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ABSTRACT

We present preliminary results of a project
aimed at investigating ultrasonic techniques to
measure the bulk density, pore size, and spatial
variation of porosity in powder metal specimens.
Specific techniques considered are ultrasonic
wavespeed, attenuation and wave dispersion
measurements, and the identification of spectral
features in the amplitude spectra. Also
discussed is the 1inverse medium problem for
reconstructing the acoustic impedance profile
along the direction of wave propagation in a
specimen.

The advantages of near net-shape
fabrication of complex-shaped parts from powder
metals has Tong been recognized. The strength
and moduli of such parts, never as high as an
equivalent part machined from a solid metal, is
a strong function of their density [1,2].
Controlling the strength is not only the total
void fraction but also its shape and
distribution [2]. The in situ non-destructive
measurement of material density of powder metal
parts is most vreadily achieved by x-ray
radiographic  techniques, eddy currents and
mechanical vibrations and ultrasonic wave
propagation measurements. It dis the Tatter
which are considered in this paper.

Several techniques for ultrasonic porosity
measurements in powder metal specimens have been
proposed. Among the first used were  direct
wavespeed measurements. Using pulse-echo,
time-of-flight measurements, Brockelman [3]
established a correlation between longitudinal
wave velocity and tensile strength in sintered
iron powders which was also related to the
pressing direction in the specimens. In another
test, the ultrasonic wavespeed measurements were
shown to correlate with x-ray density
measurements made along the central region of a

3.5-inch bar of sintered steel. Later,
Papadakis and Petersen [4], using ultrasonic
velocity measurements along different directions
in briquetted and sintered specimens of steel
powders, established a correlation between
wavespeed and density. Other investigators have
attempted to establish a relationship between
ultrasonic attenuation and the porosity of a
material. However, up to now, most measurements
appear to have been restricted to porous rocks.
A recent example is the work by Winkler [5] who
measured attenuation and phase velocity spectra
in sedimentary rocks under high pressure. Other
work appears to have focused on measurements in
two-phase materials. The work of Latiff and
Fiore [6] was on a model material consisting of
Cu spheres imbedded in an elastically isotropic
polymethylmethacrylate  (PMMA) matrix. When
attempts were made to interpret the data with
the multiple scattering theory developed by
Waterman [7], only qualitative agreement was
found.

Most of the recent work may be classified
under the heading of ultrasonic spectral feature
identification. In this area, two approaches
have been pursued. Gubernatis and Domany [8]
developed a theoretical model of elastic wave
scattering to establish the relationship between
the average pore radius and a frequency peak or
transition in the spectrum of the scattered
signals. They also showed the connection
between the magnitude of this amplitude and the
pore concentration. In the work of Tittman, et
al [9], the focus was on the determination of
the size and concentration of pores in IN-100
alloy from the slope of the backscattered
ultrasonic amplitude spectrum. In two samples,
the average pore size recovered from ultrasonic
measurements was in agreement with the values
determined from quantitative microscopy
measurements. In the analytical approach,
developed by Sayers and Smith [10], a
relationship between porosity and ultrasonic
wave dispersion effects is established which can
be determined from the amplitude or phase



spectra of the ultrasonic echoes.

EXPERIMENTS

Our research was conducted on hot-pressed,
porous powder samples of iron, copper and
aluminum. After fabrication, each sample was
machined flat into the shape of a disk of about
2.54 cm in diameter and polished. The samples
ranged in thickness from 3 to 6 mm and were flat
to within 10.0 pym (0.0004 inches). There were
seven specimens of aluminum, six of iron and
nine of copper. The specimen densities were
determined from weight and volume measurements.
The sintered aluminum powder specimens spanned a
density range from less than 1.97 g/cm® to
2.69 g/cm 3, corresponding to porosities ranging
from 1.4% to 27%. The densities of the copper
specimens ranged from 5.44 g/cm® to 8.75 g/cm® ,
corresponding to porosities ranging from 2.4% to
39%, while the iron powder specimens ranged in
density from 4.87 g/cm? to 7.72 g/cm3
ggrresponding to porosities ranging from 2.0% to

%«

The ultrasonic measurements were made using
a broadband ultrasonic system in which
highly-damped, longitudinal and shear
piezoelectric  transducers of varying center
frequencies were shock excited and the detected
echoes were amplified and processed. Both
time-of-flight (velocity) and amplitude
(attenuation) measurements were made. In the
first experiments, the time-of-flight
measurments were made to a vresolution of
approximately 20 nsec with a digital
oscilloscope system. Preliminary measurements
of the spatial variation of velocity were made
with an immersion transducer moved in a
rectangular grid pattern over the test specimen
immersed in water. The time-of-flight was
measured using a microprocessor-controlled
time-interval counter. In these experiments,
each data point represented the average of
10% time-interval determinations.

Measurement of the dispersion of ultrasonic
pulses in a solid can be conveniently made using
the phase spectroscopy technique described by
Sachse and Pao [11]. In this technique, a
broadband ultrasonic pulse is input into a
specimen from a transducer and the signal
received after propagating a distance

L through a specimen is recorded either with
the same transducer acting as a receiver or a
second, receiving transducer. Both input and
output signals are Fourier-transformed into the
frequency-domain and their respective, unwrapped
phase functions, ¢ and ¢ are determined.
From the difference of t%ese, the dispersion
relation can be determined according to

k(w) = (o{w) - ¢,(w) / L (1)

From this the phase and group velocities are
found, where

w/ k= wl/ (6w-o,w) (2a)
aw/ 9k = L[d¢/dw]™? (2b)

Vohase =

Varoup =

Ultrasonic attenuation measurements were
made using the buffer-rod technique described by
Papadakis [12]. In this technique, a buffer rod
is attached to the test specimen and the
broadband, buffer-specimen echo, A(t) , and two
successive specimen echoes, B(t) and C(t), are
analyzed in the frequency-domain. This permits
determination of the reflection coefficient of
the buffer-specimen interface and the
attenuation of the test piece, independent of
the excitation amplitude or the attenuation of
the buffer rod. The  frequency-dependent
reflection coefficient and attenuation of the
specimen is given by

R(F) = [RC/ (BT - 1I* (3a)
a(f) =1/ L an [R(f)/C] (3b)

where A(f) = A(f)/B(f) and C(f) = C(f)/B(f).
The value obtained from evaluation of Eq. (3a)
can be compared with the expected value for the
reflection coefficient

p_C. - p.C
s’S b”b (4)

R =
PsCs * PpCh

RESULTS

The results of wavespeed measurements using
longitudinal and shear waves in sintered
aluminum powder specimens is shown in Figs. 1(a)
and (b). The longitudinal wavespeed
measurements shown were made with two
transducers possessing different center
frequencies. A Tlinear least-squares fit was
made to the wavespeed data. The solid line and
open data points in Fig. 1(a) correspond to data
taken with a 2.25 MHz transducer generating a
pulse with center frequency near 2 MHz. The
other data (dashed line, crosses) corresponds to
measurements made with a 10 MHz  transducer
generating a pulse with center frequency near
7 MHz. The average slope of these two data sets
was 0.420 cm/psec/g/cm? . The shear wave
measurements shown in Fig. 1(b) were made with
pulses whose center frequency was near 5 MHz.
The slope of the least-squares fit 1line was
0.160 cm/psec/g/cm® . The results of similar
experiments made in iron powder specimens is
shown in Figs. 2(a) and (b). The average of the
slopes of the two least-squares Tinear fits tfo
the Tlongitudinal wavespeed/density data is
0.104 cm/psec/g/cm?® ; for shear waves the slope
is- 0.0487 cm/psec/g/cm® . The results of the
corresponding experiments with copper specimens
are shown in Figs. 3(a) and (b). The
Tongitudinal and shear wave/density slopes are
determined to be 0.0774 and
0.0285 cm/psec/g/cm® , respectively. We note
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that the variation in wavespeed with density

highest for aluminum and Towest for copper.
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Figure 2(a)-(b) - Hot-pressed Iron

The importance of the results shown in
Figs. 1 - 3 is that they provide a means for
converting -wavespeed measurements to density
measurements for a specific material. Because
of the measured Tlinear vrelationship between
wavespeed and density, the values of slope and
intercept should be sufficient to convert
ultrasonic wavespeed data into a density
determination. To evaluate the reliability of
this procedure, we calculated the error in
density expected when using our measured data as
input  to the conversion algorithm. The
root-mean-square deviation in longitudinal
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wavespeed, Ac , was evaluated for the
wavespeed data shown in Figs. 1(a)-3(a) and the
corresponding variation in density,
Ap = Ac/m was then determined for each
material, where m is the siope of the Tines
in the figures. Dividing Ap by the maximum
density for each material, we obtained numbers
corresponding to the measurement resolution with
the 2.25 Mhz and the 10 MHz transducer data
sets. Another two sets of data were obtained
using a 5 MHz longitudinal wave transducer. The
four sets of Tlongitudinal wave data gave
resolution values ranging from 1.74-2.37%,
2.16-2.92% and 1.58-1.90% for aluminum, copper,
and iron, respectively. It 1is possible that

these values can be improved by better
trarisducer/specimen coupling techniques or by
using non-contact transduction techniques.

Two sample vresults of phase velocities
determined with the phase spectroscopy technique
are shown in Figs. 4(a) and (b). The
longitudinal wave results were obtained by using
a 10 MHz broadband transducer. The Fourier
amplitudes were sufficiently strong at
frequencies up to 50 MHz to be useable for the
analysis. In agreement with the
multi-transducer experiments, it 1is seen that
the wavespeed is found to be essentially
frequency-independent for all the specimens
tested. Similar experiments with shear waves
also showed that the pulses were not dispersed
since the wavespeeds were found to be
frequency-independent. Sample results from
various specimens, spanning the different
materials and porosities are shown in Fig. 4(b).
The average veocity values are in agreement with
those determined from direct time-of-flight
measurements.

As described in the previous section, the
attenuation measurements were made with a buffer
rod technique in which the buffer rod was fused
quartz. The measurements were made with four
different broadband transducers of nominal
frequencies of 2.25, 5, 10 and 50 MHz. Shown in
Fig. 5 is the specimen to buffer signal ratio
obtained in an iron-powder specimen. The result
obtained from the 50 MHz transducer is not shown

‘'since its ratio differed appreciably from the

others.

The determination of the
frequency-dependent reflection coefficients from
the amplitude ratios A(f) and C(f) was made
according to Eq. 3(b). Two sample results for
iron specimens attached to quartz buffer rods
are shown in Figs. 6(a) and (b). Also shown, as
a dashed 1line, are the expected reflection
coefficients computed from density and wavespeed
values for the particular specimens  shown.
Although these results were computed without
incorporating any corrections for diffraction or
band Tlimitations of the excitation . pulse or
transducer response, even at the mid-frequency
points, near 2 MHz, the difference between

expected and measured values was significant.
For this reason, no attenuation values were
evaluated. This result raises questions
regarding the reliability of amplitude
measurements which seriously affect any porosity
determination procedure based on an attenuation
measurement.
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Two examples of the determination of two
dimensional spatial variations of porosity are
shown in Figs. 7(a) and (b). These  two
specimens were unfired Al-powder briquettes,
pressed at 20 ksi and 27 ksi with a resulting
porosity of 7.3% and 5.4% respectively. The
specimens were polished flat to within 10 pm
(0.0004 inches) which corresponds to a possible
variation in the travel time of approximately

Frequency (MHz)

2.0 nsec. It is seen that there is a
significant variation above this value across
the cross section of the disks. The variation
was almost 20 nsec for the more porous specimen
corresponding to a higher wavespeed near the
edge of the briquette than at 1its center. A
simitar but not as pronounced effect is seen
with the less porous sample.
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The determination of the density and
wavespeed : variation along the direction of
propagation from measurement of input and output
signals forms the basis of the inverse medium
problem which has been the subject of much
research. Algorithms for obtaining the solution
of such problems when band-limited excitation
signals corresponding to typical wultrasonic
pulses are used are still being developed [13].
We show, therefore, the results of a simulation




experiment. As shown in Fig. 8(a) a specimen of
length L was simulated which has in its
interior a region of impedance 10% higher than
the surrounding outer regions situated normal to
the direction of wave propagation. The
synthesized excitation pulse produced by a
transducer is shown in Fig. 8(b) and the signal
received by the same transducer is in Fig. 8(c).
To make this simulation more realistic and to
verify the stability of the inversion scheme
which is based on the method of characteristics
[14], broadband noise whose rms value was 30% of

the peak signal amplitude was added to the
received signal. The broadband noise signal was
the actual signal obtained from a broadband

ultrasonic preamplifier.
Fig. 8(d) are the reconstructed impedance
profiles from the noise-free and the 30% noise
added waveforms.

The results shown in
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CONCLUSTIONS

We have reported results of ultrasonic
longitudinal and shear wave measurements made in
powder metal specimens of aluminum, iron and
copper ranging in porosity from 1% to 39%.
Ultrasonic time-of-flight (velocity) data were
used to determine a relationship between density
and longitudinal and shear wavespeeds. This
relationship can be inverted to permit
determination of the density or porosity of
porous metal specimens. Using a simple error
model, a density resolution was determined. It
was established that errors in the wavespeed
measurements lead to density variations of
approximately 2% which are not resolvable. A
more vreproducible measurement technique is
needed to yield resolution of smaller density
variations.

Ultrasonic phase spectroscopy measurements
showed that in the measured frequency range, the




wavespeeds are frequency-independent.
Ultrasonic attenuation measurements were made
with a buffer-rod technique. Based on a
comparison between the recovered and expected
wave reflection coefficients from the
buffer/specimen interface, it was shown that
amplitude and hence attenuation measurements
cannot be made reliably.

A numerical simulation of the forward and
inverse problem was made of a specimen which has
in its interior a layer of material whose
impedance is 10% greater than the outside
layers. The synthesis shows that even with 30%
added noise, an inversion scheme based on the
method of characteristics can be used to recover
the impedance profile of the specimen.
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