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Title: Examination of Solid Materials by Ultrasonic Methods

This report covers the period extending approximately from
May 25, 1954 to August 24, 1954.

Study of the effect of internal oxidation on the ultrasonic
attenuation was continued, (Earlier results were described in Technical
Report # 2, July 1954.,) A Cu=$% Al single crystal, which was discussed in
the above montioned technical report and which had been heated, was again
hcated in the presence of oxygen at 980°C for additional 326 hours. After
this heating, the ultrasonic attenuation of both longitudinal and trans-
verse waves in the specimen was found to be much higher than before the
heating, Data for tho longitudinal wave cre plotted in Figure 1 in which
earlier rcsults proscnted in Technical Report # 2 arc also shown for com-
parison. The velocities of propagntion of the waves in the specimen wore
found to be slightly smaller than before tho heating, A smell piece was
cut off from the spccimen so that the cross-section of the spocimon could
be oxamined., Only an oval core* remained epparently unchanged; the rest
of the spocimen was intornally oxidiscd, Under a microscope long needles
running generally in dircctions perpendicular to the surfaces of the
specimen woro observed in tho oxidised region*#,

In conncction with the coffect of internel oxidation during which
preccipitatos are formed in an originally homogoncous spocimen, thcoretical
camputation has boen completed on scattering of wave cnergy by an elastic,
isotropic solid sphore in an elastic, isotropic solid medium material,

It will be prescnted in e forthcoming technical report,

Exporiments wore nlso carried out to determine the offect of

» The specimon was disk-shaped beforce cutting,
#% J, L. Mcijering and M, J. Druyvesteryn (Philips Res. Reps, 2, (1947)
81) roported a similar structuro,
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directions of propagation and vibration on the ultrasonic attonuation
(Quarterly Report # 9). Two Cu=$% Al samplos were so oriented thut a
shear wave could propagate in the diroction of [111] while ¥ibroting

in a planc perallel to the direction of [101], (111) and [201] being
the slip plane and the slip direction in copper at room tomperature., The
ocho pattorns in tho measurements of attenuation were found to be, however,
gonerally irregular, There was only rough indication that the attenuation
was higher than the moasured attenuation of a shear wavo propagating in
spocimens of the same material in the dircction of ].{ O]Prwith ite plane
of vibration perallel to the direction of oithor [ éj [0013) .

Samc proliminary rosults arc shown in Figure 2,

Ultrasonic measurements worce oxtcnded to frequencies higher than
thosc so far employcd, Frequencies up to about 200 me/soc were usod as
against the carlier highost frequency of about 75 mc/sec. Results on two
of the studied single crystals are given in Figure 3 which shows attomu=
ation=frequency plots on log=log scale,

Same ultrasonic measurcments were taken on a Fe=Si single crystal
and a Al=-Ag singlo crystal,
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ABSTRACT

Single crystals of coppor alloyed with 1,00% aluminum and

0,50% aluninum rospoctively wore hoated at about 800°C in vacuwn for
over 100 hours, The attecnuation of both longitudinal and transverse
ultrasonic waves (10 = 75 me/scc) in the specimens decrcascd from that
bofore hoating, Tho spocimens werc then hoated at about 1,000°C in the
prescnce of oxygen for ovor 100 hours also so that thoy werc internally
oxidizoed extensively, Tho vaiues of attcnurtion wore higher than thoso
after tho heating in vacuun, 4 single crystal of copper alloyed with
0.,13% berylliuw was sinilarly heated in the presonce of oxygen. The
attonuation first decrecased and thon increcascd through heating. This

last spocimen was studicd metallogrophicelly.

Possible mcchanisms responsible for tho doercase in cttenuation
on annceling and for the increase on interncl oxidation arc discussed,
Anchoring of dislocations by impurity atoms and scattering of wave cnergy
by precipitates are probably tho rospoetive main causcs,



Ultrasonic Attenuation In Vasuum Annealed And Internally
Oxidized Single Crystals Of Dilute Copper Alloys

I, INTRODUCTION

On dissolving a small amount of foreign element into a metal,
precipitates can be formed inside the metal by the process of internal
oxidation if all conditions are favorable, The alloy must be heated in the
presence of oxygen such that the gas diffuses into the alloy and oxidizes
the alloying element within the alloy, but not the host metal itself, In
order that the oxidation be internal, two main rejquirements evidently have
to be fulfilled, First, the affinity of oxygen for the :1lloying element
must be considerably greater than that for the host metal, Second, oxygen
must be able to diffuse into the alloy more rapidly than the alloying
element diffuses out, An additional requirement for the appearance of the
%ecipitates is that the solubility of the oxide thus formed must be
Xelatively amall in the metal,

r 1’2,3
Rpines and his colleagues tested a very large number of

dilute alloys of copper, of silver, and of some white metals, They
observad‘. metallographically sones of internal oxidation, or subscales, in
many of the alloys studied. Meijering and Drtmvem;eynln5’6 independently
examined the penetration of the oxidation frantinto dilute alloys of
silver, of ocopper, and of nickel, In addition, they found that in many
cases, the ductile host metals hardened* on internal oxidation as might
be expected from the croation of minute oxide particles which are able tc

block the glide planes if their sizes arc correct.

% Earlier Rhincs had roported that the scratch hardiiess of the alloys does
not changs on internal oxidation, The hardness referred to by Meijering
and Druyvesteyn was that measured with an indentation tester, For discus-
sion of this point, see Ref, 7.
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In our study of solids through measurements of their ultrasonic
attenuation, it was believed that it would be interesting to investigate
how the minute particles of internal oxidation within a metal would affect
the attenuation in the metal. Alloys were accordingly internally oxidized
and the attenuation was measured before and after the oxidation, The
process is not as simple as it might seem because internal oxidation
at the same time reduces or removes the dissolved alloying atams which
probably play a role in attenuating ultrasonic waves, The first major
question to be answercd, however, is whether the total influence of these
mechaniams is large enough to be detectable by our present methods of

attenuation measuremonts,.

To facilitate internal oxidation, the alloys have to be heated
at elevated temperatures, Since hcating alone may affect the attenuative
property, it is necessary to sort out this component effect if present.
Same of the alloys were therefore heated in vacuum, On studying their
attenuative properties both beforc and after tho heating, the effect of
the heat treatment can be determined,

II. EXPERIMENTAL ARRANGEMENTS

A, Materiels and Semples

Silver as well as coppor was used in the preliminary tests.

A single crystal of silver alloyed with zinc was grown in this laboratory,
Later work was, howover, confined to copper, mainly because this metal
is harder than silver and this introduces less camplication in the prepar-
ation of the material for ultrasonic measuroments. All the samples to be
reported in the following arc alpha solid solutions of copper. Aluminum
and beryllium were somowhat arbitrarily choscn as alloying elements.,
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To eliminate the diversion of acoustic path lengths of ultra=-
sonic beams within grains* as well as reflection, refraction, and
conversion of modes at the grain boundaries, and especially to avoid
any change of grain sizes during heating, single crystals of the copper
alloys werc used., These single orystels were grown from the melt., Before
melting, the copper used contained less than five thousandths of one
per cent of totel impuritics while the aluminum used was 99,99% pure.
Analysis of the beryllium used was not available, Copper and aluminum
or coppor and beryllium were first melted together in vacuum by induction
heating which also stirred the solution. These alloys werc then grown
(by Horisons Incorporated) into single crystals in a helium atmosphere,
All the ingots wore one and one~half inches in diameter and a few inches

in length,

The orientations of the ingots were determined by studying their
back reflection Laue patterns, Sections with approximately correct orienta-
tion were cut off from these ingots and then further oriented so that after
grinding, their opposite faces werc closely parallel to some chosen
orystallograephic plane, The faces were later carefully lapped to the
oxtent that opposite faces of each sample were parallel to each other and
flat to within 1.3 x 10"%om over an area generally not less than 7 eq. am,
Parallelism within these limits is necessary to insurc reliable ultrasonic
measurements in tho frequency range studied, The samples werc usually
over 1 em in thickness before any heat treatment,

v

® The enisotropy factor of copper is large = -(—“-—,7 = 3.3
Gy = Gol/2



B, Ultrasonic Measurements
The method of measuring the ultrasonic attenuation has been

reported oloouheres’g. Briefly, the decrease with distance in the
amplitude of a pulse of ultrasonic wave was measured as the pulse traveled
back and forth within a sample between its parallel faces, The pulse of
mechanical waves was produced by applying for a short duration a sinusoidal
voltage to a quarts transducer cemented onto one of the opposite faces,
Joth liongitudinal and transverse waves were used. The frequency range

used was 10 to 75 megacycles per second,

C. Heat Treatment
For the study of the effect of heating alone, samples were
heated in a large closed metal system evacuated by an oil diffusion pump
backed by a mechanical pump, The pressure of the system was reduced to
not more than a few microns of mercury during heating, A heating element
inside the closed system was capable of raising the temperature inside
the chamber to a maximum of about 810°C, This was the temperature at

vhich all the samples were heated in vacuum,

For inducing internal oxldation, the general scheme used L;
Rh:l.nea,:L of heating samples in an oxygen partial pressure, was followed.
The sample was laid in an alundum crucible with a perforated flat bottom,
The orucible was enclosed together with cuprous oxide and fine copper
shavings in an iron pipe. The iron pipe was placed vertically in a muffle
furnace with one end of the pipe extending outside the furnace, The top
part of the pipe was thon at a relatively low temperature during heating
and conaéquently did not rust excessively so that the top cover, lined
with coppor foils, could he opened., A thermocouple was placed close to
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the alundum crucible so that the electrically controlled temperature was
nearly that of the sample. In some cases, samples after being heated
had bright surfaces, but in others, they had thin black crusts. The cause
of this difference was apparently the degree of tightness of the iron
pipe system, During heating for internal oxidation, the temperature was
generally maintained at 980°C,

Before any heating, either in vacuum or in oxygen, samples were
deeply etched in order to avoid recrystallization on the surface during
hoating. The temperature was always raised or lowered very slowly,

After heating, the samples had to be ground and lapped again for ultra-

sonic measurements.

J1I. EXPERIMENTAL RESULTS.

In addition to a few examined in preliminary runs, threc single
crystal samples were carecfully studied, Two of these samples were copper-
aluminum alloys; one contained 1,008 aluminum by weight while the other
contained 0,50% aluninum by weight, The faces of these samples were
parallel to (110) plane, The third semple was a copper=beryllium alloy,
containing 0,13% beryllium by weight, Its faces were parallecl to the
(111) plane .

The sample containing 1,008 of aluminum, coded Cu 314, was
heated for long periods twice in vacuum at about 800°C, and later heated
at 980°C in the oxygen atmospherc as described earlier, The attenuation
of the sample was measurcd before any heating and after each heating,
The results and heating details arc presented in Figs, 1 and 3, The
sample was later heated in the oxygen partial prossure at 9809C for over
fifty hours at the end of which tho controlling thermocouple broke down,
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the temperature of the furnace went up, and the sample partially melted,
The remaindor of the sample, which was over half of its original sise,
was still a single crystal although its orientation seamed to have shifted
by about 10° from its direction before melting. The attenuation for
longitudinal waves was measured after the remainder was oriented, ground,
and lapped., The attenuation was found to be very high; at abeut 15, 25,
and 35 mc/sec, the values were approximately 1.3, 1.6, and 1,8 db/.s
rospectively as against approximately 0,07, 0.14, and 0,19 db//‘,a after

the first heating in the prescnce of oxygen.

The sample containing 0.50% of aluminum, coded Cu 320, was
heated once in vacuum and once in the prosence of oxygen. Its ultrasonic
data and data on hoat treatment are presented in Figs, 2 and 3, Corres=-
ponding data on the third sample, Cu 317, which contained 0.13% of beryl-
lium, are prosented in Fig, 4« The samplo was not heated in vacuum, but
its heating in the presence of oxygen was interrupted once to enable
measuraments of its attenuation after a rolatively brief heating the effect
of which will later be interpreted as close to the effect of hcating alone,
As wvill be noticed fram Fig. 4 tho ultrasonic mcasurements of this sample
were less reproducible than those of Cu 314 and Cu 320,

The values of attenuation given in all the figures are expressed
in terms of db/,...a. By meoasuring tho volocity of propagation of tho pulse,
it is possiblo to convert db/psoc to db/em or neper/cm and to campute
the internal friction. The related formulae are shown in Appendix 1,
Computed values for one caso of transverse waves travelling in Cu 320 are
alio shown there, An estinate of the strain amplitude of the waves usod
has boon made and is prosonted in Appendix 2, This cstimate is incomplote,
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but it ylelds for the strain amplitude a definite upper 1limit which is
about 2 x 10~0 in the present study,

Metallographic study was done on one of the three samples,
Cu 317, although in preliminary runs quite a few samples of both copper-
aluninum and copper=beryllium were exomined microscopically. A subscale
was observed after the first heating in oxygen by cutting a small piece
off tho sample, Its photomicrograph is shown in Fig, 5. After the
second heating, another small piece was cut off, and its cross-scction
examined, Only one rim about as narrow es the rim appearing after the
first heating was secn, Probably oxygen has penctrated through the whole
piece during the second heating and the obsorved rim was onc corrcsponding
to the first heatingS. (Another semple of similar composition heated
sevoral times showed scveral lines, same of which are shown in Fig, 6.)
Howover, there is difficulty with this intorpretation; this point will be
discussed later,

Thore wore interosting incidontal observations in conncetion
with the ponctration of the rcaction front, Onc such observation wes
the rotardation of pert of the front by an inclusion as shown by tho
photanicrograptein Fig, 6. Tho inclusion was probably a concuntration of
boryllimm, Another finding was that in the case of coppor alloyed with
onc por cent of aluminum, undor certain conditions of hoating in oxygon
(prosumably whon the oxygon pressurc wns very low), an approcisble amount
of slightly grayish powder was found on the bright surfaces of hooted
sampless The indox of rcfraction of this powder was found® to be the

* by Prof, A. W. Quinn, Depcrtnent of Goology, Brown Univorsity,



FIGURE 5
Photamicrograph of part of the cross-
section of Cu 317 (Cu-0.,13% Be) after
the first heating in the prescnce of
cxygen (130x).

FIGURE 6
Fhotamicrographs of parts of the crosse~
section of a Cu=0,11% Be scmple, having
boen heated several times in the presence
of oxygen (130x).




same as that of gel of aluminun oxide,

IV. DISCUSSION

Figs. 1 and 2 show that whon Cu 314 (1,00% Al) and Cu 320
(0.50% A1} wore heated in vacuum at about 800°C for over 100 hours
(104 and 111 rospectively), the attenuation in these samples for both
longitudinal and transverse waves decreases at all the neasurcd fre-
quencies, Even though Cu 317 (0.,13% Be) was not heated in vacuum, but
was hected in a partial oxygen pressure, its attenuation coefficient
decreased at first boforo it finally increcased, (This semple was hcaved
for a shorter poriod of timo (18 hours), but at a Iigher temporature
(980°C).) Therofore, it is concluded that in all throe samples, the
attenuation of both typos of waves decreased at all measurcd frequencics,
on hoating at an clevanted temperature for a long périod of tine,

As pointed out earlier, Cu 314 was hoated in vacuum for a
second time for another 86 hours, Thc attenuntion coefficient did not
further docrcase® from its value aftor the first heating (Fig. 3), and
this fact seums to indicate that in this alloy at lonst, a 1limit of the
cffect of hoating has boen reached during the first heating of 104 hours
at 800°C or closely approached, If such a 1limit wore also recached with
Cu 320, it might bo oxpectod that tho attenuation coefficients of Cu 31/
and Cu 320 would perhaps be thc same after vecuum annealing., A comparison
of data shows that this was 8o in the cose of transvorse waves vibrating

in the [110] direction (Fig. 3), but not in other cascs. It may or may

* Qlose oxanination of Fig. 3 will show thrt the attenuation after the
second heating wes very slightly lower than the attonuation aftor the
first heating,
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not be coincidental that [11@¢ is a slip dircction in copper.

Any oxplanation for tho decrcaso in attenuntion through anncaling
probably has to be based on the assumption that the internal statc of the
single crystel semples in their as=grown form were not in conplote equi=
librium, Onc possiblc consequence of vacuum annealing was thet the alloy-
ing r.lemonts in hoatecd samples boecamc noro evenly distributed because the
as=grown single orystals may not heve boen homogencous, Since inhcmo=-
gonioty causcs scattoring of a transversing weve, the attenuation coef-
ficiont of a nore honogoneous spocimen should be snallor than thot of o
losser onc, The diffusion coofficicnts at 800°C of onc per coent or loss
aluminun in copper was reportodlo to be approxinatoly 3.7 x 10710 cnz/sec
or 1,3 x 10~ &?/hr and that of ono tenth of onc por cent or loss beryl-
1iun closo to 4.2 x 10~10en2/so¢ or 1.5 x 106 a?/hr. Sorples Cu 314 and
Cu 320 worc heatod in vacuum for ovor 100 hours, during which the alloyed
aluninum could migrate in appreciable amount, say onc tenth of a milimeter,
Tho samples might thorefore be expected to be more hamogeneous than before
hcating and docrcase in their attonuation could be ocxpceteds In this
conncction it scoms significant that for all three sanplcs the roproduci-
bility of tho attenuation meoasurcmonts improved after vacuun annealing
or aftor a bricf hocting in the prosenco of oxygen (Figs. 1, 2, 3, and 4).
However, sincc the amounts of elemonts alloyed in the samples werc rather
smell (2,3 at. % of Al in Cu 314, 1.2 rt, % of Al in OCu 320, and 0.9 at, ¥
of Be in Cu 317), it is doubtful whother the dcereese in attcnuation duo
to homogoniszation and consequont dicrceese in scottering could be as large

a8 thoso obsorvoed,

On the othor hand, thc nigration of foroign atoms nay afffoct tho
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attenuation in same other way than by changing the macroscopic property
of the spoocinmen, l(oehler:ul proposed that an acoustie wave loses cnergy in
a single crystal by exciting oscillation of sections of dislocation lines
anchored by inpurity atoms or othoer mechanisma, Kochler's investigation
showed that the ratio of tho energy loss por cycle to tho total vibration-
al energy varies approxinctely with the inverse of the fourth power of
tho concontration of solute atons along a dislocation line. COt'I'.rell12
.showed that solute atoms differing in size from those of the solvent will
nigrate to the vicinity of dislocations where they can relieve stresses.
Now the radii of coppor, aluninum, and beryllium atoms are respectively
1.27, 1.43, and 1.11 X. It probably ccn ronsonably be assumed that the
alloyed coppor single crystals werc not in casplote cquilibrium in their
as=grown form, Additionsl solute atams in the samples might havo migrated
during vacuum annecling townrd the dislocations under the Cottrell force,
increased the concentration of enchoring atoms along dislocation lines,
and caused less attenuaticn of passing woves, This migration would
oventually approach or rcach its limit since therc is, as Cottrell has
shown, a saturation vcluc of the concentration, This night explain the
fact that tho attenuation coefficicnts of Cu 314 did not altor during the

socond vacuum annoaling,

It is obvious that the above intorpretation is speculative, Even
if tho mechanism is corroct, it may nct be tho only one responsible for
tho decroasc in attenuation, For exomple tho number of dislocations
could have beon reduced during vacuwrni annealing. For theso reasons it
scems thnt more quantitative anelysis is necded and sdditional data is

required for a really satisfactory interpretation, The relation botwoeon
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dislocation motion and attenuation is under critical study in this
laboratory. FMurther information is expected fram a thorough study
of the differences in attsnuation values when longitudinal or transverse
wvaves are used, Such differences should among other things depend on
the direction of propogations in the orystal, the direction of vibration,
and the slip direction,

On heating the three samples in the presence of oxygen, the
attenuation increased for both types of waves at all measured frequencios
(Figs, 1, 2, 3, and 4). As in the casc of heating alone, no obvious
regularity can be attributed to the magnitudes of changes in attenugtion.
Yet the goneral trend of increasing attenuation i3 ummistakable, Because
of the divorsity in the composition of thc samples, in the orientation
of semples, and probably in the condition of heat treatment (which will
bo further discussed below), it is not surprising that the observed mag-
nitudes of changes in attenuation do not suggest any simple reletion
omong them.

Copper alloys with 0,6 to 1,0% of aluminum were studied by
Moijoring6 ond wore roportod to be hardencd by heating at 950°C in air
although when 1% of aluminum was alloyed with silver, it was found that
thore was no deep penctration of oxygen into the alloy. Rhinesl examined
microscopically copper containing from 0,01 ‘o 0,91% of aluminum and
reportod that zonos of internal oxidation were foud in all cases, Rhines
ond his <=olla.bom‘l:ors2 idontified by x-ray diffraction method the oxide
as u203. For the copper-beryllium alloy, Meijer1ng6 roported that 0,2
to 0.35% of beryllium hardenid coppor nost canpared with tho other alloying

clements he studiod, Rhincs obsorvod subscales in copper alloyed with
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0,018 to 0,101% of beryllium after heating at 1000°C, The oxide was
supposed to be BeO,

On the strength of these findings and of the obgervations made
in this study during preliminary runs in which rims were seen when the
alloys were hected in the presence of oxygen relatively briefly, it is
certain that Cu 314, Cu 320, and Cu 317 wore internally oxidized, Same of
these samples have not bean cut and examined cithor because the semple

has been damaged or becausc the sample i1s being preserved for further
study.

Fron the cmpiricel formuloe obtained by Rhines and his collabo-
ratorsz, it can be estimated roughly how far oxygen ponetratcd into these
semples. Tho cstimate will be approximate because the experimentel
conditions in this study werc not cxoctly the semc as in their experiment,
According to Rhines whcn an external sealc of cuprous oxide was not
formed, but a subscalc alonc was formed, tho dopth of penotration in

centimoters, X, was given by
log —i— = —2— 4+ b
t T
where t is the time of heating in esoconds, T the absolute temporature,
and a and b are constants for a particular alloy, On the other hand,

if an external scale is formed simultanoously with the subscalc, the
thickness of the subscale, S, in ccntimetors is given by

2
1og - —5— 4

where again ¢ and d are constents for individual alloys, For a solid
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solution of 0,45% Al in Cu, the constants are

a = =11970 b = 2,983 = «10800 d = 1,215
Then at T = 1000°C = 1273%,

X(em) = 6,16 x 10~ {tlsec) = 3.70 x 102 VE(hr)
S(em) = 2.27 x 1074 t(sec) = 1.3 x 102 Y t(nr)

For a solid solution of 0,101 of Bc in Cu,
= «11980 b = 2,652 = =11980 d = 2,572

and therefore at T = 1000°C,
X(en) = 4,17 x 10~% Yt (soc)

S(aa) = 3.80 x 10~4 V¢{sec)

2,50 x 10~2 VElhr)
2,28 x 10~2 &{hr)

In the last case X and S do not differ much from each other,

The conposition of Cu 320 eand its tcnmperature of hcating arc
close to the first cnsc discussed cbove while thosc of (Cu 317 close to
the soconds The conditions of hecating, i.e,, of formation of external
scale, oteey of thoso sanples wore scmowhero betwoon the condition under
which tho equation for X applies and thut under which that for S is valid,
Cu 320 wcs heated for 112 hours in the prosenco of oxygens Thorefore
approxinately for this somplo

X =039 n, S =014
The thickness of thc sauple during hecting was 1043 ene Honce it is
poseible that half of the samplo wns internally oxidised after heating,
The samplc Cu 317 wns hocted twice for o total of 130 hours, and botwoon
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heatings was ground and lapped. Although thus not very definite, its
thickness was in the neighborhood of 0,9 cme For this sample X and S
are approximately O,3 en., Therofore a possible two thirds of the sample
wvas internally oxidised after thc sccond heating., If for any reason, the
oxygen did penctrate slilghtly decper, there is the possibility that the
scmple wes internally oxiddsod throughout. Then the earlier mentioned
metallographic finding, thet no second rim was secn after the second
hoating, is oxplained.

As to Cu 334 which oontained 1,00% of Al, the closcst alloy
tabulated by Rhines is Cu=0,72% Al., For the later,
= «12140 b= 2,753 c = =12140 d = 2,015
from which it follows, at T = 1000°C,

X(cn) = 4,06 x 1074 Vileoc) = 2.44 x 102%{hr)
8(m) = 1.73 x 1074 V&(eoc) = 1,04 x 10°2 yt(nr)

The length of time during which Cu 314 was heatcd the first time in the
prosence of oxygcn was 44 hours. Thon approxinately

X=0416cn S =007 en
The thickncss of Cu 314 during heating was 1,57 cn. Thereforc, mo more
than ono=fifth of its thickness was internally oxidized.aftor the first

heating in oxygen.

For the oxplanation of tlic increasc of attenuation with internal
oxidation, it will bo noticed that the existonce of oxidation boundarics

within a samplo can cause somc onorgy loss to the progrossing pulse of wave,
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no matter how far within the boundaries are fram the surfaces, A wave
is partially reflected at the boundary of two media and the energy of the
transmitted wave is always less than that of the incident wave, It is
generally true that the oxidation front is reasonably parallel to the
surface of the specimen (Figs. 5 and 6). Then it can be assumed in the
samples the travelling wave impinged on the boundaries normally and there=-
fore only a longitudinal wave was reflected from an incident longitudinal
wave and a transverse from en incident transverse wave., If A, is the
amplitude of an incident longitudinal wave, and A, that of the reflected,
Po the density of the medium in which the wave travels before meeting the
boundary, py, that of the second medium, and ¢y and ¢4 the velocities of
the longitudinal wave in the first and second media rospectively, thon

. Ppo3 = P
s
Pro3 *P%

Similarly, for the transverse wave,

Of tho samples studied, the differcnces in the acoustic impodoncos
of the internally oxidiged ports and tho parts which have not been oxidised
are not known, and it is only possible to say that while some enorgy was
definitely lost by tho trawelling pulsc of wave due to the existonce of
oxidation bounderios, tho amount of the loss was probably scmll compared
to the loss observed oxporimentally. Tho reason for this conclusion is
simply taat the impcdancoe change dotormines the roflection coefficiont,
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but thgﬁaured velocities ¢q, ¢ s C4 before and after oxidation do
not diffgf by a measurable amount, Changes in the impedance from un-
oxidized to oxidized regions then dopend only on density changes which
are ssall in the present case,

" The increase in the attenuation on internal oxidation appoars

to bo casued by the scattering of the wave by the precipitated oxides.

Mci jering and n'wvesteyns reported that the copper alloys they studied
have in the oxidized stote a lattice spacing that wes almost equel to
that of pure coppers This indicated that A1203 and BeO ;lore not dis=-
solved, but existed in the form of procipitatcs, Rhinos motallogrephi-
cally obsorved oxide particlos in all copper alloys studiod (although the
picturc he preaontodl of the alloy containing 0.17%of aluminum did not
show tho distinct individual poerticles evidont in other alloys, including
Cu~0.054%Be). It is roasonablo to cssume, thorofore, that the procipitat-
od oxides scattercd cnergy from tho travelling pulse and increased the
attenuation, The scattercrs might also be aggrcgates other than individual

oxide molecules; for oxmmple, some oxidc lamillao have boon observed
1

inside Cu=Al and Cu=Bo alloys ,

Herc again any attcmpt to further elaborate this intorprotation
must rely on a qﬁantitativo analysis of scattoring® as well as moro
systomatic oxporimental rosults, In addition other possibloc mochanisms
may bo involved, For oxample, as the sclute atams formed precitatos,
the motion of dislocntions aind econsequently the attcnuation would be
affocted,

* in progrcss,
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In closing, a rather interesting experimental finding may be
mentioned. On several occasions during preliminary runs, the attenuation
in some samples which had just been heated, was found to decrease con-
sistently when the attenuation was repeatedly measured after each tirme
renounting the transducor. This decrease in attenuation continued until
a certain low value of the attenuation was reached, and after this point
wes reached further remounting of crystal eand measurement produced no
change within the experimental orror. The cause of this offecct has not
been determined with certainty. One possible causc was the pressure
applicd to the sanplo during tho nounting of a transducer, for this
pressure, cstimated consorvatively, was about 100 g/rm?, or larger.
Another possible cause was the passing of the acoustic wave through the
sanple., In onc run, measurements wore repeatedly token with the same
nounted transducerj some initiol decrcase in cttonuation was noticed, but
the decrease was not large enough to bo roally certain of the offect,
It wvas not certain however that in this particular run tho condition of
treatnent was exactly right for obtaining such initial decroascs. This
phenaenon renains to bo studicd further. Reo,cl'sl3 work on singlc crystals
of coppor and sinc is interesting in thie connection,
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APPENDIX 1

In the figures in the text tho attonuation is neasured in
db/ pus, a unit in vhich our mecsuring instrument is calibrated, Without
mecasuring the velocity of propagation,the dircctly read values coan
indicatc any change in the attenuation in the same sanplc or campare the
attenuation in sanples of the same nature as long as the velocity is
known to remain unchanged, To eveluate the absolute value of attenuation,
however, it is necessary to meagure, in addition, the velocity of propaga=
tion of the wave., The attonuation constant a is defined by

u (x) =u (o) ¢ =GX

o(x) = ¢ (o) e %%
vhero u(x) and d(x) are rcspoctivoly tho nuxinwa vibration emplitude and
the meximum stress amplitude after the wave hes travelled a distance x
from the origin at which its amplitudes were rospoctively u(o) and o (o).
It can ocasily be shown that

a(db/in) = 2,54 x 100 wwlocuy of pr!olpa.gation in ﬁaoc

= 1.1 5 mlns_et.nnsmmﬂm.in_dkl&?___
@ (neper/em) = 1,15 x 10 velocity of propagation in au/scc

one neper being 8,68 db,

The internal friction is defined as the ratio _Q.,L vhore AW is
the onorgy dissipated in taking a spceimen thr-ugh a stress cyclo and W is
tho onorgy storod up in the spocimen vhen tho stross is maximume It can



be shown that approximately

___A."H_ = _a¥_£

vhere v 1s the velocity of propagation and f the frequency. It may be
14

pointod out that a term - has been shown to be
I(o

I(o) - I(F) -
R0O) =le=o0 ¥ a

X X, it &g (¢

vhere I(x) is the intensity of a trovelling pulse of plane sinusoidal wave

at distance x from the starting point, At x = —}f-

some as that at x = o, This fraction gives scme measure of the fraction

s tho wave phase is the

of energy dissipated during one oscillation and secms to be a natursl
physical quontity for a travelling square wave pulse, As shown here it

turns out to be numericelly equal to -A;'L .

The velocitices of propergation of longitudinal and transverse
waves travelling in the threc samples werc mecsured and are listed in
Table I%, Tho mcasured valuos were not corrected for the time spent by
the pulse in the quarts and the salol which cemonted the quarts onto tho

15
sample, but tho orrors thus introducod are likely not over one per cont ,

15
* The corrospondin, lo ﬁies in gs moasured by Smith and Burns
are approxmataoly - and 8z x 10 em/sec or approximatoly 4.5,

2,7 and 144 x 1 un/aoc for waves travelling in tho direction oiusylﬂ .
These valuos differ by about 10% fram valucs obtained in this s
cause of these difforonces is under study,
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‘4

Also, within experimental error, no dispersion was observed in the
neasured frequency range, and therefore llthough'the measured velocities
were actually group velocities instead of phase velocities, values of
the two velocities are not expected to be discropant appreciably if at
all,

The internal friction of Cu 320 when trawcrecd by a transverse
wvave with its dircction of vibration parallel to [ﬁo) has been camputed
as as illustration for all the studied samples., It is plotted as a
function of frequency in Fig., 7. The attenuation in db/in and neper/cm
can easily be seon (Table I) to be

a (db/in) = 15,9 x value of attenuntion in db/p s

a (neper/em) = 0,719 x value of attenuation in db/p s.
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AFFENDIX II

The strain amplitude of tho acoustic wave generated by the
use of a quartz transducer bonded onto a specimen is estimated by computing
the strain of the cemented face of the transducer. The computation is
based on the equation of motion and the piesoelectric equations of the

quartz transducer and same circuital relations.

Consider an X-cut quartz transducer., Ite equation of motion

16
is
2 2
_"_55_ - 2 0% (1)
at 3 x*

while its picsoelectric equations are

A= =2 N + I (2)
E = -Lﬁ!-q- +D—-6-—Oi (3)

in which the x=oxis is along the thickncss of the crystal and
X, = Young's modulus along the thickness of the crystal

D = a plezoelectric constant roclating the stress gencratéd
by the plezoelectric effect to the applied surface charge

= 13.85 x 104 ¢.g,8. for an X-cut quartz crystal
= the longitudinally clemped diclectric constant

K
Q@ = the surface charge per unit cross=soctional arca of the
crystal

E = the oclecctric ficld in thc dirccticn of tho thickness of
the orystel
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then
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»
[

of the crystal

[n - e
P
v )
o]

(]
i

= the elastic stiffness of the crystal
p = the density of the crystal
If

the longitudinal stress in the direction of the thickness

(4)

on the intograting Equation (1) with respect to timo and on com=

bining all the forogoing equations, onc gets

whero

. . F, + @V
£ =Elcos_%x-3__l_z__’;sin_%&

i="P(é2' &1)"'3“’—%—‘1-

F+ gV=(F + V) coa.;bu-Ji;iz:sm_m;x_

A = tho cross=soctional arca of tho crystal
F

the force on a cross=scctional area
XA

Al

-
L4 = the thickness of the crystel

(5)

(6)

(7)
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v =ELt

= the clectric potential difference across the thickness
of the crystal

Z=va
i

— 1 -
ot

and the subscripts 1 and 2 indicate that tho values bo evaluated at the
end faces of the crystal, The end faces are so located that their equi-
librium positions are respoctively x = O and x = £, the later position
being that of the cemented face markod with the nmumber "2",

In the exporimental set-up in this study, the crystal is froe
at the ond "1" whilo it drives the specimen at the end "2", Therefore
Fl =0

and Equations (5), (v), and (7) became

E=€1°°5-‘%" -j—ﬂz-y—ain—“ir'-x— (8)
1= '¢(EZ'&1)+J"° _.%1_ (9)
F+QV=QVoos-ﬁvl‘- -jélzain_%l_ (10)

This set of cquations, together with appropriatc conditions for tho
source of potontiel and the load, can be aolvod16 for E 2 by using an
equivalent electric notwork, On disrogording the bond botwoen the crystal
and tho spocinen, it can be shown that when the froquoncy of the applied
potontial is close to tho resonance froquoncy of tho quartz transducer,

£, = -3 ten 1 - (1)
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where
]
a=nr+—z=7- R‘é’o (1-.%27) (12a)
4o 4o Cy R
R C 2
=U-I"L - -l- —%_ - 2 (12b)
P Ly 2 W 4‘PCM( wp )
in which
Wp = T k2 (13)
R ‘?’t

is the resononce angular freoquency and

Rp = the resistance of the transmitter which produces tho
potenticl differcnce V across the crystal

- Ak
co - 41{ ‘Lt
»?3
Oy = 'fi Ky
Z =

A
8 Pa's.

Pa = the density of the sample tho attenuation of which is
being moasured
vg = tho spoed of tho ultrasonic wave in the sample

The eff'ect of the bond 4 nogligiblo if tho bond is vory thin and stiff,

52 being known, one can solve for ( y for from Equation (8)

: = ; “’r'ﬁ oV wl t
§,= &4 cos = J ; sin -
and thereforo

{f

[ ] fo.
(&, soc _QEL + 32Y ton 20 ) cosdld - § W gin WX (14)
v Z v 4 Z v
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Substituting Equation (11) and the equation

v=vy, o ¥t (15)
into Equation (14) and integrating the later with respect to t, one gets
£E= ..L[-l ain WX +(-9-tan.:ﬁ
W 2 v Z v
-J e-Jtan"l a sec—uﬁ)coam] + £ (x)
a“+ P Y \

The undetermined term f(x) dces not vary with t and therefore has no
significance to the generation of an acoustic wave, It will be taken as

zero, Then

_ o Jwt v wl,
E=e wg [-%ein-%&-+(—g-tan—v§- (16)

-j__l__._ﬁ-jta.n'l—%— sec ._h:h_)coa__%x_]

Ja2+ B?

It follows that

o] 4 Juwt v
P = e —;9-[ '%‘ ooa-ﬂ}--(—%-tan_%&.ﬁ (17)

a-L W
I FEEE ot e e ) ]

which is the strain at position x,

At the cemented face of tho quartz transducer,
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(13 = Jut V .
( ox )2 ) v (- g e (28)

When w = Wps the formula reduces to thc simple form

\
(———65 ) = 2o o Jut (29)
dx v
2, W= Wp

The strain amplitude of the quartz transducer when the transducer is

oporated at its resonance frequency is then

(.__EE__ Vo
8x /), = v 2 (20)
W= NR

This is also thoe strain emplitude of the cemented end of the specimen if
the bond is very stiff and thin, This is the quantity sought,

In the cese of a 10 me, X-cut quartz transducer,

Wp = 6418 x 107 / sec

Since
¢ = 4,05 x 1011 g/en scc?
p = 2,65 g/cm3
v = /—%— = 5,60 x 10° em/sce
K = 4.5
onc has

L = 2.80 x 102 e



and
oF
ox =1.oex10'6v°

W= wg =6, 18 x 107

In this study, approximately

Vo = 500 volts = 1,67 e.s.u,

Then

9
e/, = 1.80 x 106
W= wp= 6,18 x 107

For the computation of the strain emplitude at froquencies other than

(but close to) the resonance froquoncy, othcr quantities must be known

as shown in Equation (18),
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