ~ exp{ - ceffective 1} (9

where the effective, late time, absorptivity of the composite is given by
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P
O ettective — O1 + (62"‘61) ?[ 41+4/P -1]
(10

where P = D(%)’( P bucce ) I (6,-0,)

aluminum Block

Ceffective iS @ weighted average of the absorptions in each material, weighted by an amount that
depends on the penetration depth of the field into the foam. This behavior is only asymptotic;
there is a, possibly short, initial time period over which the block and foam come into a steady
state dynamic balance.

By measurement of ceffective (the slope of the asymptotic decay) and by knowing D and
o1 and o,, one can construct the ratio of the modal densities of the Foam and the reference Block.

This has been done for each of two configurations of source and receiver: one with both on the
block, one with both on the foam, but adjacent to the block. The resulting asymptotic decay rates
were the same. A plot of the resulting energy density evolution is shown in figure (8). It may
be seen that the early time behavior is more complex than the late time simple asymptotic
exponential decay.

The recovered ratio of the modal density of the foam to that of the aluminum block is
shown in figure (9). One may also construct theoretical estimates of the low frequency and high
frequency limits. At low frequency one may invoke an effective medium argument and recognize
that model densities scale inversely with the third power of wave speed, and so the low
frequency ratio should be (.26)-3 = 57. At very high frequency, with wavelengths less than
strut widths, one can picture bulk waves in aluminum propagating within the struts and derive
a modal density which is p = 7% of that of bulk aluminum. The measured values lie, as one
would hope, between these limits. The measured values show the expected decrease with
increasing frequency, but not with the slope that one might have guessed.

Conventional Ultrasonic Methods are inapplicable to materials with very strongly
scattering, disordered, microstructures. But one can assess diffusivities, absorptivities, and
modal densities. All values recovered in the samples studied appear plausible, and are
consistent with the rather limited theoretical understanding. The recovered values, and the
applicability of the diffuse field theory and assumptions behind them, need to be further
corroborated by further measurements.
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