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ABSTRACT

Appaeratus is described for the stvdy of the propage-
tion of ultrasonic acoustic waves in solid bodies and its
.applications in metallurgy. In particular, the anisotropy
of attenuation in cold worked aluminum and the effect of
- anneal are demonstrated. Reflections from individual crys-
tal faces are identifiable in bodies with average grain diam-
eter of 0,17 mm, A critical discussion is given of a theo-
retical effect of grain size on wave attenuation as advanced
by Mason and McSkimin(g), and an empirical relation report;
ed by Roth{7), Tne theory is extended to cover the complete
range from that éxplored by Mason to that reported by Roth.
Experimental deviation from the theoreticai effect indicates
other factors besides average grain size are effective in

materials with asymmetrical grain structure.
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THE INFLU=NCE OF IBTAL GRAIN STRUCTURE ON THE ATTHNUATION
OF AN ULTRASOWIC ACOUSTIC WAVL

I. Introduction

The use of sound waves in numerous engineering applicat-
ions and scientific research hias eXperienced very rapid growth
in the vast decade. This growth was given marked impetus by
the late war, with the search for underwater signalling devices,
end with the development of means of generating and detecting
these waves by electronic techniques associated with radar.

The subseguent engineering epplications have beeﬁ largely fdr
the purpose of metal interior ihvestigations; for detecting

and locating gross flaws, cracks, or inclusions in ingots,
castings, or formed parts, or for determining the thickness of
plates or sheets with one inacéessible surface(l’2’3’4’5).

For these purposes either the reflections of individual pack-
ets of waves may be observed and timed, or a continuous wave
may be used to eshbablish a resonance. But in general the fre-
quencies used have been less than five megacycles per second,
though frequencies as high as fifteen megacycles per second
heve oeen used in comsaercial equipment for inspvecting the lisht
alloys in which the damping of the waves is small(l). An entire-
ly different anplication iins been the development of acoustic
delay 1ines(6), particularly in digital computer zpplications.

iere, advantame is talken of the relatively low propogation



velocity, compared to that of electrical signals, to construct
compact delay networks of e few hundred microseconds delay

and with sufficient band width to preserve pulses of a frac-
tion of a microsecond rise time.

In all of these applications, a basic Limitation arises
in the ngtural damping or attenuation of the acoustic waves.
For materials testing, increased frequencies or shorter
wave lengths ere desired in order to improve sensitivity to
smell objects, and to make possible shorter pulses for high-
er resolution. However it is found that in most solid mater-
1als attenuation increeses rapidly with frequency, and the
total attenuation or damping varies widely from one material
to another. Further, great variation may occur in the damp4
ing in samples of the same composition but differing in
heat-treatment or physical working histories. This behavior
not only arouses interest in the nature of attenuation pro-
cesses, but necessitates a befter understanding of the meche-
enisms of the phgnomena in order to establish the basic
limitations and possibilities of a valuable tool. Further,
the dependence of attenuation on the crystatiine condition
of the medium suggests 1ts application directly in metallurg-
ical studies by measurement of relative attenustions. The
research reported in this thesis represents an exploration
of these possibllities, and the construction of apparatus
for measurement of the ultrasonic propagation properties

of certain materials.
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II. Theory of Ultrasonic Attenuation in Solids.

(a) Preliminary Theory and Previous Work.

While, as mentioned sbove, considerable work has been
done in engineering applications of ultrasonics little has
been publxshed on the attenuation in polycrystalline mater-
ials in controlled experlments in the megacycle range, though
valuable contributions have been made by Roth(7) and Mason
and McSkimin(a’g’lo), who investigated the frequency dependence
of the attenuvation constant, d. o is defined by the equation

-ad X

Ir=T,¢€ (1)
where I is the wave intensity# (power) at distance ¥, and
T, is the intensity at X=0., That is, ol is the logarithmic
decrement. The theoretical variation of A with frequency
will depend heavily upon the mechanism of energy loss con-
sidered. At relatively low frequencies (less than one meg-
acycle per 8econd) the Q¥# of solid materials has been observ-
ed by Wegel and Walther(ll’lo) to be practically constant for

all frequencies within this range. S8ince this indicates a

As used in this paper, if not specifically specified in
other units, « defined in equation (1) is always in nepers
per unit length. That is, if p /p, 1s the ratio of wave
amplitudes at x=x, and x=0, respectively, then

T
Loa, % =} Lq, F nepers.
If specified in decibels, then,
=020 & = } X
d X, o B T lo o Te db.

* In general, Q of an oscillatory systen may be defined in
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constant per unit energy lost per cycle, it has been attrib-
uted to an elastic hysteresis effect. The Q thus observed
for two materials of interest here are

Aluminum Q = 10,000

‘Magnesium 5,700

At higher frequencies, or shorter wave lengths, other
factors come into play, énd the damping observed cannot be
accounted for by extrepolation from values at lower f{requen-
cies, according to the above picture. Thus, working in the
frequency rangé form 3 to 15 mc/sec, Mason and McSkimin(B)

report an attenuation-frequeﬁcy relation for a traveling di-

tation wave in duralumin 17s% alloy as follows:
F“
d=8F + Be'. (2)

B-¥ represents the hysteresis damping as observed at lower
frequency, and the second term is the additional damping not

observed at lower freguency. On the basis of two specimens

terms of the ratio of the peak stored energy (whether
electrical, magnetic, or mechanical strain energy) to
the energy lost per cycle; thus, if energy loss 1s small,

energy stored _ e
. - 2
energy lost per cycle

Specifically, for a traveling wave, Q is defined,

. 8B . 2T | 1
Q * i PO ~C )

where B 1s the phase shift in radians per unit length,d
the amplitude sattenuation in nepers per unit length, and
»N the wave length.

The alloy designations used here_in are the Alcoa com-
merclal alloy deaignations.
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tested varying nearly two to one in grain size (0.23 mm and
X
0.13 tmm), but otherwise presumbly identical, they concluded

that the coefficients are,
?

B, =~ conskent = 0.65 - 0.845 x10 neper/cm/cycle
By = KDS = 3.\ x,&z“(g?) neper/cem/cycle ,
where D 1s the grain djiameter in millimeters. 8Since the
Q of & rod is equal to
B. Phase shitd _ _ o7l
Q = 2A, = a(&\‘*e:'nuo.\'lo)\\ 2N QK ? (3)

we then can compute expected hysteretic damping extrapolated

from low frequency,
% = 5\% = .,}%:'F =099 7mo'q-f neper/cm. (4)

The egreement with (2a) is seen to be fair. Combining the

coefficients (2a) into equation(2), there results,

3
d“.BQP‘f‘kD'?o (5)

This is quite in contrast with the relation reported by
Roth{7), Working with magnesiwm end eluminum, with grain
sizes ranging from 0.2 to 2.0 mm and in the frequency range

from seven to seventy megacycles, he reports

-9 §

where K(D) is an undetermined function of D, but independent
of £, and generally is small in comparison with the first

term of (6).
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Roth gives his equation only as an empirical fit to his
observations., However Mason and McSkimin offer a very plaus-
ible theoretical explanation of their expression, though the
renge of applicability is very limited. Upon extension of
the range of measurement to 30 megacycles(g), they observe
a flattening off of the attenuation, and indeed approach
an attenuation inversely proportional to particle diameter.
They also attempt a reconciliation of their results with
Roth's data, but not with the form of equation (6). The re-
sults of Roth and Mason as presented by those authors'are

sketched in Figure 1.

5 lo
gL
A ¥
'g Dr 0.3 mwm, ’f| 6
N ¥
¢ Q
Q2 pe 0.23 m'm ~°4~
2 )
V- 2
1 {
o L P~ S R T TR R TR R
¥, e § wmc
(a) Measured attenuation for (b) Measured attenuation for
dilation waves in dural- dilation waves in mag-
umin alloy. (After Mason nesium, (After Roth)

and Me8kimin)

FIGURE 1.,
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After a critical discussion of the derivation of equa-
tion (5) it will be shown that by a similar approach one can
connect the existing data in a continuous and logical menner.

Polycrystalline metals such as form ordinary structural
materials are composed of many separate and randomly orient-
ed single crystals. In general, such a singite crystal will
exhibit different elastic properties along its verious crys-
tallographic axes, so that the elastic moduius in any direc-
tion may differ from the average. Accordingly, an acoustic
wave encountering these discontinuities wiil undergo partial
reflection or scattering in amounts depending upon the part-
icle size, the elastic discontinuity, and the wave length of
the radiation. Since the energy thus scattered is removed
from the primary directed beam, the effect is quite the same
as if the energy had been dissipated. 1In accounting for this
effect, Mason and McSkimin(B) assume that for e limlted fre-
quency range, the well known Rayleigh(lz) gscattering law is
valid, whereby the ratio of energy scattered by a particle

of volume T to the energy incident upon its cross-section,

A, is
wW. y_ T » 3
o s e ] (7)

where A, as before, is the radiation wave Length, P the
density and K 1s the compression modulus (equal to ¢, from
the elastic tensor in solid bodies, for compression waves),

all in the unperturbed medium, and 4p, Ak sre the deviations
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of density and compréssion modulus, respectivety, for the scat-
ering particle. Assuming A/a= O, taking the number of part-
icles as
N- Adx
T (8)
and summing over all particles, neglecting multiple scatter-

ing, one obtains the familier result,

vt s T Lyl

W Ax (9)

2
where (AK/\". ) 1is averaged over all particles. It is shown

that %Ak/\c )‘] for a cubic crystal is given by
ave

(el - L) ]

o [ c2 (ca-c)+ Yeyy] ]a.
el sc“-\‘e((‘.{(‘u\f‘icw ’

(10)
if all orientatioﬁs of the crystels are equalily probable.
In equation (10), the primed quantities refer to the elastic
tensor coefficients in any orientation, while the unprimed
quantities refer to the same coefficients along the principal
crystallographic axes. Hence (¢} ), ., corresponds to the

quantity
— €)

"(°3)m= (Ntep) - G+ £) (-2%) | (11)

for en isotropic or polycrystalline .msdium,lu being the modu-

lus of rigidity, N\ Lamé's constant, E Young's moduius and



€ i3 Poisson's ratio.
Equation (9) gives the theoretical derivation of the
second term of equation (5), now identified as the scatter-

ing component, by which the value of B in equation (2) be-

comes,
- _ aw’ @&]i D .
Ba= g7 L+ - (12)

Table I lists the scattering factor ( %%-f’calculated for

various metals of both the cubic and hexagonal crystal types.

When the calculated value of { &%) is used in equation (12),
the resulting coefficient, Bz, is less than the empirical
value, by a factor of about'five. This is not surprising
however, considering the sensitivity of the evaluation to

the assumed dismeter of the equivalent sphere ofAcrystal

grains.
Metal (ax /<) ﬂ[9%§2¢;c' Propagation Observer
Al 3 x10”% good Roth, Mason
& McSkimin,
Roney
Cu 7.4x10"° poor Roth, Roney
Fe 6;8&10'3 poor Firestone,
Roney.
W 0 very good
Mg 2.2x10™% good Roth, Mason

& MceSkimin
ca 2,8x107% very poor Roney



Equation (5), or'(g), is regarded by its authors as
applicable for the range for which

p< TN (13)

Serious exception is teken here to this condition on theoret-
ical grqunds, for it is in clear violation of the the require-
ment in Rayleigh's(12) original derivation that

PR <. | (14)

If condition (14) is not met, higher order terms in - ere
necessary.

Further objection to the above derivation has been madb”)
- because of the neglect of multiple scattering. The validity
of the fourth-power law is well established for thinly dis-
persed scatterers, such as usually occur in the scattering
of light, but‘the closely packed grains of a metal present a
considerably different situation. However, it is felt that
this is not a serious approximetion, so long as CZEZ:?' is
indeed small, since any multiple scattering must be of high-
er order in this factor.

Despite its limitations, equation (9) or (12) is of
value in indicating the importance of metatilurgical condition
and crystal elastic anisotropy in affecting demping. The
propagation properties of various metals a3 indicated in
Table I have been qualitatively verified both by the author
and by other workers. For example, at frequencles above

20 me/sec, penetration into iron and steel is limited to



a few millimeters, wherecas at the same frequencies waves
ere detectable through several inches of ajuminum without
difficulty, in the proper metallurgical condition.

Mason has adopted & différent mechanism to explain the

attenuation in the region given by

D> 3N, (15)

in which he considers the wave amplitude loss at the sep-
arate crystal boundary surfaces, by use of the reflection

coefficient. While his deVelopment(lo>

is more formal, it
reduces basically to the following reessoning, In & highly
directive wave train, energy may eilther be lost by normal
reflection at a boundary, or by change of airection at ob-
lique incidence, so that wave damping by this mechanism is
a grain surface phenomena, Furthermore, the ratio of grain
surface to grain volume is simply proportional to 1/D.

Since the relative amplitude loss at normai reflection is

the reflection coefficient, R, the attenuation is then
d ~ B 2 (16)

and is likened to a diffusion process with mean free path D.

By using certain assumptionsa, a quantitative result is ob-

- iR\ (17)

T D

tained,



The reflection coefficient due to acoustic impedance dis-

continuity 13(15)

T
LT Veip + ¢ p

o L] e c,',J. (18)
- Cq

An averaée value of R 1is estimated using the maxXimum and
minimum values etteined. By using this result, 1.6 db/inch
attenuation is obtained for 2.0 mm grain-siZe magnesium, which
agrees well with Roth'!s measurement 1n this region. However
it is felt that this sgreement is coincidental, for no ac-
count is taken for frequency dependent, or hysteresis losses,
which alone woudid account for 1.0 to 1.4 db per inch, if

the hysteresis constant does not decrease with frequency,

and there is no evidence to indicate such occurrence. The
priﬁciple considered seems reasonable, but this‘author’ob-
jects to the use of the amplitude reflection coefficient,
which may be either positive or negative, and in general
confuses the primary issue of loss of energy. If instead,
the power reflection coefficient is used, equation (17)

for the amplitude attenuation constant be_comes

2 (L R? R*
Xg = ( ) ) = —é%—
total o BY + & (29)

where R 1s, as before, the amplitude reflecction coefficient
and R2 therefore i3 the power reflection coefficient. The

subscript s indicates the scattering component of ™.



Note that
D Cr—CaY = A&k:) ‘
R™ = (—"'gr—" - (19a)
=1

that is, R° is the same as the scattering factor used in
equation (9). Just as in equation (9), the vélue of fz;7;3i
taken from -Table I results in an attenuation less than that
actually observed.

At this point, no theory has been offered previously

to connect the two regions discussed.

(b) Extension of the Theory.

In following an approach similar to that employed by
Mason; but taking a slightly different point of view, it is
possible to derive a theoretical explanation of results ob-
served, extending over the complete range of frequencies
and wave lengths discussed bere. It may be observed that
the apparent conflict between the observations and relations
given by Mason and McSkimin on the one hand, and by Roth on
the other hand is dué to.the manner in which the data are
presented and the equations written. Thét is, the functions
are written or plotted not in terms of the significant para-
meter, /Lzz(gy%, determihing the type of phenomena cccurring,
but in terms of the dimensional components separately, wD,

the particle circumference, and A, the wave length.

In the folliowing derivation, the major assumptions made

() That the total attenuation is a sum of a hysteretic



effect, o, and a scattering effect, s, throughout
the range of interest.

(b) That the hysteresis constant for a given material
remains constant for all frequencies considered.

(c) That when the scattered energy is sufficiently

.small, multiple scattering effects may be neglect-
ed, even in closely packed scatterers.

(d) That for uniform grain dimensions, and small elast-
ic discontinuity, the total scattering effect may
be approximated by the effect of the equivalent
sphere.

ALl of these assumptions are valid in the Rayleigh
fourth-power scattering region, though their rigor may be
challenged outside this region.

The amount of energy scattered by a sphere in the path
of a wave may be defined in terms of 1ts scattering cross

section, CQS. Thus

W, = Qs ]Li )

where W is the scattered power, and L; the incident in-
tensity. Then, the ratio of scattered energy to the incident

energy, or the attenuation per particle is, for a sphere,

AW—-_WJ-—-'Q’::O"

——

Y LA A& ()"

(20)

To get the attenuation constant, 2X%;, we must multiply by

the number of particles per unit length,

{
20, = t:l“\‘\,?;/" 75 1 nepers/unit length,
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or, i\‘g _ __!_ Qs
asD = aw = = F nepers. (21)
For a rigld sphere, Morse(14) gives

s}
Qs - = (am+t) 541" 6m (22)

A A

> 16 .7 . (&P 3
) ,A—’O 7’-— /‘) /‘ (.A ) (443)
Swls defined by the equation
- _in..inh_' (I“) _('mfl)\j'\ﬂjl (‘k)

G 8™ o M (1 = Ot Wt (1 (22v)

end J and N are the spherical Bessel and Neumann functions.
The form of Q,/R is sketched in Figure 2. Rayleigh(lz)
shows that for a non-rigid sphere, at least for amall values .

of r, equation (22) is modified as

20l [ w4

o 50 100 150 200
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% Lm-ﬂ‘gil ) % ‘03‘ X (——) ég)?é (?M‘H‘) s e (23)
o QF’\:, }mn n%tcl /‘—90 (AK) /‘ , (238)

where Aw is the increment of elastic modulus of the scat-
terer, and < the modulus of the unperturbed medium. It is
again assu;ned that there 18 no density discontinuity. Equa-
tion (23a) corresponds to (7) of the previous section.

In what follows, the approximation 1s made that the modifi-
cation in (23) 1s valid for the whole range of ol

The attenuation due to hysteresis may be written

Q(H=B.¥=l§i'g. = B:-'!-?‘;—, (24)

or d D - B (ZB) = B/p~- (242)
Combining (23), (24a), and (21),

= (A, +%) D (25)

= B/u. /3'_ ‘A“\’“)Z('?""” S® By nepers,

we have a dimensionless equation in terms of the attenuation
per particle diameter and the ratio of pariicle circumference
to wave length. Let us inspect its behavior at the limits

of the parameter /V-. First, as/u.-——ro, by (23a),

o D —* B,qu‘?(““) /*q
. .4
=BD?+%( )77'.0
or o = ¢ £ (52 pPfY (26)
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Compare equation (26) with () and (12). When [y we

have the cese of geometrical shadow and for a rigid sphere,

Qs | |,

A p>—
Then,
AD o B b y(8y
T L
or od —> B‘¥ +%(%E§ D (27)

Compare equation (<7) with (19) and (19a).

Equation (25) is computed'and plotted (oD as a function
of /u-) in Figure 3. The original dat;a of both Roth and
Mason end ¥cSkimin are put in form of the dimensionless para-
meters and plotted with the computed curve. Instead of
using the values of B,, B;, or ﬁ—}j‘determined by Mason, the
value of B, as computed from the low frequency Q, equation
(4),was taken. & value of m was then chosen to give
the best initial slope through the datum points for aluminum.
The resulting scattering coefficient 1s

3 — o
(8%) = 36x107, (¢8)
as compared to 3%40"% from Table I, and 15x10"% computed

from Mason's empiricel value of B,. With numerical coef~

ficients, equation (25) then becomes,

— &
29¥% |0
-——-—--—:"""‘

aD = g7 x6p t & = > (amel 5235, (280)

The fit to tne experimental date appears remarkable,
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even though two different substance are invoived. Of course
such success could not be expected if the Q's and scattering
factors were not similar for the two metals.

Even where the curve does not fit the data closely,
the consistency and continuity of the various runs indicate
that the dimensionless parameters used are tane critical

parameters for which there is a unique functionali relation.



III. Experimental Apparatus and Technique.

(a) The Experimental Problem.

In view of the incomplete and somewhat confiicting
knowiedge of the fundamental processes involved in the
ultrasonic attenuation in soiids in the megacycle range,
it becom;s difficult to formulate engineering appliications
to give reliable tests of the status of a material based
upon these ultrasonic propagation properties., It was there-
fore considered desirable to countér~check previously re-~
ported results with slight variations on previous experi-
ments, and to investigate other parameters not considered
or not reported in those experiments, which may contribute
to enomalous results, and which at the same time may have
immediéte engineering significance. The apparatus described
was developed to perform these studies, as well as to make
certain qualitative observations in metal inspections.

The major variation in procedure has been the main-
tenance of constaﬁt frequency for all'tests, and concentra-
tion upon the dependence on grain size, or more directiy,
the state of anneal, Considering the apparent importance
of crystal diemeter and elastic anisotropy in scattering or
otherwise attenuating a wave, it seems reasonable to expect
that any preferred orientation or elongation of grains re-
maining in a solid would have an appreciabie effect upon
the propagation, dependent upon the direction of propagation

relative to such elongation. Accofdingly, arrangements



- are made to propagate a wave in each of three mutuatily
perpendicular directions in each specimen.

(b) General Arrangement and Parameters.

The pulse technique has been adopted for this work
because of the simplification in the acoustic situation.
In this gystem the waves are generated in short bursts of
perhaps only & few cycles at the desired frequency, the
bursts being repeated at an appropriate rate. The simpli-
fication arises from the fact that the various signali modes
or reflections are time separated and hence do not inter-
fere but may be %eparately indentified. Basically, the
tests consist of excitation of a traveling ultrasonic wave
in a specimen to be studied and observing its reflections
from various discontinuities within the medium, Specific-
ally, the wave amplitude is meessured as a function of the
distence traveled. The general arrangement is indicated by
the block diagram, Figure 4., Its operation is as follows:
The modulation generator sends a narrow voltage pulse to
the transmitter and a synchronizing signal to the oscillo-
scope to start the time sweep. The transmitter generates
a pulse (0.5 to 2.0 microseconds duration) of radio-
frequency energy which is transmitted to a quartz trans-
ducer. The quartz serves to cocnvert the electrical signal
to a mechanical wave which is coupled to the specimen in the
acoustic tank, and thence back to the transducer. One

transducer serves both as & transmitter and receiver. The
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electrical signal from the transducer is displayed on the
oscilloscope after ampiification and detection by the re-
ceiver, where its amplitude is measured by means of the
calibrated gain control.

A fregquency of 30 mc/sec was chosen originalily to be
significantly above current commercial flaw detection equip-
ment and yet to yleld eppreciasble penetration in polyecrys-
talline metals. Having chosen a frequency, the linear di-
mension of & single discontinuity required to give specular
reflection will be of the order of the resulting wave
length. For ready reference the velocities of dilation
sound waves in several substances and the wave length at

30 me/sec are listed in Table II.

TABLE g(lS)

Substance Velocity Wavelength,
cm/sec cm inches
Water (25°C)  1.497x10° .00499 .00.196
Aluminum 6.260x10° .0209 .00824
Iron 5.850x10° .0195 .00768
Cadmium 2.780x10° 00925 .00365
Copper 4.700x10° 0157 .00619
Mercury (20°C) 1.451x10% .00485 .00191

The resolution of successive reflections 1sg limited by
the pulse width. The minimum geparation, u, that may be

resolved is given by the equation



24 T vat,
where v-at is the distance traveled by the wave during the
pulse interval 4t, and 24 1s the round-trip distance
between reflections. The pulse width or interval must be
at least several wave periods and is‘limited not onliy by
the transmitter output, but by the band-pass capabilities
of the e;tire signal system.

‘(c)' Electrical Components.

Of the electrical components, the transmitter and
crystal matching networks require special attention. Chief
requirements on the transmitter are; rapid rise and quench
time of pulse, low noise generation during off-duty period,
and high impedance to return signals. The requirement of
rapid rise and quench time is particularly stringent for
the relatively low carrier frequency of 30 mc/sec, with
only 15 to 30 complete cycles in the pulse. These require-~
ments are achieved with the circuit shown in_Figure 5, which
is an adaptation of a circuit used for radar simulator equip-
ment by the MIT Radiation Laboratory(15), In this circuit,
V2 and L1, along with the interelectrodecapacitances of
Vi, V2, and V3 and trimmer Cl, comprise a Hartiey oscillia-
tor, with its g?id loaded by the cathode impedance of V1.
Vacuum tube V1 is normally heavily conducting through in-
ductance Ll, until interrupted by negative pulse from the
modulation generator, which in this case is a standard

laboratory pulse generator®., Cut-off of V1 causes the

# Model 79 B, Measurments Corporation, Boonton, N.J.
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tank circuit to ring, with a large initial amplitude.
Upon reconduction of V1, the tank is heaviliy loaded and
rapidly quenched.

It is important that the output stage be non-conduct-
ing during the off-duty, or listening period, if the re-
ceiver and transmitter are directly coupled, so that no
emiSsiog noise from the transmitter is fed to the receiver
first grid, since the receilver is operated at noise~-limit-
ed sensitivity. Therefore the output stage is operated
well in the class-C range. |

An oscillogram of the transmitter output into a dummy
load of 70 ohms (the line impedance) is shown in Figure 7.
The pulse is seen to rise to full amplitude in about three
RF cycles, and to decay in sbout five cycles, The decay
time 1s somewhat prolonged by the quartz transducer, due
to imperfect impedance matching over the broadband of the
pulse.

In order that the transmitter wlll not accept any of
the returned energy from the transducer, its output imped-~
ance, as seen from the line is made infinite by adjusting
L35 to parallel resonance with the plate capacitance of
V4 when not loaded by the 8y of V4, i.e. when V4 is not
conducting.

A matching network for the crystal is equally important
for efficient power transfer. The relatively large shunt
static capacitance of the crystal and holder must be bal-

anced out. Further, the equivalent shunt resistance is al-
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FIGURE 7. Ouf _put pulse of transmitter, showing rapid rise
and decay time.. Pulse consists of approximately

30 complete cycles.
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weys high, even for & heavily acoustically loaded crystal,
and mugt be transformed to the line impedance if the opér-
ation is to be independent of line length. The form of
half-wave network used at both the transmitter and at: the
traﬁsducer is indicated in Figure 6.

(d) Acoustic Components.

In the presentvexperiments, specimens being inspected
were.coupléd to the transducer by means of a water bath.
Figure 8 is a drawing of the acoustic system. A water bath
is particularly suitable for rapid changing of meny small
specimens, but 1t reqﬁires.speciél arrangément to align
the specimen with the beam, as will be shown. This is
accomplished by & vernier screw which rotates the tank and
quartz crystal aboutvé horizontal axis through the face of
“the'specimen, and a second vernier adjustment on.the spec-
imen holder, Figure 9b, for aligﬁment'gbout a vertical axis.
To facilitaté rapid change of samples, they were mounted
on the holder by‘sealing the polished face of the sample
to the plane face of the holder with high vacuum grease.
This proved quite satisfactory for light specimens.

The most important acoustic component is the transduc-
er itself. The transducer is an X-cut quartz piezoelectric
crystal, groﬁnd for a ten megacycle per second fundamental
mode, but driven at its third hermonic. Since the electric
field is along the X or electric'axis, it oscillates in
a piston mode and so generates compressional waves in the

medium surrounding it. The area of the crystal must be a



Specimen Holder
/
//
Specimen
Water
=
Transducer = ] l
////7f =
7777777777 7777777 W/
Tank Alignment
Adjustment

FIGURL.B. Sectional drawing of arrangement of acoustic
couponents.
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FIGURE 9. a. Photograph of overall apparatus.

b. Photograph of specimen holder with specimen
attached.

¢. Photogreph of acoustic tank, showing means
of alignment about horizontal axis.
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compromise between the beam resolution or inspection area
desired on the one hend, and the total aveilable power

and allowabie beam divergence attenuation on the other hand.
The design finally used has a circuler active area of 1.542
squere centimeters, or a dismeter of 1.40 cm. A glance at
Table II shows that this is 280 wave lengths Iin water,
hence the wave beam pattern in water in the Fraunhofer

diffraction region, as given by the equation,(l4)

T 2 J (usanB) 1% .
I.= [ [&i’;e ] ? ( =9)
P 2ﬂ‘0-/;\=- 280 Tv, (29a)

gives a first zZero at the half angle

6 = 0.00436 nadians

= 0,85° .,

The second meximum, at 0.46°, is down by 36 db. It is
seen, therefore, that the beam remains quite confined.
This is borne out experimentally, with measurements indicat-
ing that the beam remains within the l.4 c¢m diameter of the
transducer, within the limits of the tank. Actually, the
attenuation measurements are taken within the Fresnel dif-
fraction region, so that dive¥gence attenuation is indeed
negligible.

One of the most important technical problems associat-
ed with the design of a quartz transducer is damping its

naturally very high Q. This is most effectively accomplished
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mechanically. Even when loaded on one side with water,

the crystal rings at sufficient amplitude to saturate the
receiver for about 100 microseconds after excitation by a
600 volt, 1 microsecond pulse of RF energy. After consid-
erable experimentation the design shown in Figure 10 was
found to be satisfactory. The crystal i1s silver plated on
each side, with anAannular fing separating the two electrodes
on the back surface. The crystal is soft-soldered into a
brass block, with the space behind, the quartz filled with
paraffin wax, cast in place. This was found to be more
_effective than cementing the quartz to bakelite or micarta
of comparable thickness, as recommended by some workers(l).
The bakelite serves to load the crystal. quite effectively,
but as many as two or three refilections from the back sur-
face of the bakelite were observed. This is partially pre-
vented in the paraffin load used here by the concave shape
of the meniscus of paraffin, serving to scatter the reflect-
ed wave.

The overall performance -of the system is indicated by
Figure 11, which shows the reflection from an 0.005 inch
copper wixe: suspended in the water at distance of 2.5 inches
from the transducer. The pulse on the left is the trans-
mitter pulse. Even at the high receiver gain setting of
this picture, the ringing of/%%;nsducer is seen to only

o
glightly outlast the recovery of/receiver.



Figure 11.

a.
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Performance of system, showing the echo from
a single copper wire of 0.005 inch diameter
suspended in beam at 2.5 inches range from
the transducer.

Echo from an 0.03 inch hole drilled into a
two inch sluminum block. 4 is the reflec-
tion from the front surface of the specimen,
b from the back surface, a from the holel
Echo ¢ results from a reverberation of

the wave from the rear surface, to the hole,
back t0 the rear surface and thence to the
transducer. The hole is located 3/8 inch
from the rear surface.
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(e) Measurement Technique. Special Precautions and Correct-

ions.

A wave introduced into a specimen through the water
bath is reflected back and forth between the surfaces, and
the amplitude is measured each time it 1s reflected from
the front.surface. Specimens are cut from the material to
be tested in the form of cubes or rectangular prisms.
Opposite sides must be accurately parsallel and smooth.

Due to the very narrow beam of the transducer, parallelism

must be within

/g < ‘0“09 T’ac/l&ns,

where /4 is the sangle between opposite sides,
and n is the number of reflections. That this is true is

shown in the following manner:

Returned

Beam
e
w,g'.\//gp

Incident Beam RIS

¥

FIGURE 12,
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In figure 12, the wave traveling inside medium B cheanges
direction by angle 28 on each round trip, or 2‘"/3 for

n round trips. The wave transmitted to medium A is refract-
ed according to Snell's law, so that

S«—.\i’”/? - 2p

. (30)

For the case of a water-aluminum interface, and since Vg

and G, are small,

6.3 = 2

But G must be less than the half-angle beam width, or

0.009

/ = (ch/m) On < M fadians,

If this condition is not met, excessive attenuiation will

be indicated. By similer reasoning, the specimen as a whole
mst be carefully aligned with the beam.

At each reflection of the wave, energy is lost by trans-
mission to the water. This requires a correction to the
attenuation measured. The power reflection coefficient,

Ry, is given by (13)

- (z -Z \"...( o - rfg)z
Rr (Z, _‘,Z‘ / - %’%;{ ‘51)

for normal incidence on an interface between infinite media.

Here, Z, and Z. sre the acoustic impedances of medium
1 and medium 2, respectively, and Y and ¢° are correspond-
ing densities and velocities, as before. Thus after each

reflection, the relative wave intensity is
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I

(32)

where d is the distance between reflecting surfaces, ad
is the power attenuation constant, and 2d! is the appar -

ent attenuation constant. Thus,

I R L A L.
Rewriting equation (31) as
; AV \*
R = qeazu___.) 5
| %jl. (31a)

we see that only a measurement of relative density (specif=-
ic gravity} and relative velocity are needed to compute

Rp. In this case, a very simple arrangement is devised

to measure velocity ratio. The water rangé of the specimen
is varied until the n-th innér reflection exactly coincides
with the second outer reflection occuring between the front
supface and the quartz. Under this condition, if subscript

2 refers to the water,

mé _ /L
v (23
4 _ md
% @

where d is the block thickness, as before, and 1 is the
water path length. These two quantitles are easily meas-
ured to high precisibn. Reflection coefficients determined

in this manner agree quite woll with values measured by
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Roth!7) by a aifferent method;

Fower Reflection Coefficient with Water:

Material Roth Roney
Aluminum (28) .708 0.704 3%
Duralumin (248) -—- 0.711 % 3%

Similarlﬁ, a comparison of velocity measurements may be
made, where the authors relative velocity measurements are
(13)

converted by the use of Bergmann's value for the vel-

ocity in water (Table II).

Velocity of Compressional Waves (Units of 10° cm/sec) !

Material Roth(V) Meson'®? Roney Bersmanélé)
Duralumin - 6.32 6.32 * .06 ——-

No particular cere wap taken to obtain accurate velocity
measurements, since they did not appreciably affect the

accuracy of attenuation measurements.



LV. EXPERIMENTAL PROCEDURE AND RESULTS.

Wnile, from an engineering point of view, it would be
desirable to make immediate application to steel, this was
not attempted for two reasons, (a) the very low penetration
at the frequencies of interest, and (b) the complicated
gtructure, making it difficult to determine the effect of
the many parameters, In addition it was desired to employ
materials similar to those previously reported upon to fa-
cilitate comparison. For these reasons, two materials
were investigated:

I. Commercially pure aluminum, 23, not less than

99% Al.
II. Duralumin alloy, 243T, Cu 4.4%, Mn 0.5% Mg 1.5%,
Al not less than 92%.

In order to avoid pogsible variations in composition
end previous history, all samples of each material were cut
from a common stock., Since anisotropy of grain structure
was particularly of interest, one inch rolled plate stock
was selected for each case. The 28 aluminum was procured
in the as~fabricated, cold rolled condition, giving very

fine greain structure, Samples from each material were then
glven successive amounts of anneal as &own in Teble III.
The ultrs_sonlc propagation at 30 mc/sec was observed

and the attenuation measured, when possible, in three normal
directions in each sample. To facilitate reference these

directions are designated ss shown in Figure 13.
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IABLE III
Semple No. Temperature Time in Minutes
28 Aluminum
A unannealed
D 420° ¢ 25
E 475° ¢ "
F 5400 C n
G 600° © “
248 Duraiumin
i unannealed
2 350° ¢ 5
4 4200 C 30
5 500° ¢ "
6 560° © n

Typical results of these observations are shown in the
curves of Figures 14 and 15, and the oscilliograms, Figures
21, 22, and 24 to 27. Figure 14 shows the echo amplitude,
as‘measured, and without corrections applied, plotted against
the number of reflections for duralumin samples, while
Figure 15 gives a similar plot for the aluminum. Since
the signal amplitudes are plotted on a logarithmic scale,

a constant attenuation coefficient o results in a straight.
line. Deviations from a straight line, greater than experi-
mental error, indicates heterogeneous structure of the med-

ium, or otherwise anomalous propagation. Such deviation
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can result from imperfect alignment of the specimen in the
beam, It may be noted that in most cases the data observed
shows little deviation. A sunmnmary of the results for all

samples, after correction for the reflection coefficient

as described earlier, is given in curves of Figures 16,

17, 18, and 19, in terms of the temperature of anneal.

In both the aluminum and the duralumin the scattering atten-
uation was so great in the samples of highest anneal that

no quantitative measurements were possible. Since atten-
vwations as high as 10 db/inch were readily measurable, it
may only be inferred that the attenuation exceeded this
emount. The estimated result is indicated in Figures 16

and 17 by the wavy line,

Note that the suspected anisotropic attenuation is
indeed demonstrated to a remarkable degree in both materials.
However the different behavior with anneal between the two
materials is not readily explained. Whereas the aluminum
shows less anisotropy as anneal is increased, the dural-
umin shows increased anisotropy. Reference to the.metal
structures as revealed in‘the micrographs, Figures 235 and
28, sheds some light on this question. Figure 28 shows that
even with the great grain growth occuwingwthe duralumin,
elipticity of the grains has not changed appreciably.

On the other hand,_the aluminum shows an early attainment

of nearly uniform grains. In addition, it must be borne

in mind that 248 duralumin is a heat-treatable alloy, and

hence possegses multip&e‘phasea which play verying roles
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in the heat-treat process, and may affect the acoustic prop-
erties quite separately form the grain scattering. |

In connection with the anisotropic scattering atten-
nation, a very interesting observation can be made regard-
ing the oscillograms, Figure 27(a,b,c); (a) shows the echo
signal adjusted to observe the daﬁped train of internal re-
flections, 23 well as a second external rerlection and 1its
train, observed for sample 4, with propagation in the x-
direction. (b) shows a portion of the seme signal expand-
ed and the sensitivity increased ten-fold to observe reflec-
tions from the microstructure befween the major surface
reflections. (c)» shows a signal under identical conditions
as (b), for the same specimen, except that the propagation
is ih the z-direction. It is interesting to note that the
large grain return is observed in the orientation for which
the main wavehattenuation is Ieaét (see Figure 18). A
similar ulirasonic response is observe ﬁdr semple no. 1.
This is a rather surprising fact in view or the picture
which we have established for the mechanism of major atten-
uvation. The only explanation that is offered is that since
the larger area faces of the grains are normal to the z
axis, more of the scattered energy is directed back along
the incident beam to the transducer, i.e,, scattered through
180°, when the wave is propagating in the Z-directioﬁ than
when the propagation is normal to %, while the total scat-
tered energy is no greater.

As mentioned earlier, the scattering in duralumin
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sample 6 and aluminum sample G was S0 great as to make
quantitative measurement impossible. This is shown in

Figures 22 and 26, The large grain return completely masks
any back surface reflection.

The actual attenuation cons tants measured are scatter-
ed so widely, as a function of orientation, that it is
difficulflto make any conclusions on the absolute magnitude
of attenunation. In general it may be said that the atten-‘
uations measured éverage about twice those reported by Mason
and McSkimin for the same conditions of no/\ , and hence
to that extent agree with reports by Roth on 28 aluminum.
Unfortunately , insufficlent renge of grain diameter is a~
chieved within messurable attenuation limits to indicate
the relation of o to D, This is further limited by the
inadequacy of etchants for the metallography of eluminum
in revealing the microstructure of fine grain, unannealed
aluminum. However the detum points obtained are placéd on
the generalized, dimensionless curve as derived in section
II (b), and are shown in Figure 30. The actual ordinates
of the two points farthest right are undetermined as indicat-
‘ed above, except that a lower limit may be set. On the other
hand, while attenuation could be measvred in samples A,D,

1l, and 2, the grain size remains unrevealea by the micro-
examination (see for example Figure 28a). Hence the cor-
responding datum poeints can be plotted only as loci of
possible positions. Each locus of oD as & function of

"/ on the double logarithmic scales is a straight line
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of unity slope, with its vertical position determined by

d ., Accordingly, these loci are included on Figure 30
extending over the range of estimated limits of grain diem-
ter for aluminum semple A and duralumin sample l.

While the scatter of points seems extreme, it will be
observed that the parameter I lies in the range of maXimum
rate of change of dD., High sensitivity to grain ellipticity
therefore is to be expected.

Duralumin shows less attenuation in the unannealed or
hardened state than does commercial aluminum, but the sens-
itivity to heat treatment is higher for duralumin, the

multiple phase alloy, than for pure aluminum.
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FIGURE 20,

Oscillographic responsge
with cold rolled 23 Al,
unannealed (Sample A).
Note the low attenua-
tion and constant dec-
rement.

FIGURE. 21.

Oscillographic response
with same material as
above, Fig. 20, but an-
nealed at temperature
47500 for 25 minutes
(Sample F, recrystal-
lized grain size 0.04 mm)

FIGURE 22,

Oscillograpnic response
from same material as in
Fig. 20, except it is
annealed at 600°C for

25 minutes. Note the
large grain-return, and
compiete ahsence of

back surfsce reflec-
tions (Bample G, graln
size 0.17 mm).
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(a) Sample F, X100
D = 00358 mm
compare Figure 18.

X
(b) Semple G, X100
D= 0.162 mm
- Compare with
Figures 19 and 22.
X

FIGURE 23. Micrographs of Aluminum samples showing
" structures. - '



FIGURE 24,

Oscillographic response
with Duralumin alloy
24S, as procured (Sample
1). ‘Refer to Figure

28 a.

FIGURE 25 s.

Oscillographic response
with Duralumin Sample 5,
annealed at 500°¢C.

Refer to Figure 28 c.

b

Same as (a) with sweep
expanded and sensitiv-
ity increased to reveal
internal ekhoes between
ma jor surface reflections.
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FIGURE 26, ggéi%iographic response from duralumin sample

Refer to Figure 28 d.
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a

Oscillographic response
for sample no. 4 with
wave propagated in X-
direction.

b

Same as above, (a),

wilth sweep and sensi
tivity expanded to re-~
veal echoes from grains.

C

Same as (b), except
sample is rotated 90°,
with propagation along
Z-direction. Note

the 1lncrease of grain
return.,

FIGURE 27.



(a) Sample 1, X100
D = %

Unannealed.

X
(b) Sample 4, X100
Annealed at 420°cC,
o0 minutes.

FIGURE 28. Micrographs of Durslumin samples. (Continued
next page.)
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(c) Sample 5, X100
D = 0.048 mm

Annealed at 500°C,
30 minutes.

(d) Sample 6, X100
D = 0.151 mm

Annealed at 560°C,
30 minutes. Melt-
ing at the grain
boundaries is Ap~
parent. Ultrasonic
propagation is
extremely poor,

X

FIGURE 28, (Continued from previous page.)
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V. Conclusions and Recommendations.

On the basis of work previously reported and correlated
in accordance with section II (b), above, the mechanism of
ultrasonic attenuation below 80 mc/sec in polyerystalline
metals may be described as (a), a hysteretic damping pro-
portion;l to 1/n , and (b),'a'scattering by individual erys-
tals dependent upon the ratio D/n s the single crystal diam-
eter to radiastion wave length.“ Without further experimental
evidence, a similar mechanism is\predicted for still higher
frequencies., It may be furthér concluded that in the case
of low acattering materials, i.e., materials having crys-
tals of low élastic anisotropy such as magnesium, or alumi-
num, the scattering componeéent of the attenuaticnjconstant
may be gquantitatively described in terms of the scattering
cross~section of a single particle, and the number'of graina
per unit length. Mason's formula is congruous ﬁith the the-
ory presented here, for small values of the parameter (770/7),
and may be considered valid for (7D/n ) less than 0.5,‘and
approximate when (nD /A ) 1s less than 1.0, However, it
mgy be noted that for the first condition the‘scattering
component of the attenuation is small compared to the hys-
teretic term for the case.of aluminum (Figure.3), and Mas-
on's formula becomes useful only in its-range of approxima-
tion.

On the other hand, Roth's empiricel formula gives a

relation for only & particular combination of D and N\,
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which cannot be generalized to a given range of (7D/n ),
or even to a given range of N\ or D sepaﬁately. The em=~
pirical equation itself (equation 6) appears to have little
physicel significance in'explﬁining the mechanisms involv-
ed, though the data from which it was deduced are consistent
with the theory developed here.
However, the preliminary experimental investigations

of thé author indicate that the results and theories advanc-
ed cannot be indiscriminately applied or extenéed without re-
gard to the uniformity of grain dimensions in the material,
or withoup regard to.possible precipitation of second phases
in alloys. Indeed, when a material exhibits anisotropic
grain structﬁré, the obsep#ed attenuation varies in‘a com-
licated manner depending upon the direction of propagation.
Obséfving this fact, though lacking conclusive evidence of
the fundemental processes involved, enéineering epplications
are nevertheless apparent. Some conclusion may be made on
the strain relief‘or grain eiongation in a metal on the basis
of tﬁe symmetry of ultrasbnic propagation as an externaly
engineering test, on an otherwise metallurgically unknown
sﬁecimen. Considerably more work is needed before this can
be made a practical or reliable test.

. On the other hand,.considerableAqualitative knowledge
of the grain size in aluminum cen be deduced from the appear-
ance of the echo response for an ultrasonic wave with wave
iength of a few tenths millimeter. Compare, for example,

Figures 21 and 22 for grain structures shown in Figure 23,
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(a) and (b), respectively; or compare Figures 24, 25, and
26 for structures shown in Figure 28, (a), (c), and (d)
respeétively. Considering the great difficulty experienc-
ed in revealing these structures metallographically, the
possibility of estimating the same information ultrason-
ically is to be greatly appreciated.

The experimental work undertaken by the author with
aluminum has been of aﬁ exploratory nature. Careful veri-
fication of the theory of attenuation requires metallurgi-
cal work of a quantity and quality beyond the scope of this
thesis. Specifically, iqprder to.check more carefully the
generalilty of the theoretical relation derived, it is re-
commended that investigations be made with frequenc& veri-

able over such an extent as to cover completely the range
0.1 < -’5?:9’- < 100

with a single grain diameter, and that the same coverage
be made with as wide a range of grain diameter as possible,
with a single material. That’is, ideally it is desirable
to cover the significant fénge of the parameter (xD/AN)
by both varieble D with fixed A, and by variable A
with fixed D. This will involve very careful preparation
and determinétioﬁ'of uniform and regular grain dimensions
in individual specimens, with separate specimens ranging

from veby fine to very coearse grain in small steps.
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