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INTERSTITIAL-IMPURITY TRAPPING IN Al-Fe AND Al-Zn

Kenneth Lowell Hultman, Ph.D,
. Department of Physics
University of Illinois at Urbana~Champaign, 1979
Ultrasonic attenuation and velocity measurements were made as a
function of polérization,Atemperature, frequency and annealing before
and after electron irradiation near 65K of Al-Fe and Al-Zn dilute

alloys. Multiple relaxation processes-were observed in both alloys.

. In the case of Al-Zn, the simultaneous annealing near 130K of resis-

tivity, diaélaStic modulus changes, and a paraelééﬁié&relaxation peak
in C' allbws;fbr a characterization of the individual defects. The
results prd&idélstrdng evidence that below 130K,lfﬁé‘<100>—mixed
dumbbell is'éhé'predominant interstitial trapping configuration. ‘The
temperature dependence of the relaiation peak nea£’4.9K is not that
expected fér.é';hermally activated process, but prdvides instead
evidence fof @efect tunneling. A second trapping‘C6nfigura§;on present

in low conceritration anneals out near 100K, and probably arises from

“<111>-mixed defécts.

In Al—Fé; the observationﬂbf the diaelastic effect and a peak in

the C' mode not previously seen in earlier internal friction measure-

ﬁents, togefhefﬁwith an identification of thié.peék with thé'méjor
defect speéiesAfesolves the apﬁarent contradiction between the internal
.griction and chgnnelling symmetry evidence. IhiS’also'allows for én
interpretatién in terms of a <100>-mixed dumbbell whigh is consistent

with previous theory and channelling and Mossbauer measurements.
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The results for Al-Fe differ greatly from those obtained éarlier

2

' for Al-Mn, suggesting that current theories based only on size
- differences require extension.
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I. BACKGROUND

A. Introduction

The.dinamical properties of radiation-induced point defects in
‘metals have been investigated for more tﬁan two décédes for réasons of
both scientific_interest and technological consequenéé. Although the
techniques thét have been employed measure defect coﬁcentrations and
anﬁealing Eihefics, most are insensitive to defecf épnfigurations. Only
recently héve méthods evolved for probing the geopeprical configurations
of defects, and.of these the ultrasonic technique deQéloped and
demonstrateﬂiﬁy D. Johnsonl/ seems to offer the mﬁszsensitive and
complete sét of ‘measurements. The present study fufther develbps the
ultrasonic tééhnique and applies the procedure to é'sﬁﬁdy of aluminum
alloys withp£;oﬁ and zinc. An attempt is madé t04intérpret the-results
with the ai& of‘éxis;ing models for the trapping éf interstitials at
impurities; :Hoﬁever, it is found thaf cénsiderablé ex£ensions of
existing mddéls are required.

This pépe; is divided into four parts. In the first part,
sufficient bégkgiound material is presented to definé the prqblems'to
be invéstigatéd.» Also, refinements to the expégiﬁeﬁtal apparatus and
procedures dévéioped by Johnson are discussed. In:the:second part
experimentai.fésults are presented for three-alloys:Al(l) the Al—Mn
résults for.é ¢;4 mode_which largely confirm Johnson's results, (2) the

Al-Fe results which add new data to existing internal friction
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mcasurcmentsifor the CA&'mOde’ and (3) a detailed‘heQ set of measufement
for.two differect concentrations of the Al-Zn alloy. In the third part
present theory for paraelastic relaxation processes is summarized and
predictions for diaelastic modulus changes are discussed. Also included
is a calculecion for diaelastic end paraelastic effects expected for |
simple two—scate and four-state defect ﬁodels that include tunneling
effects. The fourth part includes intefpretationslof the effects
observed in Al- Zn and Al-Fe. | |

4/

The 1nterpretat10n—4—4—- of radiation‘damage.expefiments is based
largely on'extensive measurements of rediétion—indccea changes in fe—
sistivity in vécious F.C.C. metals and alloys. Irradiation with
neutrons, gamma rays, or high energy electrons cr otﬁet particles 1is
known to cause displacement of'atoms from the cryscal iattice creating
Frenkel pairS'(F.P.) of vacancies and interstitials chst'are separated
by distancesiqn the order of a few interatcmic spacipgs. Defects SO
introduced acc as scattering centers for electronic.coﬁdgction so that
reslst1v1ty change is a measure of the total concentratlon of Frenkel
pairs. Follow1ng low temperature irradiation, typlcally three: dlstlnCt
stages of aﬁqealing behavior are observed, called scages I, IT, and III.
Stage I, neers35K in Al, corresponds to anneallng effects resulting
from the miéra;ion of interstitials, while'stage III, near 200K in A1
corresponds ‘to vécancy motion. For very pure ﬁatexials, there is a more
or less st;gcth;eless anneeling which occurs over a wide range between

stages I and iII:known as stage II. For other than very pure materials,

stage 11 is fourid to have distinct substages which depend upon the




impurity tyﬁe and content. Most F.C.C. metals exhibit five substages

during stage l'annealing. Kinetic analeis of the_annealing process
indicates that the first three suhstages result from the recombination
of close Frepkel pairs;é/ The fourth substage results from the
correlatedlrecembination'of more dlstantly separatedlpairs, whlle the
final substage,represents the free migration of interstials ahd their-
random.recumhlhation wlth vacancies.—

While the»basic structure of stage I seems tbﬁbe'material indepen-
dent, stagezll'exhibits a wide variety of annealiugﬂstages that seem to
characteriae'haterial composition. Damage that survlves stage I anneal-
ing arises,froﬁ:immobilized interstitials (and their vacancies) that
were capturea during free migration at trapping sltestthat are mainly

impurity atoms in impure materials and interstitial clusters in pure

:materials._ Stage I1 annealing results from the release or reconflg—

uration of trapped interstltlals. Strongly bound-lnterstltlals may
survive through stage II annea11ng also. Then, in stage III; vacancies
are actlvated and migrate until they recomblne with - the ‘trapped inter-—
stitlals. | |

A complete;understanding of any radiation damaée process must
incluae knqﬁledge ot;the geometrical configurations ofsboth isolated
and trapbed.ihterstitials. Early attempts by Huntlngton and 861t21/ to
calculate 1solated interstial conf1gurat1ons from known lattlce
parameters uere frustrated by the strong sen31t1v1ty of the results to

the choice of the interatomic potential. In later more refined

ealculations by3Gibson,.g£ al;gl and by R. A. Johnsongl and others, the



- <100> split dumbell was usually found to be the configuration of highest
stability. - Experimental measurements of the isolated interstitial con-
figuration have only recently been attempted. Holder, Granato, and

10/ . . . . .
Rehn,=—" using an ultrasornic technique, measured diaelastic modulus
changes in'pure‘copper for Id defects. The large and anisotropic
relative modulus changes observed were in good agréement with estimates

11/

made by.Dedefiqhs—— for the <100> split configuration. Using an

12/

elastic—aftgr—éffect technique, Spirié,_gg_gl:—— héﬁe observed a
reiaxation prdcéss in aluminum attributed to the anelaétic relaxation
~ ., of single gelf-interstitial atoms. The crystal orientétion dependence
of the proceszis consistent with that expected forlé‘<100>—split con-
* figuration. Additional experimental evidence forAthel<100> split
configurati&ﬁ has been obtained from small angle x;fay scattering
measureménts;¥§(~ |
The éoﬁfiguration of interstitials trapped near:impurity atoms in

14/

F.C.C; metng'Waé considered by Dederichs.— He deyélbped a simple
model amenable;to numerical calculation in which impurities are
' characterized sq1e1y by ﬁheir fractional misfit inuéize to the host
‘lattice. In ﬁﬁis model, a siightly undersized imﬁupify atom will trap
~an interstitial étom‘fopming a tightly bound "mixed d@hbbell" defect with
'<100> symmeﬁr§;A'0nly small eﬁergy barriers separate Ehe sig‘equivalent
'<100> sites sﬁrropnding the impuritf. Tﬁe interstitial -is thus confined
to a "cage" ;égﬁered on the imphrity, but may undergo relaxations among
- the six sites. iFurthermore, this model predicts tﬁaf ;versized

impurities wouid‘only weakly bind interstitials and would not form the

mixed-dumbbell. configuration.




" Experimental results obtained so far provide some support for the
trapping configurations of this model, but they also conflict with it in
some aspects. Evidence for caging near impurities was provided by the

Mossbauer experiments of Vogl and Mansel.lé/ Their measurements of

57

Al-57Co( Fe) indicate that interstitials are trapped near iron follow-
ing irradiation. Their observation of a rapid dec?éése of the Debye- .
Waller factorain a narrow temperature interval near éOK indicates'the
onset of large émplitude displacements which can bé interpreted as a
thermally aéti?ated caging motion. Their measurementslg/ using a silver
host latticeldisplay similar behavior. However, the iarge difference in
activation energies between the two systems cannot be accounted for in
the Dederichs model by the known small difference in lattice volumes of
aluminum and si1ver.

17/

Swanson”ggigl;—— have tried to deduce trappiné configurations in
several dilute éiuminum alloys using channeling meésurémeﬁts. Their
technique iﬁvoi&es measuring the backscattering of He+ ions from dis-
placed impufity.atoms. From analysis of the crysta; orientation
dependence éfAthé backscattering, they were able to Sﬁow that for Mn;
Fe, Zn, and'Ag impurities in Al, the trapping coﬁfiguration'was the
<100>-mixed dgmbbeil. Also, in agreement with Dederichs' size rule, the
oversized impﬁ;ity Sn was found not to form mixed“dumbﬁells. The
channeling mgasgreﬁents generally support Dederiché,trapping model;
however, the limited sensitivity of the technique reauires the use of
very high rédiaﬁion doses so that defect interactiéﬁs:may complicate

the interpretation of the results. Also, the technique cannot separate

the effects when multiple defect species are present.



There appears to be some conflict between Swanson's interpretation

18/

of the chénnéiling results, and Wollenberger's—' interpretation of his
resisfivity ﬁeasurements. Wollenberger concludes that there must be a
series of trébs in general, with.only a relativély-émall concentration
of interséi;ials in the deepest traps which corréspopd to mixed dumbbells.

Rehn,,RobfoCk, and Jacqueslg/ using a torsiéh beﬁdulum technique
have observed multiple strong relaxation processeé iﬁbirradiated Al - Fe.
One strong~16W:témperature peak may possibly be assbciated with the
large drop in:the Debye-Waller factor of the MBSsbauef experiments.
However, althoﬁgh they were unable to measure th¢4Cf ﬁode effects direct-
ly, their héaéurements on polycrystalliné an& C44;6rignted single
crystals indiééted that the observed peaks, in contraét to the channeling
results, defivéd from defects that did not have the symmetry of <100>
mixed dumbﬁelié;A | |

Récenf'uitfasdnic measurements by D. Johnsonl/ on the Al-Mn alloy
are in strikiﬁg”cﬁntrast to the Al-Fe internal fricﬁién measurements.
This is a sdrbrising result since the trapping'modél predjiction is that
similarly size&*impurities, such as Mn and Fe, should exhibit similar
trapping cﬁété;teristics. Johnson observed a numbef Qf relaxation peaks
in the ultraéoﬁic attéﬁuation spectrum that couldlbe‘distinguished
through';heir]énnealinélbehavior as arising from diézinct defects.
None, héwevér,»éouid bg'identified aéuarising from fhe <100> mixed-
dumbbell.

Inﬁsumméfy;-although further measurements are reduired, a consistent

plcture haslemerged for the configuration and dynamics of self-interstitial



atéms in F.C.C; metals. The situation for trapped_interstitials, how- .
ever, is nof éd clear. A major problem is the dilemma posed by the
channeling experiments that indicate the formation of <100> miked—
dumbbell trapping éonfigurations and the internal friction and ultrasonic
meésuremenfs ;ﬁat indicate the absence of defects~of.<100> symmetry. A
second problém is the observation that similarly si;éd.impurities can
have greatiy:different trapping properties.

of the.é?ailable means for probing interstitial trapping properties,
the ultrasonic technique developed by Johnson seems télbe the most
promising..xihe high sensitivity of the method alloﬁs'measurements on
defects presént;in concentrations at the part-per-million level.
Compared to thé channeling teéhnique, the ultrasoﬁic‘technique allows
measurement'ﬁqt only of the trapping configuration But also of the
reorientation.ehergy even in the presence of multipie defecf species.
Ultrasonic,meaéurements'are also preferred over léwer:frequency,
internal friéfidn measurements. The ultrasonic technique allows
measurements fofneach of ;he symmetry modes of the cryStal, whereés,
the torsion:beﬁdulum techn;que can directly measure bniy.the C44 mode. ’
Also, the ulfraéonic technique needs the preparatibn:of only a éingle
sample for all}bf the measurements. Finally, another attractive
feature of the'ultrasonic technique is that it allOWS; for various
excitation frequencies, the simultanéous measuremeﬁt of both diaelastic
and ﬁaraelastié'modulus changes® and paraelastic atﬁénuation effects.

The preséntjwork attacks the trapping problem‘in t&o ways. First,

an attempt is made to resolve or more clearly define the conflict




between the Al Fe internal friction results. and the channeling results.

Secondly, 1n a.search for the general tfapplng properties of undersized

impurities;'fhe survey of trapping configurations-is extended to another
alumiﬁum ailoy;‘Al—Zn.

There ere ﬁany choices for systems that might be the next logical
candidate fef“study. The Al-Zn system seemed particularly attractive
for several reesons. First, several 1nvest1gators—94gngZ/ have studied
the alloy wiehAresistivity annealing experiments, and they have demon-
strated the'e%ietence of Zn trapping sites and deerabbing during stage
II. Sosin and Rachalgé/ have shown that the recovery near 200K follows
second ordervkinetics as expected fof stage III, andithat a major anneal-
ing substageAnear 130K proceeds by first order kinetice. Also, Swanson
included measefeﬁents on the alloy in his channeling:experiments that
'indicated théti<100> mixed-dumbbells were formed at ib&er'tempe;atures,
but that near £36K some type of reconfiguration occprs that removes the
mixedfdumbbelieeefecfs. In several aspects, the Aleznleystem seemed
preferéble to the Al-Fe and Al-Mn systems for cqmperison with trapping
-model predieﬁieﬁs.' Zinc is readily soluble in the alumninum host and
thus avdidé;fhe;eossible complications with impurity . precipitates of
other alloysgiiélso the solebility allows for the study_of possible
impurity concentfation effects over a wide range of-alloy«eoncentration.
The filled d-shell structure of the zinc 1mpur1ty av01ds possible
electronic effects that may contribute to the Al-Fe and Al-Mn systems.
Finally, compared with Mn and Fe, Zn is only a very slightly undersized

misfit impurity in the Al ‘host. It is possible, therefore, that Al-Zn




system measurements will make better contact to thé Dederichs trapping
model which'wés developed as a perturbation of thé'ﬁodel for isolated
interstitiaisr .Aiso, for small misfit impurities,Aphe interstitial-
impurity binding energy is éxpected to be small, soAthat a detailed
stﬁdy of thErmélly activated detrapping becomes a possibility.

‘ The A;—fe system was studied in some detail. Tﬁé first measﬁrements
of C' mode paraelastic attenuation effects are presented. Also, C' and
C44 mode diéeléstic modulus changes are measured. The simultaneous
combination 6f'diae1astic and paraelastic measurements provides more
complete and ﬁseful data thqn either or both measurements taken separately.
A comparison;of the annealing behavior of the paraeiéstic and diaelastic
data leadsito-é'possible resolution to the seeming Eontradiction between
thelinternaiwfriction results and the channeling resﬁlts. A thorough
investigatipnjof:the Al-Zn system is cérried out fo¥ two alloy concen-
trations. -Diéélastic and>paraelastic effects are.separated out,‘;nd
;heir anneaiiﬂg.behavior is correlated with simuitanépﬁsly measured
resistivity-chaﬁges. Multiple trapping processes are ébserved, but the
predominantidéféct species is interpreted as a <1005 mixed—dumbbell in

agreement with the channeling results.

B.. Experimental Technique .
The ulg?ésbnic technique employed in this study has been described

1/

in some detail by D. Johnson.= In this section, a brief description of

the techniques is presented along with details of apparatus and proce-

dures that have been modified.
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l; Apparatus

The ultreeonic samples were cut from boules of single crystal Al-Fe
and Al—Zn grown by Monocrystals (Cleveland, Ohio).A The samples were
orlented u31ng the x-ray scattering technlque developed by Ochs-gé/
wire acid saw was used to cut approximately cub1c<eamp1es of one centi-
meter dimenelonsAwith two (100) faces and four (llO)‘feces. One pair of
(110) faces Qas;polished flat and parallel to optical tolerances using
an electrochemical crystal facing machine. The remeining (110) pair
was also polished to provide good thermal contact to tne sample holder.
Wet chemical and epectrographlc analyses were performed on small pieces
cut from the same boules to verify sample pur1ty'and alloy concentration.

Figure.l, given by Johnson, shows the placement of the sample in the
sample nolderAand the physical arrangement for é.SAMeV electron
irradiation;llA-focused electron beam supplied by the Van de Graaff
faeility'in'the'Materlals Researcn Laboratory strikes a thin aluminum
scattering foil; C. Water cooledvcollimating appertures, D and E, pass
approximatelpflO% of the incident beam, which then strikes the sample
as a one centimeter diameterwbeam of'fairlj uniform'(iS%) intensity. A
motor drlven'flap containing a BeO dlSC, 3; and a;elosed eircuit
television system aid in 1n1tlal a11gnment of the beam Awhlle the motor
driven current flap, F, can be periodically lowered to sample the beam
eurrent. |

Tﬁe sample temperature is measured witn a platinum thermometer and
an AC current;orldge similar~to that deserlbed by Kirby;gé/ The low

temperatnre‘range‘of the thermometer (5K - 40K) was first calibrated
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against a cp@ﬁercial germanium standard thermometer with an accuracy of
about 10 mK;A Ihe lowest temperatures, 2K - 10K, wéfe measured with a
carbon resistéﬁée thermometer that was calibrated against the germanium
thermométef,and corrected on each run by comparison with the platinum
thermometep."fhe precision in this temperature rénée; however, is
estimated ﬁo be only about 100 mK.

A schemapiq diagram of the temperature measureheht and control
system is sho&n in figure 2a. The control loop is fairly conventional
consisting of é“thermometer bridge detailed in Fig. 2bland an integrating/
differentiatingLtemperature controller detailed in,fig; 2c. An off-
setting digigal;ramp votage may be injected into the:femperature error

‘ : control sigﬁal'éo that, for small temperature ranges, nearly linear
temperaturé‘rampé can be generated.- Provision is ma&é for breaking the
control loop ana rapidly resetting the bridge and the ramp generatof so

i _that long téﬁpe;ature ramps can bé generated. Howevér; it is estimated
that temperétﬁfe drift during the turn-around at thé end of each of the
short gamps”ié 6he of the major sources of tempé;gtUre error;

Unpiatéd quartz shear transducers pqrchased ffbm Valpey-Fisher
(Hopkintpn,lMA;) are used for thé.ultrasonic measu;emenfs. For -the C'
modé'runs, Ehé p}épagation direction was <110> aﬁd thélpolariza;ion was
44:ﬁode runs were ddhe using eithe;.a <1i0> propagation

direction and <001> polarization or a <100> propagatioh direction with

<110>. The C

random polarization. The bondiné:technique has proved to be very
successful.»'Firsﬁl the bonding surface is prepared to' a mirror—quality

finish by electrochemical polishing. Then, a small quéntity of the




14

Figure 2. Temperature control system.
A;~,(top) control loop schematic.
B{ (lower left) platinum thermometer bridgé schematic.

C. "(lower right) integrating/differentiatiﬁg controller
- 'schematic. - :
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bonding agent, Nonaq stopcock grease, is outgassed by gently heating

in a rough yacudm for a few minutes. The sample sdrface‘and the
transducer.afa'cleaned and dried and then heated to about 40 C. A
minimum amouhtqqf grease is then applied‘to the sampie; and the
transducer ia'gently pressed into place. The quality of the bond can
be judged visuaily through the unplated transducer and tested at room
temperature;with a pulse-echo system. Small diametar;transducers, 1/4
in., are used_to minimize the shear strain producéd-bylthe differential
thermal expaﬁsion of quartz and aluminum. Even so, ddrious small jumps
pf undetermiﬁed'origin were sometimes observed in the attenuation dur-

ing temperature ramping and immediately following thet;nitial freezing

~of the bonds around 200K. The jumps were again occasionally observed

during ramplng in the latter stages of the anneallng program. Since

the sample is thlcker than the penetration depth of 2 5 MeV electrons,

the transducer. and bond are protected from damage by 1rrad1at1ng the
opposite fachquthe crystal.

AttenuatiOn'measurements were initially made dsing.conventional
pulse-echo and attenuatlon recording equipment purchased from Matec,
Inc. (Warw1ck R I.). Measurements;were recorded ap‘one frequency,
10 MHz, uver'sqme teftperature interval. Then, theia§s#em was retuned
for a secondéffeduendy, 30 MHz, andvéhe same temperature interval was

scanned. - It soon became clear that there were a numberlof advantages

-to be gained by developing a system for simultaneously recording the

attenuation at both frequencies. First, the possible savings of time

is obvious. " For any one run, the savings, which mighﬁ,total in the
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many ten's of hours, would both reduce operators time and produce a con-
siderable savings of liquid lrelium. Another advantage is that daté for
both frequénciés can be collected even for attenuation peaks that anneal
out while ﬁﬁey]are being measured. The simpltaneouslylfécorded
attenuations are taken at identical temperatures so_that their relative
behavior is'pretise even when the absolute temperature error is fairly
large. This'observation was particularly importanf at the lowest
temperatures.where the system was allowed to slowly drift ip temperature
while the aftenuations were recorded. Also, the task of initially
locating those peaks that are near the system noise level is aided
gfeatly by'the.ébility to observe the relative behavior of the two
atténuations.;'Finally, the pulse generators and reéeivers are finely
tuned amplifiers. Simultaneous operation eliminates ﬁhe difficult and
imprecise chore of frequently retuning all the tuped‘circuits.

A schémétié diagram of the attenuation system ié:shown in Fig. 3.
Two commeréiél pulse-echo and recorder sysfems are utilized that are
externally‘f#iggered on alternate phases of a ZOO_ﬁzlséuare wave. The
r.f. signals from the two pulse generators are mi#éd af the transducer
following inaividual matching networks. It was found that there was a
large interacﬁion.between the two tuning networksAthat'considéfébly
broadened thé tuning of each and hencé the transmifted amplitudes.
However, thé echo patterns as ogserved oﬁ the oscilldScope and the
recorded attenuations did not aﬁéear to be affécted.A

The veloéit? system is shown in schematic form'in Fig. 4. The

sampled-continuous-wave technique is employed. The excitation frequency
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Figure 3. Attenuation system schematic diagram.
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Figure 4. Velocity system schematiec diagram.
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is slowly dithered around an odd harmonic of the sample resonant

frequency.- &The sample harmonics are approxima;ely 100 kHz apart and

it is fairiy easy to find one near the broad 10 MHz transducer resonant
frequency.): The driving power amplifier is perioaiéaliy.gated off and
the amplitudeﬁof the sample strain is measured. The strain amplitude
signal is synchronously detected with the dithering-ﬁfequency, and a '
feedback signaliis derived to maintéin maximum amplitude. The digital
counterAthenjdiéplays the frequency of the chosen harﬁonic of the sample
resonant freq;éncy. An analog signal proportional ﬁb'fhe déViation of
the resonant frequency is provided for continuous’reco;ding during

temperature~ramping. Finally, the resonant frequeh@y,_f, is given by
f=n v/2L : E A (D

where v is thgfséund velocity, L is the sample length, andAnlis an odd
'integer. Siﬂéé_v is given by VC/p where C is the elastic modulus and o

is the density;fdne'obtains.
20£/£ = AC/C + AL/L. S @

The relative mo@ﬁlus change is then twice the.relative frequency change
when length tﬁaéges can be neglected.

Resistivif? measurement$ were made for;three reasons. First, the
concentrationﬁqf impurities‘that had gone into solﬁéion dﬁ?ing the prep-
aration of fﬁé éiloys ¢ould be estimated from the knoﬁn values bfv

26/

resistivity per substitutional defect as tabulated by Fickett—' and the

- measured values of residual resistivity ratio, RRR. ' It was found that,
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for the Al—Znialloys, the concentrationé so obtained agréed very well

with the reéuits of chemical analysis. However,'for the Al-Fe alloy,

the measured RRR indicated that the substitutional.concentration was
only about 407% of that indicated by chemical analysis. The rest of the

iron is present probably in the form of precipitate particles. Second,

using the fairiy well determined valﬁe for pure Al‘ofA4 YQ-cm per at.%
'olerenkelipairé as feported by Schillinggl/, tﬁe;fesistivity change

- upon irradiafigﬁ can be used to estiﬁate theAtotal.damage produced.
- The F.P. conéentratidn in the ultrasonic sample can fhén be estimated
,ﬁsing the aVerééing procedure outlined by Johnson. .Third, resistivi;y

" annealing data éan‘be collected and corfelated with the annealing of

the paraelastic and diaelastic effects.
It waS.féugd that resistivity samples hlacedAalongside‘the ultra-

sonic sample could accurately'measurelthe irradiatibﬁ'flux only if

41precision alignment with the beam could be maintaiﬁed.' This restriction

could be eaSed‘By enlarging the beam; but that would lead to increased

"liquid héliumﬁéonsumption. It was decided to use thin wire-shaped
‘samples placédEacross the beam directly in front of:the ultrasonic

sample. The éaﬁples were prepared by electrochemicélly polishing discs

to a thicknéés Qf,about 10 mil and then slicingvthe di§cs into 10 mil
wide.stripsA;siﬁg-a spérk cutter. The small~dimenéioh§'of ;he samples
ensured'minimél:disturbance of thé irradiation of the‘uitrasonié saﬁples.
The anﬁealiﬁé Behavior of the resistivity samples indicated tﬁat the
teﬁperature:risé‘during irradiation could not have exééeded 10K.
Electricéi£1ead attaéhment pdsed a particularlyfaifficult probiem.

The first few runs were done with copper leads that were spot-welded to



24

the aluminum samﬁle.- However, it w;s found that the welds would fail
after a fedlfhermal cycles at the early part of the runs. ASoldering»
was then attéﬁpﬁed using special aluminum solder and flux purchaéed from
Indium Corp.¢o£ America (Utica, NY). However, it was found that well-
sepérated aﬂd-géod solder joints couid nét be formed in the smali'space
available.'-Finélly, it was found thatvstable and reliable measurements
could be méde'ﬁéing‘four discrete pressure contacts té the sample. Tﬁe
phosphor brOﬁzé.éontacts were gold plated and spring loaded. The
'resiétance méasﬁremeﬁts were found to agree with calculations basgd on
the sample'dimensions and known resistivities.

The sfsfém,for measuring resistances is schematiﬁally diagraﬁed in
Fig. 5. Géoﬁet;ical factdrs necessary for calculating resistivity were
obtained frbm:fbpm temberature resistance measureméntsvaﬁd known values
(see Fickett)‘éf'room temperature resistivity. The sy;tem is a mgdifi_
cation of the AC current bridge described by Kirbyggl-and has been dis-

cussed in some detail by Johnson.

2. éxperimental Procedures

Since %hé energy loss mechanis@s that cause ultraéonic attenﬁgtion
are additive brdcesges, the effects due to irradiation,induped_defects
can bé obtained.by subtracting offza pre—irradiatipn;for backgrouﬁd,
atfénﬁatioﬁ.és}é funttipn of temperature, Backgroﬁnd‘fﬁns were done on
the ihitia1 ¢§61ing from room témperature doﬁn to SK;' A steep drop in
attenuation QASJélways observed in the range from foom,tempefature down
to about 240K.probabiy because of the gradual freezing of the gre;se

bond. From 240K down to about 100K‘the background-is'fairly flat or




Figure 5. Reéist;ivity system schematic diagram.
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slightly sloping downward possibly because of reduced thermal phonon

losses at lower  temperatures. Sometimes, particularly in the 30 MHz

background, adnumber of small, ill-defined oscillations of the

attenuation as a function of temperature were observed. Their origin

was undetefmined. From 1QOK down to about 15K, the efteneation was
observed'to_rdse again. This energy loss was determideddto be of
eleetronic dfdgin and provided valuable elloy concenfration and damage
produetion-tate‘information to be described below.- Tde region from 15K
down to 2K Qa; found to be fairly flat because of the élow temperature
dependence dﬁ'eﬁe electronic losses in this region.. The 10 MHz and 30
MHz baekgroundé‘were fairly similar, except for the expected larger
value of the‘eleetronic losses at the'highef frequency; Background
measurements'ﬁefe also taken of the resomant frequeney in the range from
2K up to aeodt QOK. Up.tojabout 20K, the backgroudd”is fairly flat;
The‘upper Iiﬁdt ie determided by the temperature stagilit?}and theA

rather precipitogs.drop of the modulus (roughly TA dependence) _above

35K. Pre-irradiation values are also recorded for resistivity at 5K and

'10K.

The temee;ature control was set for 65K during&irradiation, The
actual.sampie temperature was estimated to be 5K to 10K'warmer by
ﬁeasuring the;ehenge in ateenuatipn due to;heatingdwheﬁ the beam was
turned on. 1Laeer‘irradiatiens of Al-Zn were carried‘out at a reduced
temperature; SOK, in a search for annealing effecte‘felated to a
resistivity anneeling peak observed near 70K. . Irradietion with 2.5 MeV

electrons at:adtetal‘beam current of about 4uA continued for several days
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in order td“bfdduce a valume averaged F.P. concent;ation of about 5 ppm.
Between eachidéf of irradiation and after the last day, the temperature
was rampéd'doéﬁ to 5K while measuring attenuation. ' The resonant
frequency éndkresistivity were recorded. No evidence was seen of damage
'saturation\éffééts in the resistivity increment, the‘diaelastic modulus -
changes, or iﬁ'ény of the paraelastic a;tenuation peaks that were
observed;

The aﬁﬁealing program consisted of a series of linear temperature
ramps frém SK.Q? to a chosen anneal point followed‘ﬁy a 10 minute anneal
and a linear pamp back to 5K. After each anneal point, the resonant
frequency anﬁtrésiétivity were measured at 5K and le.' For the Al-Zn
alloys, atteﬁ§é¥ion and frequency measurements were.ﬁéde while drifting
up in tempefépuye following a pump-down to 2K. Thé thice of annealing
points héd téxbétmadeifairly carefully:since each:paiﬁf, particularly
those near staéé(III, reﬁresented mény hours of rampiné. When accurate -
measurementéAwére required, the ramping speed was 1imited to 0.5 to 1.0
degrees/mind;glih order to maintain temperature e:r@fs under .5K at high
temperature:én&,;lK at low temperature. When larg¢r femperature errors

:could be toléréfed, ramping‘speeds of 2 to 3 deg./miﬁ;‘were used. When
possible,~én#§éling poiqts were chosen with the guidapée of resistivity 4 |
annealing:aaté,f Points were chosen tézcrudely approximate constant heat-
ing rates iﬁ:Qrdgr to aid analysis. It wés found thaf the frequéncy
annealing meaéufements were good bnly up to about ZOQK, since large - :
background shifté oécured as the bond was beginning“to soften. On the

other hand, data for the annealing of peaks in the attenuation could be
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recorded e§en;following a 240K anneal since shifts in the attenuation
backgrdundléré relatively small and only weakly temperature dependent.

One cémpongnt‘of the at;enuation has been found to be proportional
to the electfical conductivity of the specimen. Tﬂisléompohent is éasily
identified sy ifs temperature and frequency dependence; Since impurity
and defect co@éeﬁtrations are normally determined by-electfical
resistivity.méaSurements, one has here the possibility’of measuring defect
densities ultfasonically without the need of separate elecfrical resistiv-
ity measureﬁepis, In fact, there are severél advaﬁtages to the ultra-
sonic measurement. In addition to the possibility éf»eliminating the
resistivity'samfle altogethef, the technique has the advantage of yield-
~ing a bulk measﬁrement of resistivity. For small fadiation-induced
resistivity chéqges compared to the sample resistivity, the ultrasonic
atﬁenuation.direptly measures a volume-averaged resistivity'in the same
" way that par;élastic and diaelastic effects result frém'a volume-averaged
damage conbenﬁrétion. Also, theftechnique eliﬁinaféé possible_errors
: from beam inhompéeneity. Correctiéns for both average irradiation flux
and sample fﬂickness must be made when a separate saméie is used for
resistivity:meééﬁrement.

The preseyf.nnderstaﬁding of ultrasonic aLLenuétion is -normal metals
has been reviewé@ by Rayne.zgz The attenuation offspund waves by inter-

9/

- action with conduction electrons was first reported by Bommel.—=

30/

--after, Masom—' .presented a theory,for the effect in which ‘the viscoity

Soon

of the metal is related to the electrical conductivity by the use of

kinetic theory.applied to a free electron gas. The attenuation arises



.time, T, is related to the eléctrical conductivity, o, by
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when,vbecause of the viscpsity} momen tum is»transferred from'the ultra-
sonic wavelro the electron gas. The calculated attenuetion rs proportional'
to the eleefricel conductivity end to the square of the frequency. The
‘theory breakepdown when the electron mean free path, £, becomes compar-

‘able to the ultrasonic wavelength, A. At room temperature and for an

ultrasonic‘frequeney of 30 MHz, the condition £ << A is well met.

However, at 1ow temperatures and in very pure metals, £ becomes larger

31,32/

than A. A more ‘general theory——L—— has been developed that is valid

‘over the entire range of mean free paths aﬁd which is capable of dealing
with non—spherieal Fermi surfaces. For £ << X, the attenuation becomes
independent of conductivity and proportional to oniy'the first power of

-frequency. A simple estimate of % for the Al-Fe and Al-Zn alloys can be

made using free electron gas formulas. First, the electron collision

T = 'nﬁ/Nez . _ : ' p (3)

‘where N is the.number per unit volume of electrons of charge e and mass

m. Then, 2 = v_T where v

F F is the'Fermi velocity given by

S am w3, | ,' “)

Using 3,eleCtr6n$ per aluminum atom, N can be calculated. The worst case

or largest veipe-of % can be calculated using the conductivity of the

Al-Fe alloy.et 5K and the resistivity-per-impurity atom tables of F1ckett-—§/

_For an alloy concentration of 60 ppm, £ = 10_4cm. For comparison, A = v/f

where v is the shear wavelvelocity. For Al at 30 MHz, )\ = 10_2cm. So,
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the condition % << A should be. well satisfied for all of the present

ultrasonic measurements, and the low frequency limiting form for attenu-

‘ation shou1d app1y.

In the low frequency limit, the shear wave attenuation, A is given
by

A= (2262 ovd )(3n N)2/3 5 O/Se y - (5)

- where p is -the sample density. The ultrasonic attenuation from 5K to

80K at 30 MH 2 for Al - .1% Zn was found to vary linearly with calculated

conduct1v1ty. Also, u51ng the 10 Mﬁz and 30 MHz data,.the distinctive f2
dependeocelwas observed in each alloy.  However, us1ng ‘the Al-Zn back—
ground attenuatlon‘curvesvfrom 5K to BdK and calculated conductlcltles,
ic was found thac the measured attenuation was 1arger than that predicted
by Eq. 5 by'a factor of 1.2 for:the C44 measurements and a factor of 1.8
for the C' measurements. The &iscrepency is large and>femaine unexplain-
ed. A similar‘result, however, was obtained by Lax;gg/ His attenuation
measurements oo high purity polycrystalline Al at 20 - 100 KHz when
compared with,simultaneously measured conductivities'fevealed a. similar
discrepency of a factor of 1.52. He pointed out, hooever, that the
discrepency mey‘oe traced to the assumption that the meen free path is
the same for_rhe-acoustic processAand the electrical conductivity.
Steinbergéi/‘has~calculated for shear waves an acoustic.mean free path
only one third that for electrical conductivity. The factors of 1.2 and
1.8 obtained from Ai - .1% Zn background runs at 30 MHz were used for

all other conductivity calculations based on attenuation.
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II. EXPERIMENTAL RESULTS

A. Séope of the Measurements

Ultrésénié‘attenuation and velocity were meaSufed befofe and after
electron irréaiétion of Al-Mn, Al-Fe, and Al-Zn allo&é. In addition‘to
the electriﬁél COnduc;ivity—depgﬁdentlattenuation'Aiséussed earlier, éwo
'distinct tyﬁgs;qf effects were obseivedll"By analqg§ With relgted
ﬁagnetié effeéts, the éléstic'effeéts-afe describedvas diaelastic and
paraelastié ﬁhenomena: |
| In gepérél; aniexternallyAappligd strain field Qill induce a polari-
zation of.cf&stél defecpsf The response is despribéd:by the diaelastic
polafizaﬁility of fhe defeété. For é large crystél'ﬁith méﬁy defects,
the polarizé@ioh responée leads to a reduction of‘thé elastic constants.
The effect~is Eharacterized by temperature and frequéncy independence
in the range of these measurements.

In addition, a low symmetry defect will give fise to a permanent
elastic dipoiélmoment. In an unstrained crystal,'tﬁe elastic dipole
may be orierited along any of the equivalent crystal directions. In an
externally épplied strain field, some of the orientations may become
energeticaliy}févored over the others. Then, througb,thermal excitation,
the dipoles Qill tend_to make transitions to the favdfed directions.

For a large crystal with many defects, the response again leads to a
reduction of-thé elastic constants. This paraelastic process also gives

rise to an attenuation. The temperature and frequency dependence of
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the modulus and attenuation are given by the well-known Debye
equations:

AC _ R 1
Lz s » (8
-?« T1+ wzrz : : '
R WT SRR
A= R ) B N

1+ wT

where C is the elastic constant, A is the logarithmic decrement, R/T is

the relaxation,strength, w is the frequency, and T is the relaxation

‘time constant.. The decrement is related to the experimentally measured

attenuation, a, by the standard relationgé/

A= 0.115 alf S - (8)

" where f is the frequency in MHz and o is measured in dB/USeé. The measured

change-in the resonant frequency, Af, is related to :the modulus change

-by Eq. 2, apd; since f is given by Eq. 1, it is also related to the

change in sdund*velocity, Av, By

O MEJE < av/v - AL/L. ) s BT

_For a thermally:actiyated relaxation, T is given by

.—l .uj: . e_H/kT (10)

T-;_\)O

where Vo ista‘frequency factor and H is the activation enthalpy for the

36/

reorientation process. The relaxation strength can be expressed— as
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R'= 1BeC v, (8X) 2/kT . Cau

where B8 is a numerical factor of the order of unity, ¢ is the atom

fraction of:defects, C is the appropriate elastic constant, Yo is the

atomic volume, and SA is the difference of some principal values of the

A-tensor which describes the strain produced by the defect.
Paraelastic effects, therefore, give rise to peaks in the attenu-

ation as a function of temperature and to dispersions in the modulus as

-a function-of';emperature. Diaelastic effects also give rise to modulus

changes. ‘HoweVer, they are easily distinguished by their behavior as a
function o% temperature. Further details and estimates of the magnitude
of both theAdiaelastic polarizability and paraelastic relaxation
strengths fér-Qérious defect cdnfigurations and ultrasonic propagation
modes are pfesénted in part IIL.

Table I.is a list of the éuns that were done in the order in which
they were performed. The first line on the table is from thnsonl/ and
is includedif@r comparison. The total dose is given as the iﬁtegral of.
the beam_cufrép; that was measured at the current>fla§; This number is
presented és aﬁ accufate measure of the relative4695eibetween the
various runsAana is not intended to be an absolute méaéure of dose.
fhe concenffatién of defects is determined by bthef means, to’ be
described léfer;

In Table'iI,:the results of four methods of detefmining the alloy
concentratighé are presented. The results for the Al-Zn alloys are in

good agreeﬁent with each other. For the Al-Mn alloy, éhemical analysis



" Table I. Summary of irradiationnruﬁs
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. ' Ultrasonic -
Ultrasonic  Propagation Sample Total Resistivity
3 RUN " Sample Mode Length Dose. Sample
: : (cm) (UA-hr)
—— Mn C' 1.20 71-4 M’ﬂ
I Fe Chs 1.35 ° 54.4 © Mn
11 Mn .C44 1.40 - 68.9 Mn
I1I Fe c' 1.30 67.1 Mn
Iv .lA Zn C44_ 1.15 ' 56f9 Mn
~ \' lan C44 1.36 93f8 Fe
VI .1%..Zn c' 1.26 88.3 Fe
’ VII 5% Zn c' 1.08  112.0 .5% Zn
VIII .5% Zn C,y 1.10 77.6 .5% 7n
Table II. Alloy concentration measureménts,(ét, ppm)
: Chem, . Resistivity Cht, C' B
Sample. . Analysis Sample Attenuation Attenuation
Al-.1% Zn 920 — 1100 .. 900
Al-.5% Zn. 4800 4100 4700 - 4730
Al-Fe 150 80 42 4t
Al-Mi . 800 650 810

570
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of a number of samples cut from the original boule revealed a consider-
able variation in cdncéptration over the length of the crystal. All
four reported values are fbr different Al-Mn speéimens, and the
variation méyfrepreSEnt real concentration diffeféﬁces.. For the Al-Fe
samples, hpwever, the discrepency between the chémicél deéermination
and the'resi$taﬁce determinations indicates that only 1/3 to 1/2 of

the iron isAin‘solution. The agreement between ;he:two ultrasonic
determinati&ns (both using fhe same sample) is goﬁd. -Concentration
variations may &gain account for the difference bét&een the ultrasonic
and resistiﬁity'sémple determinations.

Many poééible models for defect configuratiohé‘qap be excluded by
symmetry argdments based on the observed crystal Qriéﬁtatibn depgndence
of the pargeiastic and diaelastic effects. waevér,la detailed compar-
"ison with ééépific defect models requires a measuremeﬁtAof the magnitude-
per-defect of thé radiation-induced elastiC»effecﬁs.' For this reésbn,
the to;al déﬁagé‘concentratibn was monitored using fﬁé standard
teéhnique of meésuring changeé'in electricgl resiséivity. This technique
relies on ;he‘assumptidn'that each F.P. defect iﬁgfe;ses»the resistivity
by a fixed;éﬁéuﬁt. This assﬁmption has some theoréticalézl and some
experimental%Z/Abasis. Howg&er, there is réason to belie§e that trapped -
interstitialgvgffeét the resistivity differentiy than.isoi;ted inter-

8/

stitials. Takai, et al.=' have calculated, that the resistivity con-
tribution of various configurations of self-interstials, even, can vary

by about a factor of two. Experimental measurements in this area are

iacking. Dworschak, Mbnéau, andIWOllenbérgerlél recently discussed the
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problem and came to the conclusion tﬁat the use of the standard value
fbr pure aiuminum, 4 YQd-cm per at. 7 F.P., should 1eéd to a systematic
error for defect concentration no larger than 25%. For these reasons,
the sﬁandard:value was used to measure defect ?oncentrations throughout
the present work. |

" Damage rates were determined from radiation-induced resisitivity

" changes. Fair agreement was obtained between ultfasonic and electrical

resistivity measurements. In Table III, the results are presented.

‘Table III. Damage rate measurements (F;P. ppm/HA-hr)

Resistivity Csuy - c'

Sample Change Attenuation Attenuation
Al-.1% Zn . -— .23 - .31
Al-.5% Zn' .34 S .37 .20
Al-Fe 12 —_— 1

Al-Mn .11 e —

The high resistivity of the Al-Mn samples precluded an ultrasonic deter-
mination for those samples. The numbers quoted are cotrrected for the

thickness of the ultrasonic samples and are normalized to the total

20/

iﬂtegrated Béam current. Agreement with publiéhéd——' damage rate
méésurements fo? Al-Zn isAgood when the rates are.ﬂqrmalized to flux
by”dividiné By én incident beam area of about l,3'cm2.

The diffefence between the damage rates found in the Al-Zn alloys

and those found in Al-Fe and Al-Mn is striking. The average value for

‘
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Al-Zn is 2.3 éimes larger thgn that for Al-Fe or Al-Mn. The difference
| is probably due to the high concentration of the zinc alloys. Thé iron
| . . impurities, in much lower concentrati&n than the zinc, will trap only
those iﬁteisﬁitials which escape recombination with their own vacancies
and freély migrate in stage Ie. The zinc impurities; on the other hand,
are presenﬁ iﬁ such high coﬁcentration that they may trap additional
interstitialé‘that would otherwise recombine witﬁ their own vacancies
ip‘stage Id.x Evidence for this interpretation is provided by the stage
z I resistivity-aﬁnealing measurements of Snead and Shearingl/ which show a
reduction of the stage Id aﬂﬁealing peak at’high impufitf concentration.
The reasonﬁfof a difference in the damage rate for Al-Mn and Al-Zn for
the same cdﬁcentrations is not known. However, similar differences

39/

were observed in resistivity studies™' of neutron damage in Al-Mn and

Al-Zn.

B. Al-Mn Resqlts

Because the attenuation peaks observed by Johnson in the C,, mode

in Al-Mn are small and near the system noise 1evei,'it was decided to

repeat the C,, measurements. The 10 MHz C44 results with background

44
~affects subtracted are shown in Fig. 6 along with .Johnson's €' results
" for comparisom, (The defect:éoncentration has been normalized to 5 ppm

F.P.) Basicaily, the C results are in agreement with Johnson. How-

44
- ' - ever, improved measurements were made of the activation energy and

:frequency factor for peak 4 (168K at 10 MHz). Also, the annealing

. , behavior of peak 4 was more carefully measured. The results are shown
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Figure 6. Ultrasonic decrement at 10 MHz for C' and C44 modes
with background subtracted. The dotted-line is a
" correction for annealing. [C' measurements from

Johnsonl ] . o -
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~in Fig. 7, an& are also included in Fig. 8, which is a summary of the
anhealing.éf‘the resistivity-énd of Ehe C' peaks given by Jﬁhnson.

The measurements on a simultaneously irradiated resistivity
sample allpﬁedAfor aﬁ improved determination of damégé concentration.
The revise& characteristics éf the attenuation peéks are summarized in

- Table IV where‘H and Vv, are detérﬁined from an anélysis of the tempera-

0

ture shift of the attenuation peak with ultrasbniéffrequency. From the

Table IV. Characteristics of attenuation peaks

in Al-Mn
Peak ;’. Tn | H Vo A RTm
Number . (10 MHz) (meV) ' (sec_l) ?/C (103K)
1 21K. 20.6+2.5  1072:0%-6 Az‘;_.o 0.17
2 51K 7345 10t4 122 30 3.10
3 C 8.5k 138+2 1012'?31 102 24.2
L 168K 164410 1011223 g6 25.5

Debye equationé, one notes that an attenuation peak occurs when wT = 1.
For a thermally. activated process, then, the shift in peak temperature
"is given by - -

1ol e, o
Tl - T2 = (k/H)lnSwz/wl) ' ‘ (12)

where H is ﬁhe'activation enthalpy and Tl(TZ) is the peak position for
an ultrasonié frequency of wi(wz). Then, Vg can be calculated using

Eq. 10.
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Figure 7.

ThHe decrement for the C44‘mode at 10 MHz with ‘the

background subtracted following 10 min.
the 1nd1cated temperatures.

anneals at
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Figure 8. ’Aﬁﬁealing of Al-Mn peaks and resistivity. Each point
is plotted relative to its post-irradigtion value..
[except for peak 4, data from Johnsonl |
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Also in Table IV, values are reported for Am/C, the relaxation

peak maxima per unit concentration of F.P., and for RTm, the temperature
compensatéd relaxation strength.
Resistivity sample annealing data were recorded and are presented

39/

along with data from Cerésara, g&_gl#—— in Fig. 9. Also reported in
Fig. 9 are'measurements of the normalized relative diaelastic modulus
changes in the C44 mode fqllowing annealing at sucqgési&ely higher
temperatures. For completeness, Johnson's diaelastié.measurements were
adjusted séméwhat for damage concentration and als§ ploﬁfed in the
figure.

In summary, the additional results have allowga some refinements
to be made'én-the values reported by Johnson, but the eséential problem
of identifjing'the‘defect'configurations that give rise £o the para-

elastic and diaelastic effects in Al-Mn still remains.

C. Al-Fe Results

Measurements of the'logarithmic decrement before‘and after
irradiation; for 10 MHz and 30 MHz, and for botﬁ'the ?' and C44 acoustic
modes are prgsented in Fig; 10. No correétions fo?'damagg concentration
UL bacggrogﬁd.shiftsAhave geen applied. Thae steeﬁly ﬁloping bharkgrnund
from 10K té 60K provides a sensitive measufe of the sampie conductivity.
After irradiétion, the change in the background due to the reduction in
conductiviﬁy-by_the'radiation—induced defects is é?iaentAespecially
at the lowesg_temperatures. The steeply sloping Baékéround, however,

made it difficult to extract the decrement for relaxation peaks between
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Figure 9. Annealing of Al-Mn resistivity and relative diaelastic
médulus change per unit conecentration F.P. -

[C','Cll, B data from Johnsonl/]
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Figure 10. The measured decrement for Al-Fe at 10 and 30 MHz for
. the C44 and C' modes. Dashed line is before irradi-
""ation; solid line, after. ’
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20K and 60K: Three peaks are clearly discernable in the C44 mode'near
19K, 42K,:ana 95K at 10 MHz. One peak appears in the C' mode near 21K
at iO MHZ.:. | :

In Fig. il, the background décrement has been subtracted off and
the-damage concentration has been normalized to 5 ppm F.P. In the

figure, decrement ﬁeaks observed in the present work are shown along

19/

mode results of Rehn;.gg_gl;—— The peaks observed in the

44

pre$ent work are labeled la, 1b, lc, 2, and 4 as 'in the figure and in

with the C

éccordance.with the labeling scheﬁe of Rehn, E£.§l~' The C' peak, lc,
was not discernable in the tofsio; pendulum measuréments. Also, peak
lé, which was first observed in the C44 mode after 170K annealing, was
not detected by Rehn, et al. Peaks 3 and 5 reported by Rehn, et al.
were not détééted in the ultrasonic measurements. -

. In Table V, the Al-Fe péak characteristics obtained from 10 MHz
ultrasonic-ﬁeasurements and from Rehn gg_gl; are’S#mmarized.

The laréé temperature shift ﬁetween correspoﬁding attenuation
peaks obsnge&'by the two techniques arises from“thé_large differenée
in excitation frequencies. Using Eq.‘10 and Eq. 12 aﬁd the peak
temperaturés.ffom the torsion pendulum and ultrasonié measuremeﬁt,
accurate vaiués‘of activation energy and frequency'factor can bé
determined. Also,'the same parameters can be evaluated using tempera¥
turgﬁshift.daté.from 10 MHz and 30 MHz attenuatién; in Figs. 12, 13,
and 14, the~attenuétion data are replotted in a form suggestéd by

40/

Nowick and.Bérry—— that allows for an accurate determination of the

temperatureAshift. In Table VI, the results are listed for three
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Figure 11. . The decrement in Al-Fe for the C' and C44 modes. The
background has been subtracted and the damage concen-
tration has been normalized to 5 ppm F.P.. '
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Figure 12. 'Aler peak 1lb shift with frequency. The  decrement with
" background subtracted is normalized to 5 ppm F.P. and
multiplied by temperature.
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Figure 13. Al-Fe peak 4 shift with frequency The - deerement with
".background subtracted is normalized to 5 ppm F.P. and
mult1p11ed by temperature.



120

~Tehperd1ure (K)
100 90 80 70

57

T i 1

'A‘I—.Fe

, '_jC44 .
—— |0 MHz
——~ 30 MHz

0 Il 12 13 14
100/T(K)

1.5

1.6




58

Figure 14. Al-Fe peak lc shift with frequency. The decrement with
background subtracted is normalized to 5 ppm F.P. and
" multiplied by temperature. :
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Table V. Al-Fe peak éﬁaracteristics 

beak T T 5JC BC " RT_x10-3 RT_x10-3
Number (2572 Hz) (10 MHz) (25.2 Hz) . (10 MHz) }(25.2 Hz) (10 MHz)
la - 12K - 71 - 1.7
1b 8.0K. 18.7K 390 924 3.12 34.6
e - 20.5K - 258 -- 10.6
2 19.58 43.5K 23 66 - 0.45 5.7
3 32.01( - 45 - _1,'4 -
4 Azﬁsx, 97.4K 190 200 8.08 39.0
'vTéble VI. Al-Fe activation energies’énd
-frequency factors :
H(meV) \)o(s'l) H(meV) vo(s'l) _ ;'H(meV) vo(s‘l)
Number _ (25.2 Hz - 87.7 Hz) (10 MHz - 30 MHz) (25.2 Hz - 10 MHz)
1b :iitA sx101953 1342 102033 s sers 10t2-0%4
le : 45;» B 13,544 1otl-1Hl  ,'___ L
2 29¢6  1x1010%2 — - 3942 1012-3+.3
3 sopiz 1xiotiE2 —-- - — -
" o 1242 80+3 1ot1-9%. 2. ot2- 1.1

82412 1x10

determinations of the peak activation parameters. The . low frequency

data are-frbﬁ Rehn, gg_gl.

An examination

that the ultrasonic

of the errors reported in Table VI clearly shows =

data provide a superior measure of the frequency
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factors. Thé'improvement is inherént with measurémeﬁts that are made at
: frequencies:Closer to vo. Some iﬁp#éﬁement is gisovreported in the

' ultrasonic.detérminations of H. ihat improvement ;e;ults mainly from
better measu;eﬁents of the temperature shifts of the peaks with
ffequéncyf. '

The annealing of peaks la and 1b is shéwn in Fig. 15. The increase
in the'eléqtfiéal conductivity background attenuationlas the defects
anneal duf is evident atslow temperature. The suddén appearance of peak
la after the:iSOK anneal point is interesting. _HOWeQer, the growth of
the peak could not be correlated with the disappéaraﬁce of any other
peak or with.any_changes in the electriqal resistivity.

Fig. 16 shows the énnealing of peaks 2 and 4Awith the steeply
sloping ba¢kgrouﬁd subtracted off. Peak lc anneéliﬁg:data is presented
in Fig. 17. -Thé pre-irradiation background, again,»has been subtractéd
.off, but no c6rréction wés made for the change iﬂ tﬁe.condhctivity with
irradiation.” -

The apheaiing data for all\of the peaks obser?ed ultrasonically and
for an eleqtri¢al resistivity sample are summarizéd in.Fig. 18.  The
cufves show the normalized magnitude of each peak aftéf a 10 min. anneal-
at the indicatéd temperatures. The significance Qf'tﬂé diffetence in
annealing of ;he various peaks near ZéOK is in doubt. - Dﬁe to thé lérge
heat capacit& of_the sample holder and cryostat, éysfematic temperature
errérs of ébout 3K resulted from differential heating. Therefore, the

annealing béhaﬁior can be summarized by saying that all of the relaxation

peaks anneal?out in stage III, and probably simultaneously. No chahges




' Figure 15. Annealing of Al-Fe peaks la and 1b.
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Figure 16. -The annealing of Al-Fe peaks 2 and 4.
- has been subtracted.

The background
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Figure 17. Annealing of Al-Fe peak lc.

subtracted.

The baékgrodnd has been
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Figure 18._.A1—Fe annealing summary. R is the relati?e value of
each quantity to its post-irradiation value.
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in the relaxation peaks were found to be associated with the significant
resistivity annealing between 70K and 130K.
As 1nd1cated by the equations for a Debye relaxatlon, a paraelastic

attenuatlon peak is accompanied by a dlsper31on in the elastic modulus.

- The frequency data in Fig. 19 clearly show the expected step-like

. behavior of the resonant frequency. The pre—irradiation background

shown the normal temperature dependence of "the modnlnS‘above 25K. After
irradiatidn.end-in addition to the velocity dispersion, a large
temperature-lndependent frequency drop is ebserved at low temperature
that can be identified as the dlaelastlc effect

In Fig.;ZO; the paraelastic frequency change nes:been obtained by
subtracting 6f¥,fhe pre-irradiation temperature—denendent background
and the tempereCure-independent diaelastic frequency change evaluated
at 5K. Thedresnlting frequency change and attenuation neak fit the
Debye forn‘nieh.a relaxation strength that VEriesiinvefsely with
temperature.

Finally, diaelastic resonant frequency change measurements are

~ shown in Fig.téi as a function of annealing temperatnre. The tempera-

. ture independenee of the frequency change is demonsefated by 5K and 10K

:{measuremcnto bnd shows tlial thiete dre no releﬁétidn peaks below SK that
were not detecied in the attenuation measurenents.1'Tﬁe lafée effect

“observed in.-»t;h_eiC44 mode offers a clue to a possible:understénding of

the peaks in,AlfFe. Further discussion is deferred until part IV.
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Figure 19. The measured resonant frequency of Al-Fe before and
after irradiation. (f0 = 11, 000,000 Hz).




- 12000

11000

~ 10000

£.¢ 9000

8000 | -

7000

6000

72

"““ Before | I“rr:adiqtion
- —— After Irradiation

2 16 20 24 28 32
Temperature (K). -

36 .




Figure 20. AAl—‘vFe peak 1b decrement with b.ackground subtracted
: .(solid line) and the relative frequency. change (dashed
" line). ' : _ ‘
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Figure 21. " Annealing of the Al-Fe frequency change-for C' and Cuy
: modes. fb is the pre-irradiation resonsant frequency.
-Data’ taken at 5K and 10K.. L
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D. Al-Zn Results

Radiation-induced changes in ultrasonic velocity and attenuation
were measufed.in two Al-Zn alloys. The attenuation data for a nomlnally
.1 at. % alloy is shown in Fig. 22 for both the C&d and C' acoustic
‘modes and for both 10 MHz and 30 MHz excitation frequencies. The large
Values of.eleetronié attenuation observed in the background curves et
30 MHz were‘esed to calibrate the acoustic method bf:determining cen—
ductivity."The large changes in the electronic attenuation following
ifradiation:afe especially evident here because the radiation-induced
resistivity-cmehge is a large fraction of the total mesistivity.

Two peaks in the attenuation are clearly diseepmable. One peak,
near 5K at.iO MHz, appears in the C' mode and a second peak, near 100K
at 10 MHz, appears in the C44 mode;

The same two peaks also appear in the measurements for a nomlnally
5 at. 7 alloy’ shown in Fig. 23. The 1rradiatiom temperature, however,
had been reduced to about 55K for these measurements compared to about
70K for all ef'the earlier measurements. In these measurements a third
attenuatiom peak is observed that disappears followiné a 75K anneal.
The peak is eﬁaracteiized by a broad but very smali attenuetion from
about_SK teAebout 4UK. .

Fig. 24 shows the large, non-classically shaped C' peak in Al-.1%
Zn foiipwimg'suecessive lb min. anneals at the indieated temperatures.
A prominent. feature is the unusual increase of attemuation at low
temperaturesi ;A superposition of two Debye peaks'feils to fit the

observed attenuation and, also, fails to predict the change in the




Figure 22. The measured decrement before (dashed line) and after
(solid line) irradiation of Al-.1% Zn at 10 and 30 MHz

1
fo?AC and C44 modes.
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Figure 23.,1The‘measured decrement before (dashed”line) and after
. “(solid line) irradiation of Al-.5% Zn at 10 and 30 MHz

Vel
for:-C' and C44 modes.
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Figure 24. Annéaling of Al-.1% Zn peak 1.
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shape of ;hevpeak as observed at 30 MHz. The entire attenuation peak
is observed to>anneal out together indicating that é single defect’
‘species islinvdlved. The corresponding data for Al-.5% Zn appear in
Fig. 25. The distinct difference in the shape of the peak below 4K
for the twé:alloys is interesting and will be discussed in detail
later. Thé more complete annealing program results.in Fig. 25 reveal
a small ne& peak near 3K that grows in following é.lﬁoK anneal and
that disappeargfin stage III.

The peak in C,, was observed to anneal out as it was being measured.

44 ‘
Therefore, it was possible to perform isothermal'annealing measurements.
The_resultsfafe‘shoﬁn in Figs. 26 ‘and 27. 1In Fig..26a, a pre-irradiation
background éuf;e is shown for Al-.1% Zn. The curVéHmarked with arrows
shows the attéhﬁatioﬁ that was measured while rampinétup in temperature
. at l'deg./min.Limmediately folléwing irradiation. At 100K, the tempera-
: fure ramp was~ﬁalted, aqd the attenuation was obser&éd to decréase
almost'tovthé packgrouhd level during a 10-minute anneal. The fime
dependencejqf the drop toward the background value ié'presented on a
Asemilog. plqt'iﬁ Fig. 27. The straight line fit inaicates theAprocess
to be nearlyféxﬁogential. Similér data is presgntéd'fof the .5% alloy.
In ;his case;Aan.éttempt was made to measure the Bindiqg energyiand'
fréquency féctééfby performing i;othermél anneallihg measuremeﬁts.atA
three differént'temperatures. ' The time dependence of fhe threejanneél—
ing curyesAiS}Aiso shown in Fig. 27. Fig. 26b sho&s:fhe attenﬁation
‘measured in each alloy after irradiation and duriﬁg.the initial scan at

1 deg./min.”ovét the peak. The background has been”éubtracted and the

damage concentration has been normalized to 5 ppm F.P.




Figure 25..‘Annealing of Al-.5% Zn peak 1.
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Figufe 26. Al-Zn C,, decrement.

B
" normalized to 5 ppm F.P.

44

(top) Background decrement and decrement on first
ramp up in temperature at 1 deg./min.

‘(bottom) Same with background subtracted and re--
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Figure -27. . Time dependence of isothermal annealing'of Al-Zn C

decrement. 44
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In Table VII, the characteristics of the Al-Zn peaks are summariz-
ed. Peak 3 has been extracted from the measurements by assuming a Debye

form and correcting for annealing.

Table VII. Characteristics of Al-Zn peaks

T RT

Peak m o m

Number (10 MHz) Am/C (103K)
0 2.5K 2 ool
1 4.9K 67 .66
2 30K 3.6 | .2
3 | 103K 26 ‘ 5.4

Velocity changes were measured from 2K to 30K at 10 MHz for both

‘alloy concentrations. The resonant frequency measurements for the 0.5%

alloy are shown in Fig. ?8 for both before and after irradiatiom.
Following irradiation, two effects are clearly visibie. First, a large
and tempefature—independént reduction in frequendy'is easily discernable.
Secondly,lé'large paraeléstic dispersion associated WiSh attenuation

peak 1 is:evident. The two effects can be separated fairly easily by

‘extrapolating the T'--l dependence of the'paraelastic fréquency dispersion.

The procegs.is simplified by replotting the freqﬁency change as a function
of T—l as_showﬁ in Fig. 29. The temperature independent part of the
frequency chénée, then, can be used to qalculate'the diaelastic modulus
change using Eq. 2. (Hegg, no corrections have been applied for

radiation-induced length changes which contribute about 5% of the
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Figure 28. . kéSQnant-frequency of Al-.5% Zn before and after
' . irradiation. (f0 = 10,800,000 Hz).
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measured freduency change.). The frequency changé‘is correlatgd with
the attenﬁafion measurements, also, in.Fig. 29, A similar plot for
the 0.1% ailoy is shown in Fig. 30.

The teﬁperature—indépendent‘part oflthe freqﬁency change with
ifradiation iS‘shown in Fig. 3i as a function of.anheéling temperature.
‘Included aﬁeiheasgrements for CAé,and c' acQusti¢{m0des for both alloy
concentratiéﬁs;; All of the dafa have been normalizéd'to a defect con-
centrationtof.S ppm F.P., Partiéularly interesting_is.the large aniso-
tropy of thé:effect and the observation of a 1arge'chang§ in the C44
effect near 140K.

In Fig:-32, the annealing data is summariZed for each of the
attenuation:peéks, fqr‘the radiation—induqed reéiétiyity, and for the
Cra diaelastié éffe§t. The simultaneéous annealidg ﬁéér 140K of peak 1,
most of th"e'.,.C'A'4 diaelastic modglus change, and a large part of the

resistivity cHénge'offers strong evidence for a close correlation of -

the effectS‘and:leads to the interpretation outlined in part IV.
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Figure 29. ‘Aij.SZ_Zn peak 1. Decreﬁent at 10 and 30 MHz and
frequency with background subtracted.
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Figure 30. Al-.1% Zn peak 1. Decrement at 10 and 30 MHz and
-frequency with background subtracted.
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Figure 31. Anriealing of the resonant frequency of Al-Zn. The back-
ground has been subtracted and the result renormalized

to 5 ppm F.P.
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Figure 32. ' Summary of Al-Zn annealing. Peak 3 data is based on
~isothermal annealing measurements. [Resistivity in-
crement from Snead and Shearin.zl/
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ITI. THEORY

. A. Classical Theory of Elastic Dipoles

Before.;ontihuing with an interpretation of Ehe §xperimenta1 re-
sults, itiisfnecessary to discuss further the paraelasticland diaelastic
effects thét:érise from point defects. Here, we sﬁéll concentrate on
particular models for defect configurations, énd we Qill predict effeéts
to be observeé.in ultrasonic velocity and attenuatioh measurements.,

The theor?_for paraelastic relaxagion effecté hés‘been reviewed by
Nowick and Bgrfy.ﬁg/ Surrounding a point defect in a cryst§l is .a local
field of elaétié distorﬁions. If the aefect has a lower symmetry than
that of the crystal, then the strain field producéd by'the defect will
have a ”diﬁdlar" character. Depending onlthe symmétfy class of the
dgfect and ‘that of .the crystal, there will then exisg;a number of equiv-
alent possi#ié}orientations for the dipole to assume.’

An_extefnaiiy applied strain can *interact witH:the dipole through
the strain fieia. For"certain externally applied‘strains, some of the
possible dibélé orientétions may become energeticgll§ favored over the
ULlluﬂL's,:aud.-:Llll_éiL;ually é;LLvaLed transitions to the flavbréd orientations
will occur. :Wﬁeh thg éxternally applied strain islan Qltrasonic wave,
the reorientatién process gives rise fo an attenuatioq and a change in
the éound veiocity. For a crystal and a defect of éi&én symmetry
classes, Nowicklénd Berry have shown that, on the baéis of‘symmetry

arguments, certain externally applied strains can and'others cannot
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induce transitions. The resulting '"selection rules' show, for example,
that in a cubic crystal with tetragonal defects, relaxations may occur
in the C' acoustic modes but not in the C44 acoustic modes. In
particular, for an FCC crystal with <100>-mixed dumbbell defects,

relaxations may occur in C' modes but not in C44‘modes. For an FCC

crystal with <111> split defects, relaxations may occur in C44 modes

but not in C' modes.

The strength of the possible relaxation processes can be calculated
if the strain'field produced by thé'defect is kno@n. It is convenient
to descriﬁe:thé‘strain field with the so-called "A-tensor". Then, the
general forﬁ for relaxation strength is as given iﬁ Eq. 11. A different
but equivalent treatment of elastic dipole theoryidescribes the defect
strain field with a "dipole-tensor" that is simply,felated to the
A-tensor thrpugh elastic constants.

The dalculatiop of the A-tensor fo; speéific défect configurations
is a diffiéult'problem which is best handled numeriéélly. Dederichs,
et al;l&/ have used a computer éimulation technique to calculate the
dipole-tensor for vérious configurations of self—intgrstitials in copper.
Their calcqlatibqs are based on three different“modelé;fof thevinter-
atomic potentiél. Whether or not their results can be extended to the
aluminum lattice ;s in question.” However, this.is-qftgn doné;»and in
fact, radiatioﬁ damage results in aluﬁinum are ﬁery_similgr to}?hose
found in copper.

Theirifesults show that the <100>—split—dumbbell'is a nearly

isotropic configuration, and should, therefore, give rise to a relatively
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small relaxétion peak. On the other hand, the <110>-split, the crowdion,
and the <111>-split configurations all produce large distortions along
certain <lIO> directions. The result is that for theSe configurafious,
the dipolgftéﬁsor is highly anisotropic and strong relaxation peaks are
to be eXpé;ted. The prediction of this calculation for the strength of
a <100>—spl{£;dumbbell relaxation process is in quaﬁtitative agréement

12/

with the strength of the process observed by Spiric et al.—" in pure Al.

No calculated values of the dipole-tensor have been published for

interstitials trapped at impurities. However, certain qualitative pre-

dictions cén bé'made. For interstitials trapped at higﬁly undersized
impurity atoms, Dedgrichs' trapping model predicts ‘that the impurity
will occupyfthe octahedral site; Thus, the dipoleéténsor is isotropic
and no relaxéﬁions are expected.. For in;erstitials'tréppéd at slightly
undersized»imﬁuritiés, the possible'trapping configurations are small
perturbatiohé éf the isqlated interstitiai configurations. Thus, the
qualitativé.érgumgnts.based on geometrical coupliﬁg'go <110> chains of
atoms carry 9§ér to the trappea configurations as welip The <100>-mixed
dumbbell shéuid give risé to weak relaxation peaks in the C' acoustig
modgs, while the <lll>—mixed'def¢;t should give rise tb strong'peaks in
the:i(,‘44 acoﬁé#ig gode. |

An exférnally applied strain field may also iﬁ;eract with'é crystal
defect by-iﬁauciné‘a polarizatiogLof the-defect.nﬂfhe interaction may be
characterized-by the ”diaelastic‘pblarizability"fof the defecﬁj The

interactionlleads'to a reduction of the elastic constants and, hence, to

e . 14
a reduction- of the sound velocities. Dederichs, et gl.——/zhave shown
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that vacancies and substitutional defects are expected to produce only
very smali chénges in the elastic constants. However, large and negative
changes a?e expected for interstitials. |

'Dede?iéhs, et al. have alsé shown that the expected magnitudes of
the changeé in the elastic constants are governedlﬁo a large extent by
a set of "sglection rules" based on symmetry. The:<100>—dumbgeli, for
instance,:is expected to lead to large changes in ghe C44 elastic con-
stant. A:siﬁpie qualitative argument demonstratés that this result is
reasonablg.A‘First, using standard resultsﬁg/ fr;m elasticity theory,
it is easy to show that in a cubic crystal, the elaétic modulus for a
longitudiﬁél wave propagating in a <100> direction is Cll =B + (4/3)C'
where B'is the bulk modulus. Also, for a 1ongitudinai wave propagating
along a <1ii> direction, the'modulus is B +<(4/3)C44.‘ Thus, since
hydrostatic-stress cannot induce a polarization éf!aefects, the affect
of a C' straiqion polarization will be similar to thét of a compression
along a <ldd5-direction. Likewise, a C44 strain Qiil be similar to a
<111> compression.

Now,'fbf a <100> dumbbell, the effect of a C' s;rain is to compress
the dumbbeli along its axis. For such a strain,.vefy'small lattice
distortions,ﬁésult. On the other hand, a.C44 strgin:will tend to rotate
a <100> dumbbeil towards a close packed <110> dirgétibn. fhus, large,
long—range'diétbrtions are expected along certain'giiQ; directions, and
therefore,;é’large induced polarization results.

For ai<111> defect, a C strain will tend to compress the defect,

44

and a C' strain.will tend to rotate it towards a <110} direction. The
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interestiﬁg result, then, is that the anisotropy of the changes of the
elastic cénstants can be used to distinguish the presence of <100> and
<111>-type defects.

A calqulgcion of the diaelastic polariéability of specific defect

configurations -is also best done with computer simulation methods.

- Dederichs, gﬁ_gl;iﬁ/ have calculated the change in the elastic constants

for vacanéiés énd <100>-split dumbbells. Their numefical results are in
agreement with the qualitative description just qutlined.

In sumﬁapy, if <100> defects are introduced iﬁ;o a crystal, then
relatively weak paraelastic relaxation processesAére.expected in the C'
acoustic moae; and a large diaelastic drop of the.mpdﬁlus is expected
in the C44 mdqg.. On the other hand, if <111> deféé?s_are introduced,
then strongjpﬁraelastic relaxat;ons are expected in C44’ and a large

diaelastic modulus drop is expected in C'.

B. *Tunngliﬁg'éffects

The observation of a strange, non-classically shéped peak at low
temperatures ihlAl—Zn prompted an investigation in;oiéhe possible effects
of defect tunneiing on elastic measurements. A basisffrom which to

build has been provided by the extensive work in'récént yvears on the

tunneling ofxoff—center impurities in alkali halides. However, the

available theory has been developed mainly for electrical and magnetic
effects, and does not deal with diaelastic effects, nor does it yield
useful relations for the paraelastic acoustic attenuation and velocity

changes.
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Before continuing with a dicussion of possible tunneling effects,
it is instructive to consider a simple, purely classical model for a
particle in a .one-dimensional crystal. The potential in which the

particle is :assumed to move is a double harmonic well‘potential

‘V4=AV = lk (x+x0)2 for x < 0

.VB = §k (x—xo) for x > 0.

Classically, the particle may sit in either well and the permanent

dipole moment for the defect is just x For a large crystal with many

0

such defects,'tﬁe average dipole moment, M is givén by
M= c,(-x) + cp(xp) (14)

where Cp and'QB are the concentrations of defects in which the impurity

is sitting'in.well A (negative x) and in well B (pOsitive X), respec-
tively.
If an thernal force of magnitude F is applied in the negative x

direction, then the potential will be changed to

Vj% —;'k(x+x0)2 - Fx for x < 0
(15)
= eew V2 _
= 2k(x xO) Fx for x > 0.

The application of the force has two effects on the<§btential. First,
the position of the energy minimum of each well ié shifted in the +x
direction by.F/k. And second, the energy minimum of well A is raised

to



_ _ n2 :
EA —’ Fxo F°/2k (16)

while the energy minimum of well B is reduced to.j

' 2, ,
By - ~Fx, - F /2K. o (17)

The dipole moment is now giVen by
M =;0A(—xo+F/k) + QB(x0+F/k) - (18)

and the thermal equilibrium defect concentrations are related by the

Boltzman factor

cp = cp expl(By-E) /Tl - (19)

If the total]defect'concentration is ¢ = CA + CB’ then the dipole

moment can be rewritten as

M= cx

X, tanh (Fxo/kBT) + cF/k. _ ' | (20)

The originAéfjthe two terms in Eq. (20) is-clear., The last term is an
induced diﬁdle moment that résults from the displacement of the two
wells by an~aﬁéunt F/k. This term is témperature iﬁdependent. The
first term-i@ oérongiy temperature dependent and afisés from the
-thermally acéiyéted repopulation of the wells upon application of the
force. Thé firét term will give rise to paraelastic effects, while the
"second term Wiil.give rise to diaelastic effects.

The déuble7§ell potentiai of Eq. 13 can also Ee used as a defect

41/

model in a full quantum mechanical treatment. Gomez et al.— have
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calculated the. energy levels of this system in the absence of external
strain, and they have shown that for a sufficiently weak overlap of the
harmonic oscillator states, the lowest energy states form a two-state

system with energies given by

=1
1

1/2 fiw + AO’
' (21)

E =1/2 hw - A,
where w =QVk/m, m is the mass of the particle, ahd.AO is a small overlap
integral.A

In an .externally applied strain field €, the energy levels will be

‘changed to

- (Aé+a2€2)1/2

iy
|

: (22)
E 1/2

2,22
- (Ao+a £7)

where now the zero point energy has been suppressed, since only energy
differences matter in what follows.

We tufn'now to a more general discussion of-thelrelationship
between‘éar&elaétic ultrasonic effects and the sﬁr;iﬂ{dependence of the

eénetgy levels. Later, we will return to the two-state model and make

‘specific predic¢tions of velocity and attenuation effects.

The change in elastic constant for a crystal containing defects is

given by

sc = (3%F/3e®y 5 @23
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where F isjthe Helmholtz free energy and € is an externally applied
strain. F is:given by the partition function, Z, and the defect con-

centration, ¢, as

o
I

(-KTg)nz SEE R ¢ A
where
A exp (-E, /KT), | - . (25)
i ' : !
|

and the sum is carried out over all the system energy states, of energy

E..
l .
The differéntiation of Eq. 24 can be carried out formally.. The

first derivative with € is just

OF/3e =% ¢ (3E /3e) ' - - (26)
B ¢ , . , : Co '
where Ci’ the éonéentration of défects in state i, has been substituted
for ¢ exp(4Ei/kT)/Z. Then, the change in the elastic constant is given
by

= 2 2 '

SC =% c.(37E,/3e”) + (3c,/3e) (3L, /3e). - (27)

Lo 1 i Siv i - :
This is the elastic constant change for thermal equilibrium, i.e.,
assuming that there is sufficient time for the concentration c;‘to ad-
just to its thermal equilibrium value for each straih €. ~The first
term represents the elastic constant change when -no concentration re-

distribution occurs. The second term then represents the change result-

ing from theArépopulation and can therefore be identified as the




relaxation strength for a Debye relaxation process. For an ultrasonic

strain, the second term gives rise to an attenuation peak and a dis-
persion inAthé velocity as described by the Debye eqdations. The first
term in the sum leads to a change in the modulus which, except at very
high-frequencies, follows the applied strain. For an ultrasonic wave,
the first term leads to a temperature dependent fedﬁction of the modulus
with no asdeiéted attenuation in the ultrasonic‘freéuenqy range.

Now, for'a specific example, we return to the‘#wo state system with
energy 1evéls:éiven by Eq. 22. The relaxing and nbn;felaxing parts of
the modulus cﬁange can be evaluated separately. Firs;, the result for
the relaxipé.pért is

2,22.1/2
252 ) (A0+0L £7)"7

_ 2 o
6CR = (-a”/KkT) 5 5 Sech T (28)
A0+0L€ .

arid second, -the result for the non-relaxing part is

2,1/2

: ) Aék’l‘ (Aé# a2e?)
6Cyg = (07 /kT) —5—5—5—=77 tanh KT . (29)
: (A0+a ) ‘

Finally, R‘=-SC/C is renormalized and plotted agéiﬁst the normalizéd in-
verse tempcrg;ﬁfe, AO/kT for various values of.the}ﬁbrmalized strain,

B = aE/AO- figé- 33 and 34 show the resylts for fhe;rplaxing and non~
relaxing partsfseparately, while .Fig. 35 shéws the resﬁlt for ?he total
modulus change:‘ Both parts of the modulus change show the characteristic
T_1 dependencé at high temperatures. At very low‘temperatures, the
population freézes iﬂto the. ground state of the sysgem; and the relax-
ing ﬁart musg‘go to zero. The non—relaxing1part,'ﬁbwéyer, remains

large.



Figure 33. “Relaxing part of normalized relative modulus change as
"a function of normalized inverse température for various
‘values of normalized strain. B
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Figure 34.

.Non relax1ng part of normalized relative modulus change
and’ normallzed time constant as a functlon of normalized

inverse temperature for various values of normallzed
straln.
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Figure 35. Relative.modulus change as a function of normalized.
. inverse temperature for various values of normalized
strain. ‘
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The time. constant T, for single .phonon aided and direct tran-
L : 42/
sitions in .the two state system has been shown— to satisfy a
relation of the form

Th= A 87 coth (A/kT) S (30)

where 2A is the energy gap, and A is a constant invblving lattice con-

stants. Intthis two-state system, A = /202 + azez,_so T is ginen by
the relatibn;:; |
N 1 @WraleHt2 |
AAAQT'é ” +a - )3/2 tanh T - (31)

The time constant has also been appropr1ately normalized and plotred
agaanst Tll in Fig. 34. The curves display the 1nterest1ng free21ng of
T to a constant<value at low temperatures. Such -a’ free21ng of the t1me
constant leads to a p0551b1e explanatlon for the strange shape of the
c’ peak in- Al “Zn.

The p0531b111ty of extending the ideas presentedihere to more

realistic defect models has been investigated. One interesting obser-

vation is that-the more complex models seem, in the long run, to lead
back to the two-state model as an appropriate approximation. For

example, a;fduréstate model with energies given by

E = - /A2 + oczlez

1 . 0
E, = - o€
E3”= + Q€

E, =+ /A% + o?e’




120

has been inveé;igated. The total modulus changeAis‘ﬁlotted in Fig. 35
along with the similar result for the'two—state sySfem. The similarity
of the resﬁltS'is to be expected since the high temperature limit is
given by the classical result which is the same for both systems, and
the low teﬁperature limit is deterﬁined by the grouﬁd state, WHich'aiso
has the same’fo?m for both systems.

41/

‘The formalism has been set up by Gomez,.gg_gl;—— for analjzing
three dimensional models. They have calculated the eﬁergy levelé.but
not the‘elaéfic'constants for 6-, 8-, and lZ—staté tﬁnneling models

including é%terﬁally applied strain. Further work in this area needs
to be done.  Hoﬁever, we have now developed a sufficient qualitative

picture of tunneling effects to return to a discussion of the experi-

mental results.:



IV. INTERPRETATION AND SUMMARY

A. Interpretation

The eXpérimental mcasurements reveal an ultrasoniﬁ atténuation
”spectrﬁm" that.is rich in relaxation peaks for each of the irrgdiafed
~aluminum alléis;' The complexity of thé spectra and‘tﬁe unique annealing
behavior of'éach of the relaxation peaks indicates that in each alloy
there existS»a'@gltiplicity of interstitial trappiﬁg:cdhfigurations.
Although the méasurements provide a characteriz;tioﬁ of each peak, it
has not pfovéd_?bssible to identify the defect geometfy:involved for
each of the rélaxation processes. Furthermore, iniihe cases of Al-Fe
and Al-Mn, it hé; not been possible to estimate the felative concen-
tration of éach defect species, nor has it been‘poésible to sebarate
out the diaelastic contribution of each defect. In'the case of Al-Zn,
however, thé~oﬁsérvation of simultaneous anneéling of‘paraelastic,
diaelastic,‘énd<fcsistivity effects in distinct stégés'allows for a more
complete chafééterization of eacﬁ peak, and leads the_wéy to a model forA‘
each defect céﬁfiguration. Many of the observatibns,Athough, remain
uncxplaincd.“:' |

In this ééction, we shall first discuss an intérpfetation of the
effects observediin Al-Zn. Then, we shall show how the‘interpretation
of Al-Zn leads to a possible interpretation'of Al-Fe tﬁat is consistent
with the channelling results of Swanson, et al. and, the Mossbauer

measurements of Vogl an Mansel.lé/
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The attenuation measurements made on Al-Zn immediately following
irradiation, Fig. 22, show that there are two peaks to be dealt with.

One peak appears in the C' acoustic mode near 5K. The other peak

44

ing a 10-minute anneal at 100K. Since Nowick and Berryig/ have pointed

‘appears in C .hear 100K, and has almost-completely annealed out follow-
out that a éiﬁgle defect can give rise to multiple rglaxation peaks, it
is importan£ to establish whetﬁer or not there are distinct defects in
Al-Zn. |

The meésurements in Fig. 24 of the annealing of fﬁe C' peak show
that the peékdremains nearly unchanged in strength asbghe C44 peak
anneals out, éhd,that the peak does not anneél out until about 140K.
Therefore, ‘each peak must be related to a distinctAdefecp. Furthermore,
the annealing behavior also reveals that the entire radiation—induced
attenuation théﬁge from 2K to 10K anneals out unifdrmly,.and so demon-
strates that a single defect species is involved_e?en though the shape
of the peak is highly non-classical.

With two Aefgct types to deal with, we must aﬁswerlthe question
of which defect;.if either, is present in predominaﬁt qbncentration,
From Table ViI} we nétice thét although the size of the attenuation
peak in 044 Iy émaller than that of the peak in C'{ ?hé'CAA peak is
nearly an 6fdexi§f magnitude larger than the C' peak when compensation .
is made for the'T_l dependence of the relaxation stfength (Eq. 11).
Also, according to Eq. 11 the defects that give rise to the CAA peak
are, therefore, either present in predominant concentration, or they

have a much lafgef permanent dipole moment than those defects that give

rise to the C' peak.



The anhealing of the diaelastic part of the_yeSoﬁant frequency
change, Fig;”31; provides evidence that the C' defect is in predominant
concentratipn.' First, immediately after irradiation, the change in the
044 modulus is_muchllarger than the change in the C' mpdulus. This is
the behavidr ekpected for a defect which leads to an attenuation peak
in C'. Furthermore, only small changes in the diaelastic measurements
occur during the annealing of the C44 peak, while o#ly.a small part of
the diaelastic éffect remains following thé annealing of the C' peak.

Further évidence that the C' peak defect is predominant is obtain-
ed from an examination of the resistivity annealing déta shown together
with the peak annealing data in Fig. 32. Only a small change in
résistivity is éésociated with the annealing of the C44 peak, while a
large change ié associated with the annealing of the'C' peak. -

If most'of the trapped interstials are present in‘the configuration
that gives fise to the C' peak, then their concentration is approximately
that determined from the resistivity change. Then, ﬁsing Eq. 11 and the
experimentalif‘méasured relaxation strength, the defect shape-factor can
be calculated, and the result is IGA' = 0.07.i .01 where the error comes
mainly from’tﬁe concentration estimation. .For cbmbafison withlother
measurementé;'thé result may be éonverted to an’"anisotfopy of the
dipole‘férce Féng6r", P, using

P,

ij " ’1{1 €158ty . (33)

The result is |&P| = .40 + .05eV. An isotropic defect has |§P| = 0, and

“the value cited by Spiric.gg_gl;lg/ for carbon in iron-is 6.0 eV. The




124

corresponding results from the computer calcnlations of Dederichs, et
a1.24/ are']63L,= 0.9 + .4eV for a <100>-split dumbbell, and [&P| =
10 + 4eV for av<1li>—sp1it configuration.

In sumnnry, the evidence is strong for identifying the predominant
trapping chfiéuration below 140K as a <100>—mixeq dumbbell. The
diaelastic moauius has the expected anistropy, and fhére is a paraelastic
relaxation péak3;ssociated with the‘diaelastic effect which appears in
the proper.acqustic mode and has the expected strengthlfor a <100>

dumbbell. Thé-experimental results are consistenf, also, with inter-

4

defects. Although their concentration is small, their(dipole moment 1is

preting the C 4:peak an arising from a.small concentration of <111>-mixed
large, and hénce; they give rise to a peak in the aftenuatibn which is
almost ten timgs stronger than the <100>-mixed dumbbeli peak. If one
uses‘the Dederinhs estimate for the dipole strength, then the.concén-
tration of the {ill>—mixed'defect is at least an o;dé; of. magnitude
smaller than that of the <I00>-mixed dumbbell.

Now, wg~tu£n Lo a discnssion of the curious shnpe of -the C'
attenuntiqn,neak. Fig. 30 shows the velocity and aftenuation measure-
ments from Zk ﬁo 20K as a function of T_l. At temneranures about 4K,
Lhie peak hasﬂtné expected shape and the velocity has:the expected dis-
persion and a:Tfl region. The continued increase of:éptenuation at low
temperatures after passing through a maximum is, hoWevéf, unexpected.

One_poséibie.interpretation of the increase at iow‘temperatu}e is

that there is a second relaxation peak at very low temperature. However,

that attempt fails on two counts: first, the rate of increase at low
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temperature ié too slow to be the edge of a second béak, and second,
the change in‘tﬁe shape of the peak on going from 10 MHz to 30 MHz cannot
be explained iﬁ ﬁhis way.

We are left with the interpretation that the péak is a single Debye
relaxation prééess. Now however, we no longer assume that thc time
constant, T, islgiven by a classical thermal activ;tion process, Eq. 10,
or that the relaxation strength, R, is given by tﬂe,ciassical result;

Eq. ll.- Inéteéd, the two parametérs are determined experimengally by
using the DeBye equations, Eqs. 6 and 7, and measuriﬁg the atéenﬂation
and velocit}lgt a fixed frequency or the attenuatioﬁ at two different
frequencies.-:

The‘resulfing values of T and R using both methods and both alloy
céncentrationsiéﬁe*shown in Figs. 36 and 37. For temperatures above 5K,
T approaches aﬁ4éxponential form as in the classical résult. Using the
classical fqrh;.fhe activation energy is 5.4 meV and the frequency factor
is 5 x lolzégc;l. However, at low temperatures, T ffeezes out to a
constant value of 2 x 10-8 sec. This behavior is sihilar to the freeziﬁg
out of 1 in the. two~state tunneling model discussea in.part ITI. It
represents thé‘témperature independent direct transition rate.

The reia#aﬁion gtrength ohown in Fig. 37 displays a sensitivily tu
alloy concentraﬁion" The result of higher impdrity cdqéentration is
“expected to?géfan increase in internal strain. Thé observed change in
R with concénf?agion can then be qualitatively understood with the aid
- of the results for the two-state tunneling model givéﬁ in Fig. 33.

The quélitative features of the relaxation strgﬁéth and the time

constant can be understood with the tunneling model. However, one

\



Figure 36. ‘Time constant derived from velocity and decrement measure-
. ments of Al-Zn peak 1. :
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|
|
' Figﬁre 37. :Réiaxation strength normalized to 5 ppm F{P- Derived
' - from velocity and decrement measurements of Al-Zn
_peak 1.~ L
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difficult problém arises.when trying to explain the alloy concentration
effect: the two-state model predicts that for the obéerved sensitivity
of R to conééntration, T must also be sensitive to concentration contrary
to the obse%Qations. In summary, a classical model is incapable of
explaining ;he experimental results. The two-state tunneling model does,
Héweyer, qualitatively display the observed'behavior,iand it encourages
the developmeng of é more complete quantum—mechanical”model.for an
iﬁpurity in'alﬁﬁfee-dimensional, six-well potential as well as“more
systematic ;ppdies of the strain dependence of the.éffect.

The key to understanding the attenuation peaks in Al-Zn was the

_observation of a large diaelastic modulus change in C and a much

44

smaller chgnge'in C'. 1In this respect, the resulté fér Al-Fe are not
so.differeng.from'thosé for Al-Zn. Fig. 38, which is a summar& of all
of the observéd.paraelastic and Aiaelastic measﬁremen;s, clearly shows
the radically differen£ relaxation effects obse?ved in the two alloys.
However, despite the facf that there are a number of very stroﬂg peaks
in the C44 modg? the anisotropy of the diaelastic effect indicates that
the predominanﬁ defect species should lead to relaxa;ion effegts in the
C' mode. In‘fact, there is a strong peak in C'. A pbssible-inter—
pretation, tﬁeh; is that as in Ai—Zn, the <100>fmixéd dumbbell.is the
prédominant defect. TheApeak in C' results from relaxation of the
dumbbell. The 944 peaks result from defects that are low in concen-

tration, and ones that have strong permanent dipole moments.

. 1 .
The earlier measurements by Rehn, et al. 2 were paraelastic measure-

ments on polycrystalline samples and one single crystal oriented for a
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&,

Figure 38. Summary of peaks, modulus change, and annealing for Al-Mn,
. Al-Fe, and Al-Zn. Decrement at 10 MHz with background
subtracted and normalized to 5 ppm F.P.
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Caa.mode. They‘obtained evidence for <111> symmetry*defects, but had
insufficient{sensitiyity to'resolve the smaller'<100> peak. Their re;
sults therefore.appeared to be in conflict with existing theory and
chennelling”end'Mossbauer measurements. Thebabove_interpretation of

the ultrasonic measurements, which identifies the smaller peak with the

predominant défect species, then resolves the apparent contradiction and

: restores.theleimple picturebof the <lOO>—mixed dumbhell as the major

defect.

This 1nterpretat1on cannot be extended to the Al- Mn measuremente
for two reasons: first, the diaelastic effects are only slightly

anlsotroplc,-and-second there is no satisfactory candldate for a relax--

ation peak assoc1ated w1th the caging motion of a <100>—m1xed dumbbell.

~The Al-Mn interpretation remains a mystery -and poses'a‘problem for

interstitial trapping models that are based solely on impurity size.

effects.
“B. Summary

1) The;ultrasonic technique has proved to be,a‘sensltive probe of
the properties of defects in irradiated aluminum alloys. The ability to

make 51multaneous measurements of resistivity and ultradonlc velocity -

“-and attenuation~has allowed the characterization of individual defects,

even when multlple defects are’ present.

2) Strong ev1dence is provided show1ng that thebpredomlnant inter-
stitial trapplng configuration in Al-Zn below 13OK 1s the <100>-mixed
dumbbell conflguratlon. The defect gives rise to an attenuatlon peak

in the C' acouetic mode near 4.9K at 10 MHz with a shape factor
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IGAJ = 0.12. Additionally a peak occurs in_C44 nearAIOOk thét arises
from é smailer éoncentration of, probably, <lll?—mixéd cénfigurations.
The shape qf.thé 4.9K attenuation peak and velocity .dispersion pro-
vide evidence.of‘defeCt tunneling.

3) Tﬁé observatiou of an attenuation peak iﬁ C; in Al-Fe that

19/

Qas not preQiéuély detectéd by Rehn, et al.=™ an&:the;measufement of
relative diaelégtic modulus changes pef unit concentration F.P. of -36
for'C44~and:—5 for C':rgsolves the apparent contradiction between the
internél.fri¢tioﬁ and channelling symmetry evidence; and allows for
an interpreeation.in terms of a <100>-mixed dumbbell which is consistent
-with previousffheory and channelling and Mossbauer measurements.

4) The rgsults for Al-Mn and Al-Fe are very aifférent from each
other. Sincehfe and Mn have siﬁilar mass and size Aifférenceé in the

aluminum lattice; this result is inconsistent with trapping models

based solely on size differences.
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