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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 Gu~$£ Al single crystal, which was discussed in 
the above montioned technical report and which had been heated, was again 
heated in the presence of oxygon at 9800C 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 the longitudinal wave are plotted in Figure 1 in which 
earlier results presented in Technical Report # 2 arc also shown for com- 
parison«    ^hc velocities of propagation of the waves in the specimen wore 
found to be slightly smaller than before the heating«   A small piece was 
cut off from the specimen so that the cross-section of the specimen could 
bo oxamlnod«    Only an oval core* remained apparently unchanged; the rest 
of the specimen was internally oxidised.    Under a microscope long noodles 
running gcnorolly in directions perpendicular to the surfaces of the 
specimen were observed in the oxidised region**. 

In connection with the affect of internal oxidation during which 
precipitates ore formed in an originally homogoneous specimen, theoretical 
computation has boon completed on scattering of wave energy by an elastic, 
Isotropie solid sphere in an elastic, Isotropie solid medium material« 
It will bo presented in a forthcoming technical report» 

Exporimonts wore also carried out to determine tho effect of 

•        The specimen was disk-shaped before cutting« 
*•     J. L. Muijcring and M, J. Druyvostoryn (Philips Res« Rep», £,  (1947) 

81) reported a similar structure. 
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directions of propagation and vibration on the ultrasonic attenuation 
(Quarterly Report #9)« Two Cu-^t Al samplet were so oriented thi.t a 
shear wave could propagate In the direction of {.IIÜ    while Vlbrttlng 
In a piano parallel to the direction of £l01 J , (ill) and [lolj being 
the slip plane and the slip direction In copper at room temperature. The 
echo pattoms in the measurements of attenuation ware found to be, however, 
generally Irregular. There was only rough Indication that the attenuation 
was higher than the measured attenuation of a shear wave propagating in 
specimens of the same material in the direction of [110 J with its plane 
of vibration parallel to the direction of either £llQj or [001J . 
Seme preliminary results are shown in Figure 2. 

Ultrasonic measurements wore extended to frequencies higher than 
those so far employed• frequencies up to about 200 mc/soc were used as 
against the earlier highest frequency of about 75 mc/sec. Results on two 
of the studied single crystals are given in Figure 3 which shows attenu- 
ation-frequency plots on log-log scale« 

Seme ultrasonic measurements wore taken on a Fe-Sl single crystal 
and a Al-Ag single crystal« 
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ABSTRACT 

Single crystals of copper alloyed with 1,00£ aluninun and 

0,50^ oluninvn respectively wore hooted at about 800°C in vacuun for 

over 100 hours* The attenuation of both longitudinal and transverse 

ultrasonic waves (10 - 75 nc/sec) in the speclmans decreased fron that 

before heating» The spocinons wore then heated at about 1,0000C in the 

presence of oxygen for over 100 hours also so that they were internally 

oxidized extensively« The values of attenuation wore higher than thoso 

after tho heating in vacuun. A single crystal of copper alloyed with 

0,13% beryllivn was similarly heated in the presence of oxygen. The 

attenuation first decreased and then increased through heating. This 

last spocinon was studied motallographioally. 

Possible nechanisns rerponsiblo for the docreaso in attenuation 

on annealing and for the increase on internal oxidation arc discussed. 

Anchoring of dislocations by impurity atens and scattering of wave energy 

by precipitates are probably tho respoctivo main causes. 



Ultrasonic Attenuation In Vaouvn Annealed And Internally 

Cbddiaed 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 oxidises 

the alloying element within the alloy, but not the host metal itself. In 

order that the oxidation be internal, two main requirements evidently have 

to be fulfilled. First, the affinity of oxygen for the 'lloying 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 

precipitates is that the solubility of the oxide thus formed must be 

relatively anall in the metal. 

1,2,3 
Hfclnes and his colleagues    tested a very large nunber of 

dilute alloys of copper, of silver, and of some white metals. They 

observed metallographlcally sones of Internal oxidation, or subscales. In 
^•5,6 

many of the alloys studied. Meijering and Druyvesteyn    independently 

examined the penetration of the oxidation fTontinto dilute alloys of 

silver, of copper, and of nickel. In addition, they found that in many 

coses, the ductile host metals hardened* on internal oxidation as might 

be expected from the creation of minute oxide particles which are able tc 

block the glide planes if their sizes are correct. 

* Earlier Rhlncs hod reported that the scratch hardness of the alloys does 
not change 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 oxidised 

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 atoms which 

probably play a role in attenuating ultrasonic waves*    The first major 

question to be answered, howevor, is whether the total Influence of these 

meohanians is large enough to be detectable by our present methods of 

attenuation measurements. 

To facilitate internal oxidation, the alloys have to be heated 

at elevated temperatures.    Since heating alone may affect the attenuative 

propertyf it is necessary to sort out this component effect if present. 

Some of the alloys were therefore heated in vacuum.   On studying their 

attenuative properties both before and after the heating, the effect of 

the heat treatment can be determined. 

II. EXPERIMENTAL ARRANGEMENTS 

A. Materials and Samples 

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

A single crystal of silver alloyed with zinc was grown in this laboratory. 

Later work was, however,  confined to copper, mainly because this metal 

is harder than silver and this Introduces less complication in the prepar- 

ation of the material for ultrasonic measurements.   All the samples to be 

reported in the following are alpha solid solutions of coppsr.   Aluminum 

and beryllium were somuwhat arbitrarily chosen 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 nodes at the grain boundaries, and especially to avoid 

any change of grain sizes during heating, single crystals of tho copper 

alloys were used« These single crystals were grown fron the melt« Before 

melting, the copper used contained less than five thousandths of one 

per cent of total impurities while the aluninum used was 99*99$ pure« 

Analysis of the beryllium used was not available« Copper and aluninum 

or copper and beryllium were first melted together in vacuun by Induction 

heating which also stirred the solution« These alloys were then grown 

(by Horizons 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 out off Trm these ingots and then further oriented so that after 

grinding, their opposite faces were closely parallel to some chosen 

crystallographic plane« The faces were later carefully lapped to the 

oxtont that opposite faces of each sample were parallel to each other and 

flat to within 1«3 x 10"^cm over an area generally not less than 7 sq. cm. 

Parallelism within these limits is necessary to insure reliable ultrasonic 

measurements in tho frequency range studied. The samples were usually 

over 1 cm in thickness before any heat treatment« 

• The anisotropy factor of copper is largo -     i- "" - i >  ■ 3.3 
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B, Ultrasonic Measurements 

The method of measuring the xiltrasonic attenuation has been 
8,9 

reported elsewhere  « 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« 

.loth longitudinal 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 810oC, This was the temperature at 

which all the samples were heated In vacuum. 

For Inducing Internal oxidation, the general scheme used I;. 
1 

Rhines, of heating samples In an oxygen partial pressure, was followed. 

The sample was laid In an alundum crucible with a perforated flat bottom. 

The crucible 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 then at a relatively low temperature during heating 

and consequently did not rust oxcossivcly so that the top cover, lined 

with copper foils, could be 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 seme 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 980oC, 

Before any heating, either in vacuum or in oxygen, samples were 

deeply etched in order to avoid re crystallization on the surface during 

heating* The temperature was always raised or lowered very slowly* 

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

sonic measurements* 

III. EXPERIMENTAL RESULTS. 

In addition to a few examined in preliminary runs, three single 

crystal samples were carefully studied« Two of these samples were copper- 

aluminum alloys; one contained 1*00$ aluminum by weight while the other 

contained 0*50$ aluminum by weight* The faces of these samples were 

parallel to (110) plane* The third sample was a copper-beryllium alloy, 

containing 0*13$ beryllium by weight* Its faces were parallel to the 

(111) plane • 

The sample containing 1,0056 of aluninvn, coded Cu 31A, was 

heated for long periods twice in vacuum at about 800oC, and later heated 

at 980°0 in the oxygon atmosphere as described earlier« The attenuation 

of the sample was measured before any heating and after each heating* 

The results and heating details are presented in Figs« 1 and 3* The 

sample was later heated in the oxygen partial pressure at 980oC for over 

fifty hours at the end of which the controlling thermocouple broke down, 
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the temperature of the furnace went up, and the sample partially melted. 

The remainder of the sample, which was over half of its original size, 

was still a single crystal although its orientation seoned to have shifted 

by about 10° from its direction before melting« The attenuation for 

longitudinal waves was measured after the remainder wns oriented, ground, 

and lapped. The attenuation was found to be very high; at about 15, 25, 

and 35 mc/sec, the values were approximately 1*3, 1.6, and 1,8 db/Ls 

respectively as against approximately 0*07, 0.1A, and 0.19 dbAus after 

the first heating in the presence of oxygen. 

The sample containing 0.50^ of aluminum, coded Cu 320, was 

heated once in vacuun and once in the presence of oxygen. Its ultrasonic 

data and data on boat 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 presented in Fig. 4* The sample was not heated in vacuum, but 

its heating in the presence of oxygen was interrupted once to enable 

measurements of its attenuation after a relatively brief heating the effect 

of which will later be interpreted as close to the effect of heating alone. 

As will be noticed fron Fig. U the ultrasonic moasuronents 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 dbAxS. By measuring the velocity of propagation of the pulse, 

it is possible to convert db/^scc to db/em or neper/cm and to compute 

the internal friction. The related fomulae are shown in Appendix 1. 

Computed values for one case of transverse waves travelling in Cu 320 are 

also shown there. An estimate of the strain amplitude of the waves used 

has boon made and is presented in Appendix 2. This estimate is incomplete. 
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but It yields for the strain amplitude a definite upper limit which is 

about 2 x 10~" 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- 

aluminum and copper-beryllium were exomined microscopically. A subscale 

was observed after the first heating in oxygen by cutting a small piece 

off the sample. Its photomicrograph is shown in Fig, 5, After the 

second heating, another small piece was cut off, and its cross-section 

examined. Only one rim about as narrow as the rim appearing after the 

first heating was soon. Probably oxygon has penetrated through the whole 

piece during the second heating and the observed rim was one corresponding 
5 

to the first heating . (Another scmple of similar composition heated 

several times showed several lines, some of which are shown in Fig. 6.) 

However, there is difficulty with this interpretation! this point will be 

discussed later« 

There were interesting incidental observations in connection 

with the penetration of the reaction front. One such observation was 

the retardation of part of the front by an inclusion as shown by the 

photomicrographs in Fig. 6. The inclusion was probably a concontration of 

bcrylliuBi, Another finding was that in the ease of copper alloyed with 

one per cent of aluminum, under certain conditions of boating in oxygen 

(presumably when the oxygon pressure was very low), an appreciable amount 

of slightly grayish powder was found on the bright surfaces of heated 

samples. The index of refraction of this powder was found* to be the 

• by Prof. A. W. Quinn, Depnrtnont of Goology, Brown University. 
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PIGUBE 5 

Photcnicrograph of part of the crose- 

eection of Cu 317 (Cu-0.13J5 Be) after 

the first heating In the presence of 

oxygon (130x), 

FIGURE 6 

Photcoicrographs of parts of the cross- 

section of a Cu-0,11^ Be smple, having 

been heated several tines in the presence 

of oxygon (l3Qx). 
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sarao as that of gel of aluninun oxide, 

IV. DISCUSSION 

Figs. 1 and 2 show that when Cu yiU  (1.00$ Al) and Cu 320 

(0«50£ AI) wore heated in vacuvn at ahout 800oC for orer 100 hours 

(104 and III respectively), the attenuation in those sanplcs for both 

longitudinal and transverse waves decreases at all the noasurod fre- 

quencies. Even though Cu 317 (0.13$ Be) was not heated in vacuum, but 

was heated in a partial oxygon pressure, its attenuation coefficient 

decreased at first before it finally increased. (This sample was heaved 

for a shorter period of time (18 hours), but at a l-dgher tenporature 

(980oC),) Therefore, it is concluded that in all three samples, the 

attenuation of both typos of waves decreased at all measured frequencies, 

on heating at an elevated temperature for a long p6riod of time. 

As pointed out earlier, Cu 31U was heated in vacuum for a 

second time for another 86 hours. The attenuation coefficient did not 

further decrease* fron its value after the first heating (Pig. 3)| and 

this fact seems to indicate that in thie alloy at ler.st, a limit of the 

effect of heating has been reached during the first heating of 104 hours 

at 800oC or closely approached. If such a limit were also reached with 

Cu 320, it might bo expected that the attenuation coefficients of Cu 3?'+ 

and Cu 320 would perhaps be the seme after vacuum annealing. A comparison 

of data shows that this was so in the case of transverse waves vibrating 

in the [lio] direction (Fig, 3), but not in other cases« It nay or nay 

* Close examination of Fig, 3 will show thr.t the attenuation after the 
second heating was very slightly lower than the attenuation after the 
first heating. 
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not be coincidental that [ll^ is a slip direction in copper. 

Any explanation for the decrease in attenuation through annoalinf 

probably has to be baaed on the assumption that the internal state of the 

single crystal sanplos in their as-grown fom were not in ccnplcte equl- 

libriuru One possible consequence of vacuum annealing was that the alloy- 

ing rlenents in heated samples became more evenly distributed because the 

as-grown single crystals may not have boon honogoneous. Since inheno- 

goniety causes scattering of a tronsversing wuve, the attenuation coef- 

ficient of a more honogoneous specimen should be annllor than that of a 

lesser one. The diffusion coefficients at 80CoC of one per cent or less 
10 

aluminum in copper was reported  to be approxinaioly 3,7 x 10"^" cn^/sec 

or 1.3 x 10"" cn^/hr and that of one tenth of one per cent or loss beryl- 

lium close to A,2 x 10"10cn2/scc or 1.5 x lO-^ cn2/hr, Scnplcs Cu 3U and 

Gu 320 wore heated in vacuum for over 100 hourS| during which the alloyed 

aluminum could migrate in appreciable rmount, say one tenth of a milimcter. 

The samples might therefore be expected to be more henogoneous than before 

heating and decrease in their attenuation could be expected. In this 

connection it seems significant that for all three samples the reproduci- 

bility of the attenuation measurements improved after vacuum annealing 

or after a brief heating in the presence of oxygen (Figs. 1, 2, 3» and U)» 

However, since the amounts of elements alloyed in the samples were rather 

small (2,3 at. $ of Al in Cu 3U, 1*2 r.t. % uf Al in Cu 320, and 0,9 at. % 

of Bo in Ou 317), it is doubtful whothor the decrease in attenuation duo 

to hanogonization and consequent doeroaao in scattering could be as largo 

as those obsorvod. 

On the other hand, tho nlpration of foreign atoms may aJffect the 
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attenuation In scno other voy than by changing the -macroscopic property 
11 

of the spocinen, Koehler     proposed that on acoustie wave loses energy in 

a single crystal by exciting oscillation of sections of dislocation lines 

anchored by inpnrity atone or other nochaniana*   Koehler1 s investigation 

shoved that the ratio of tho energy loss por cycle to tho total vibration- 

al energy varies approxinrtoly with the inverse of the fourth power of 
12 

the concentration of solute atons along a dislocation lino.    Cottrell 

showed that solute atone dlfferinc in siac fron thoso of the solvent will 

nigrate to the vicinity of dislocations where they con relievo stresses. 

Now the radii of copper, oluninun, and beryllium utens are respectively 
o 

1.27, 1.43» and 1.11 A«    It probably can reasonably bo assuned that tho 

alloyed copper single crystals were not in ccoplete equilibrium in their 

as-grown form.   Additionsl solute atacis in tho samples might have nigrated 

during vacuun annealing toward the dislocations under the Cottrell force, 

increased the concentration of anchoring atoms along dislocation lines, 

and caused less attenuation of passing waves*   This migration would 

eventually approach or roach its limit since there is, as Ccttroll has 

shown, a saturation value of the concentration*   This might explain the 

fact that tho attenuation coefficients of Cu 3H did not alter during tho 

second vacuun annealing. 

It is obvious that the above interpretation is speculative.   Even 

if the mechanian is correct, it may not be tho only one responsible for 

tho decrease in attenuation.    For exonple tho number of dislocations 

could have boon reduced during vacuuri annealing.    For these reasons it 

seems that moro quantitative analysis is needed and additional data is 

required for a really satisfactory interpretation.    The relation between 
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dislocation motion and attenuation is under critical study in this 

laboratory.   Further information is expected fron a thorough study 

of the differences in attenuation values when longitudinal or transverse 

waves are used«   Such differences should among other things depend on 

the direction of propogations in the crystal, 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 frequencies 

(Figs« 1, 2, 3, and A).    As in the case of heating alone, no obvious 

regularity con be attributed to the magnitudes of changes in attenuation. 

Yet the general trend of increasing attenuation ii umistakable.    Because 

of the diversity in the composition of the samplos, in the orientation 

of samples, 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 relation 

among them. 

Copper alloys with 0.6 to 1,0$ of aluminun wore studied by 
6 

Meijoring   and wore reported to be hardened by heating at 9500C in air 

although when 1% of aluminum was alloyed with silver, it was found that 
1 

there was no deep penetration of oxygen into the alloy.    Rhinos   examined 

microscopically   copper containing from 0.01 to 0.91A of aluminum and 

reported that rones of internal oxidation wore foind in all cases«   Rhinos 
2 

and his collaborators   identified by x-ray diffraction method tho oxide 
6 

as ALJO-J,    For the coppor-boryllim alloy, Meijoring   reported that 0,2 

to 0,35% of beryllium hardened copper most canpared with tho other alloying 
1 

elements he studied*    Rhinos   observed snbscalos in copper alloyed with 



- 17 - 

0.018 to 0,101* of berylliun after heating at 1000oC, The oxide was 

supposed to be BeO. 

On the strength of these findings and of the observations mode 

in this study during preliminary runs in which rims ware seon when the 

alloys were heated in the presence of oxygen relatively briefly, it is 

certain that Cu 314, Cu 320, and Cu 317 were internally oxidised. Sane of 

these samples have not been cut and examined cither because the sample 

has been damaged or because the sample is being preserved for further 

study. 

Proo the empirical formulae obtained by Rhinos and his collabo- 
2 

raters , it can be estimated roughly how far oxygen penetrated into these 

samples. The estimate will bo approximate because the experimental 

conditions in this study were not exactly the seme as in their experiment. 

According to Rhlncs when an external scale of cuprous oxide was not 

formed, but a subsealo alone was formed, the depth of penetration in 

centimeters, X, was given by 

log-f- =-f- + b 

where t is the tine of heating in seconds, T the absolute tomporaturo, 

and a and b are constants for a particular alloy. On the other hand, 

if on external scale is formed simultaneously with the subscalc, the 

thickness of the subscalc, S, in ccntimetorn is given by 

log-| ■—|—+ d 

whore again e and d are constants for individual alloys. For a solid 
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2 

solution of 0«45£ Al in Cu, the constants are 

a = -11970      b = 2.983      c = -10800      d = 1,21* 

Then at T = 1000oC = 1273% 

X(cn) = 6.16 x 10^ /t(sec)     = 3.70 x lO"2  Vttlir) 

S(cn) = 2.27 x 10"^ JtUec)     = 1.36 x lO"2   V t(hr) 

For a solid solution of 0*101^ of Bu In Cu, 

a = -11980       b -- 2.652       c = -11980      d = 2.572 

nnd therefore at T = 1000oC, 

X(<n) = A.17 x 10"^ Vt(soc)       = 2.50 x 10"2 /t(hr) 

S(©a) = 3.80 x 10'^ VtCsec)       = 2.28 x 10"2 ^{hr) 

In the last ease X and S do not differ nuch fron each other« 

The ccnposltion of Cu 320 and Its tcnpcrnturc of heating arc 

close to the first caso discussed above while those of CM 317 close to 

the second. The conditions of heating. I.e., of fomatlon of external 

scale, etc., of those sonplcs wore somowhore between the condition under 

which the equation for X applies and thi.t under which that for S is valid. 

Cu 320 was heated for 112 hours in the presence of oxygen. Therefore 

approxlnatoly for this satiplo 

X ■ 0.39 en,      8 ■ O.H on 

The thickness of the snnplo during hecting was 1.A3 en. Hence It Is 

possible that half of the snnplu vns internally oxidised after heating* 

The sample Cu 317 was heated twice for a total of 130 hours, and between 
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heatings was ground and lapped. Although thus not very definite, Its 

thickness was In the neighborhood of 0,9 cm. For this sample X and S 

are approxlnat«ly 0.3 on. Therufore a possible two thirds of the sample 

waa internally oxidised after the second heating* If for any reason, the 

oxygon did penetrate id i|htly deeper, there is the possibility that the 

somple was internally oxidated throughout. Then the earlier montioned 

'netallographic finding., thr.t no second rim was seen after the second 

heating, is oxplnined. 

As to Cu 3)4 which contained 1.00% of Al, the closest alloy 

tabulated by Rhinos is Cu-0.72% Al. For the later, 

a = -12140  b ■ 2,753  c = -12140  d = 2,015 

fron which it follows, at T = 1000oC, 

X(cn) = 4.06 x 10-4 v^soc)  = 2.44 x KT^tThrT 

S(co) = 1,73 x 10-^ y^tUoe}  = 1,04 x lO"2 ^t(hr) 

The length of tine during which Cu 314 was heated the first tine in the 

presence of oxygen was 44 hours. Then approxinately 

Z = 0,16 en S = 0,07 en 

The thickness of Cu 314 during heating was 1,57 en, therefore, no norc 

than one-fifth of its thickness was internally oxidised.after the first 

heating in oxygen. 

For the oxplanation of the increase of attenuation with internal 

oxidation, it will bo noticed that the existence of oxidation boundaries 

within a sonplo con cause sono energy loss to the progressing pulse of wave. 
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no matter how far within the boundaries are fron 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 tho specimen (Figs* 5 and 6). Then it can be asswed 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 on Incident transverse wave. If A, is the 

amplitude of an incident longitudinal wave, end A2 that of the reflected, 

pa the density of the medium in which the wave travels before meeting the 

boundary, p^ that of the second medium, and Cj and Co the velocities of 

tho longitudinal wave in tho first and second media respectively, then 

^ =A1 
pbc3: pflci 

PhVa«! 
1 

Similarly, for tho transverse wave. 

„^ h     pliV ih 
PbV   Pa02 

Of tho samples studied, the differences in the acoustic impodoncos 

of the internally oxidised parts and the parts which have not been oxidized 

are not known, and it is only possible to soy that while seme energy was 

definitely lost fay the travelling pulse of wave due to the existence of 

oxidation boimdnrios, tho amount of tho loss was probably scmll compared 

to the loss observed exporimontally. Tho reason for this conclusion is 

simply that tho impedance change detenrdnos the reflection coefficient, 
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but the 9M8ured velocities e^, Cgi c*, c< before and after oxidation do 

not differ by a measurable amount. Changes in the impedance from un- 

oxldized to oxidised regions then dopend only on density changes which 

are snail in the present case. 

The increase in the attenuation on internal oxidation appears 

to bo casued by tho scattering of the vavo by tho precipitated oxides. 
5 

Moijering and Bruyvostoyn reported that the copper alloys they studied 

have in tho oxidized state a lattice spacing that was almost equel to 

that of pure copper« This indicated that AloO? and BoO were not die- 
* 1 

solved, but existed in tho form of precipitates. Rhinos motallographl- 

cally observed oxide particles in all copper alloys studied (although tho 
1 

picture ho prosonted of the alloy containing O.lT^of olminum did not 

show tho distinct individual particles evident in other alloys, including 

Cu-0.O5A$Be)« It is reasonable to assumo, thorofcro, that the precipitat- 

ed oxides scattered energy from tho travelling pulse and increased the 

attenuation« The scatterors might also bo aggregates other than individual 

oxide molecules; for cxmplc, some oxide lomillao have boon observed 
1 

inside Cu-Al and Cu-Bo alloys . 

Horo again any attempt to further elaborate this intorpretation 

must rely on a quantitative analysis of scattering* as voll as more 

systematic experimental results. In addition other possible mechanisms 

nay bo involved, For oxonplo, ao tho solute atcr.s fomod prccitatcs, 

tho motion of dialocationa and conrcqunntly tho attenuation would be 

affected» 

• in progress« 
■; • 
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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 tine 

remounting the transducer. This decrease in attenuation continued until 

a certain low value of the attenuation was reached, and after this point 

was reached further remounting of crystal and measurement produced no 

change within the experimental error. The cause of this effect has not 

boon detemined with certainty* Che possible cause was the pressure 

applied to the sample during the mounting of a transducer, for this 

pressure, ostimated conservatively, was about 100 g/mm , or larger« 

Another possible cause was the passing of the acoustic wave through the 

sample« In one run, measurements «ore repeatedly token with the some 

mounted transducer} some initial decrease in attenuation was noticed, but 

the decrease was not largo enough to bo roally certain of the of feet« 

It was not certain however that in this particular run the condition of 

treatment was exactly right for obtaining such initial decroasos« This 
13 

phencnenon remains to be studied further« Read's  work on single crystals 

of coppor and sine is interesting in this connection« 
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APPENDIX I 

In tho figures In the text the attenuation is noasurod in 

db/|is, a unit In which our noasuring instrument is calibrated» Without 

measuring the velocity of propagation, the directly rood values con 

indicate any change in the attenuation in the seme sonplc or conporo the 

attenuation in sanplos of the seroe nature as long as the velocity is 

known to remain unchanged. To evaluate the absolute value of attenuation, 

however, it is necessary to mcaiure, in addition, the velocity of propaga- 

tion of the wave* The attenuation constant a is defined by 

u (x) = u (o) e -ax 

or 

d(x) = (5(o) e -ox 

where u(x) and   d(x) are rcupoctlvoly tho nexinun vibration anplitüde and 

the naxlmvp stress amplitude after the wave has travelled a distance x 

fraa the origin at which ita amplitudes were respectively u(o) and  0 (0). 

It con easily be shown that 

a(db/in) = 2.5^ x 1Ö6      Yritie gf üfmtiAaUa Wv,&  
velocity of propagation in CD/SCC 

a (neper/cm) ■ 1.15 x 105 Y?AU9 Qt fttt^nUflttffl in db/t^ft 
velocity of propagation in cw/soc 

one neper being 8.68 db. 

The internal friction is defined as the ratio -AiL whore AW is 
W 

the energy dissipated in taking a spocimen through a stress cycle and W is 

tho energy stored up in tho specimen when the stress is moxinun. It can 



be shown that approximately 

w       f m * 

where v Is the velocity of propagation and f the frequency. It may be 

x U 
pointed out that a term   I(o) - If?) has been shovn  to be 

I^) 

iT^l 

whore l(x) is the intensity of a travelling pulse of plane sinusoidal wave 

at distance x from the starting point» At x = -rr t  the wave phase is the 

some as that txt x = o. This fraction gives sane measure of the fraction 

of energy dissipated during one oscillation and seems to be a natural 

physical quantity for a travelling square wave pulse. As shown here it 

turns out to bo numerically equal to ■ » " ■ ■ . 

The velocities of proprgation of longitudinal and transverse 

waves travelling in the three samples wore measured and are listed in 

Table I*. The measured values were not corrected for the tine spent by 

the pulse in the quarts and the salol vhich concntcd the quarts onto the 
15 

sample, but the errors thus introduced are likely not over one per cent , 

* Tho corresponding velocities in Cu-^ Si as moasurod by Sknith and Burns 
are approximately r^r-» 7^7-» ^ -4*7 x 10 em/sec or approximatoly ^,5, 

2«7  A,5      8#5 
2.7 and 1*4 x ICPcm/scc for waves travelling in tho direction of FllQ] • 
These values differ by about 10^ from values obtained in thi* study. The 
cause of those differences is under study« 

15 
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- ^   f J a 
Also, within experimental error, no dispersion was observed In the 

measured frequency range, and therefore although the measured velocities 

were actually group velocities Instead of phase velocities, values of 

the two velocities are not expected to be discrepant appreciably if at 

all. 

The internal friction of Cu 320 when traversed by a transverse 

wave with its direction of vibration parallel to [llOj has been computed 

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 

con easily be seen (Table I) to be 

a (db/in) = 15.9 x value of attenuation in dh/\i s 

a (neper/cm) = 0.719 x value of attenuation in db/p, s. 



• 
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AEffilimX II 

The strain amplitude of the acoustic wave generated by the 

use of a quartz transducer bonded onto a specimen is estimated by canputlng 

the strain of the cementod face of the transducer*   The computation is 

based on the equation of motion and the piezoelectric equations of the 

quartz transducer and seme circuital relations. 

16 
Is 

Consider an X-cut quartz transducer,    Itp equation of notion 

825 2 82^ ■ v         
et2 

while Its piezoelectric equations are 

(1) 

-X=   -|L-   yx0   +DQ (2) 

i • -^p- +D-4F- (3) 

In which the x-oxia is along the thickness of the crystal and 

X0 = Young*s modulus along the thickness of the crystal 

D = a piezoelectric constant relating the stress generated 
by the piezoelectric effect to the applied surface charge 

■ 13*85 x 10^ c.g.s. for an X-cut quartz crystal 

K ■ the longitudinally clomped dielectric constant 

Q ■ the surface charge pur unit cross-sectional area of the 
crystal 

E a the electric field in the direction of the thickness of 
the crystal 
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X * the longitudinal stress in the direction of the thickness 
of the crystal 

■ /- 
v1- Sii 

/- 

c = x0 (1 - -A- ) 

- the elastic stiffness of the crystal 

p = the density of the crystal 

If 

E =Eoa
Jwt U) 

16 
then     on tho integrating Equation (1) with respect to time and on com- 

bining all the foregoing equations, one gets 

P, + m V 
( ■ (. oot Jil - J —1 1- sin -bUS. (5) 1 v Z v 

i.-f(i2- i;^* j«JÜL (6) 

F +  oV = ( F, +    q> V) cos -iU - J ^,2 sin   MX (7) 
* v A y 

where 

A   = tho cross-sectional area of tho crystal 

F   ■ the force on a cross-sectional area 
= X A 

K,^ n. tho thickness of the crystal 
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v .*lx 

- the eloetrie potontiol difference across the thickness 
of the crystal 

Z   s  ovA 

i   = ^fi. 
dt 

and the subscripts 1 and 2 indicate that the values bo evaluated at the 

end faces of the crystal« The end faces are so located that their equi- 

librium positions ore respectively x = 0 and x = ^t^., the later position 

being that of the cemented face marked with the number N2na 

In the oxporimcntol set-up in this study, the crystal is froc 

at the end ttln whilo it drives tho specimen at the end N2,^ Therefore 

Pj = 0 

and Equations (5)$  (ö)f and (7) bocome 

r = r . cos -MJL - J _£L sin —W-X- (8) J'    v        Z      v 

1" -<P( S2- Sl)+ Jw _*L- (9) 

F + m V = oV cos J*«- - J ^i Z sin WX (10) T v v 

This set of oquations, together with appropriate conditions for tho 
16 

source of potential and the load, can be solved  for ( 2 ty U8ln£ <:m 

equivalent electric network. On disregarding the bond between the crystal 

and tho spcclnen, it can be shown that when the frequency of the applied 

potential is close to tho resonnncc frequency of the quartz transducer, 
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whero 

a =: ^ + Ja- I!L2O        (x . Jäl) dza) 
^9"       ^92  Si yW 

Rn. c   z i , 2 

ß =w T '92
B    - -^ Her (i - *-*) (12b) 

in which 

* t 
is the resonenco angular frequency and 

R<I» = the resistfmco of the trananitter which produces the 
potential difforenco V across tho crystal 

Z     =  D    v   A 8 rB     8. 

pp   ■   tho density of the sample tho attenuation of which is 
being "leasurod 

v8   ■   tho spood of tho ultrasonic wave in tho sample 

Tho effect of the bond ik noglifiblo if tho bond is very'thin and stiff« 

^2 being known, one con solve for   t, , for from Equation (8) 

<        x v Z v 

and therefore 

C = ( L soc ^ + jJU ton ~i ) cosJÄ - J SÜLsin 
i*v Z v VZ (U) 
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Substituting Equation (11) and the equation 

V = V0 eJwt (15) 

into Equation (H) and integrating the later with respect to t, one gets 

r = JL f - S. sin JWJL + (JE- tan ^-t 
^   U L  Z      v      Z      v 

- J ,, I,^I  ,  e - J tan" 1--Jp  8ec J^i) COfl J^l + f (x) 
az+ ß

2  B u  —  T .    v j 

The undetermined term f(x) dees not vary with t and therefore has no 

significance to the generation of an acoustic wavo. It will be taken as 

zero. Then 

^eJut _i [-f.ln^M-f-tanJ^        (l6) 

It follows that 

Og Jwt       V^f _m_ Ji^ 
ax        "   e -f- I        " "f  cos -UÜL- - (-?- tan *    (17) 

örtlich is the strain at position x. 

At the cemented face of the quartz transducer, 

I 
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V   öx   I = Q J ^o       ( -   JL    eec n _w_ 
w (18) 

♦ J -J tan -i J_ tan  ic 
0    +   ß 

Whon  u) s   Up, tho formula reduces to the simple form 'R» 

x     ' 2, w = w 

<PV SL- 
v Z 

Jwt (19) 

Tho strain amplitude of the quartz transducer when the transducer Is 

operated at Its resonance frequency is then 

\  9X Ji 
V 9 

w= w 
v Z 

(20) 

This Is also tho strain amplitude of the comonted end of tho specimen If 

the bond Is very stiff and thin.    This Is the quantity sought. 

In the case of a 10 mc, X-cut quartz transducer, 

wR=   6,18 x 107 / sec 

o   = A.05 x 1(P- g/cn sec2 

Since 

p   = 2,65 g/cn^ 

=/-S— = 5.60 x 105    cn/sec 

one has 

K   = ^,55 

-t = 2,80 x 10"2   cm 

' 



ond 

(rS-I 
w = u R = 6, 18 x 10

7 

- H- 

= 1. 08 x 10 ^ V, 

In this study, approximately 

Vo = 500 volts = 1.67 e.o.u. 

Then 

C-S-) 
w - wR = 6,18 x 10

7 

= 1,80 x lO"6 

For the canputatlon of the strain onplitiuie at froquoncies other than 

(but close to) the resonance frequency, other quantities must be known 

as shown In Equation (18), 
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