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Introduction

Phatemtran iPad is aue of the most dJithenh olemoents
to stindy, and, second to He, one of the most interest-
ing. At mnbient pressure, Pu exhibits six distinet solied-
state phases below the melting point. Despite 68 yoars of
thevretical and experitpental effory divecsed towand mn-
derstunding its properties, open questions renainfl]. To
lwlp rewolve sotne ol those resstions, it ix imperative to
provide acenrate vidues for the bhadk nesludus inoall the
phiss because the bulk modnlus s an essentiad therme-
dyvnamic quantity minimally sensitive to impurities, the
stmplest guantity o compute from an electronic stroe-
ture wodel, and nearhy ivariant between moneerystal
aned polyerystal spectinenis, This st property is relevian
beeause it is extremedy difficnlt to proeduce and measure
an untwinued wonocevstal of ~-Pa.

The experimental challeuges are ot least owofokd: (i3 2
pure Pusmuple requires conzderable effurt to prisduee,
amd i1 Pa requines special haudling teelhniqins Tee
comse of its paliotoxicity. This Thindes the sxperien-
tal investigations 1o rechuigques that can he set up in
speciall vedesigned systens that Al extensive safety re-
GUITCIEeNTS,

Resonant Vltrasonie! Spectroncopy {RUST L heen
] extensively to determmine the thermodyninic s
the elastic properties uf urtterials aned to understaaud
phase transitions. RUS measres divectly the adisdatic
elantic modnlis they are the seevnd deriviive of the en-
engy (nut free energy) with respect to steain, are direct v
related 1o the atomic bonding of the material, ane are
very sensitive to plaee transitions amd their order. Meod-
uli connect to the thermal propertion of solids througlh
Debive theory,  In comabination with specitie Treat and
thermal expansion weasurements, ehistic moduli are msyl
todetermine the egiarion of state and varions thermo-
dvnamic functions.

RUS i desoribind in detail elbowhaore ['.3}. The main ad-
vantages of RUS wrve thats{id sll the elastic nwoduli are
determined i s single measureient sean (i} RUS dies
not requive bonding of the sanple 1o transdicers (il
it provides except ionad alsolute acenpevand Jivy it ex-
hibits high precisionf tepically at least 1 in 108,

We have dueternsined the ekt nueduli of parse poldy-
ervstabive Pain the alpla (ad, betad 331 and gamma -3
phiases. Here we report only the ebetic moduli i the -
phase of the sume Pnospecimen ssed for all other mea-
sirements above anbient tnperature, The chietic -
uli of Prin the o phase, the details of the experimemal
setnp. the prrity mel preparaion procedores, anld oowar-

vev of onistainding problems for nnderstinding of P are
describiad elewhere [, The vlastie meashili of T 4
phise will b reported separately. Bicanse of many ox-
prerinental problenss, the clastie waduli of this sprecimen
of pure Pu i the 8 phase coathd not Le deterigined.

The s-ray yolme of ~-phise Pu (#5577 with Ag as
the deliberatelv-intros Ineed main impurity s from 386K 1o
GK wis deseribod By Zachariasen [Blianabvsis of wvail-
able slata v Wallace H} coneludes it the full range
of existence of ~<Pi s 388K o 303K T sumoarize
Zachariasen's work, ~-Pu is fiucocentered orthorhomlbic
{Fe l«ldl \\ill N vapivalent .m;m.x iu the lmil coll st {011,
{5 i ¥ |+ NURLE NS Q: L J.,; i L0 Eacly Ta
atenn i lxm- el o ten atheres b an .;\m.wt- distanee of
3457 AL fomr weighbors wre at 34126 AL two o 3859 AL
amed four st 32885 AL However in the spivce gronp Fidd
one i the choiee of two origins, By placing the origin
at ome center of svimmetry, Roof [5] pointed ont that the
structsme can be ,uhvnmli\'uh e ribnd \\'ilh tlm vighn
eqguivalent atoms at &4 “‘ 11 SRR NE LR LN TN ,. »,. EPRIN
L; ’, Lo This s]tw‘nplluh v consistent with the de
wnptnm of uther P pliosws. The unit coll ditsensions in
AL at 535 K are given by Zoachariasess [6] Gs he a=30008
+ W], b=l T68 £ 1. i)ﬂl and e=RLTGY £ U020 kFrom
X-ray experinients [6]. ¢ u~ xerav density wos cide nlated
to he 1T £ (L] 'wm at M K,

The ondy other available Jata for the olstic naeluli
of ~-Pu wore ohtained from meastremsnts of agiradi-
niel. Hoxnral caud rorsional {7} Fesonanses, Nsing a Young's
medvbus aned rigidiey modulas appavinas, Elastie modnli
were obtained after 2 and 3 thermal eveles, o procednre
we olmerved to produce ineonsistencies in the phase of
the specimen. In onr measturements the sanple was not
eveled, it wannes] onldy cnee from aanbien tenperare
ap 1o the & phase hosnndary,
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Experiment

Pure electrorefined 23°Pu was nsed for these experi-
ments.  Using chemical methods, the composition was
determined to be 99.96 wt.%{Pu, 115 ppin W. 49 ppm
Np. 50 ppm O, 53 ppm Si. 32 ppm Am and less than 25
ppm other impurities. The parallelepiped-shaped sample
was ent from a larger button thar was are melted and
quenched on a copper hearth several times, until voids
and metallurgical imperfections were negligible.  The
specimen was 0.265 cm x 0.265 em x 0.270 em and the
immersion density wt 300K was determined to be 19.55
giem?® £ 0.02% [1]. This value is lower than both the den-
sity determined from mass and dimensions {19.70 g/em?)
and the x-ray diffraction density(19.86 g/em® at 204K).

The RUS svstem [2] used for this work is described
clsewhere [1]. The experiments were carried ont in vac-
unm. The temperature wis measured using a RhFe re-
sistance thermometer. At 400 K we obtained o temper-
ature accuracy of 2 Y. From the measured resonance
frequencies we computed the elastic moduli using the
Levenberg-Marquardt algoritn. These algorithms were
made available for public use by us [3].

Results and Discussion
A. Resonances

Figure 1 shows the resonant spectrum from 140 kHZ
to 320 kHz al two temperatures one near the low end,
the other near the high end of the range of existence of
4-Pu. The high signal-to-neise ratio and the high-Q {Q
was of order 1000) resonances ensure high-acenracy re-
sults for this study. The lowest resonance was observed
at about 150 kHz. As the temperature was increased all
resonances shifted toward lower values. Using onr own
algorithms. the center frequencies of 21 resonances were
determined at each temperature. Each resonance corre-
sponds to a different vibrational mode. The frequencies
of each mode versus temperature were fit to a straight
line. The linear fit was used to generate input frequen-
cies for the RUS code that ealculates the elastic moduli.
Use of this cade is deseribed clsewhere [8]. A plot of the
fitted resonances versus temperature is shown in fig. 2.

The squares of the resonance frequencies, absent small
density corrections, are proportional to the elastic mod-
uli, and therefore the observed decrease of the resonance
frequencies with increasing temperature is expected.

B. Elastic Moduli

The elastic behavior of an isotropie polyerystalline ma-
terial ean be deseribed completely by two independent
mocluli. the longitudinal {Cp) and the shear (G mod-
ulus. The bulk modulus (B, is related to €y and G
through the following relation:

(3N

T=5371K
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FIG. 1: Part of the resonamt frequency spectrum of polverys-
ralline Pu shown near the low- and high-temperature ends
of the +-phase region of existence. The dashed line provides
a guide 1o the eye 1o emphasize the size of the shift of 1the
resonances with temperature.
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FIG. 2: Fitred resonance {requencies versus temperature. All
freqquencies show a smwooth linear decrease winth increasing
temperature. These fitted valnes were used in the compu-
Lation routine to determine the elastic moduli.
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Figure 3 shows the smooth, linearly-decreasing, behav-
ior of C', G and. B as a function of temperature. Each
elastic modulus was fitted with a straight line and the
parameters of the fit are given in table 1.

In using the fitting codes [$] thar determine elastic
moduli from measured frequencies. the algorithms can
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FIG. 3: Temperarnre dependence of bulk { B3, shear iG) and
longitudinal i L) elastic moduli of ~-Pu.

TABLE [: The parameters of the linear fits to the measure-
ments of Cp. B, and G of the lorm a 4+ 67,
Modulus « {GPa} b {GPa/K)

r 66.940.2 -0.04
B 3102002 00097
G 26.920.1 -0.02

display small artifacts associated with modes changing
relative ordering as temperature changes. introducing
corresponding artifacts in what should be smooth be-
havior with temperature of the moduli. Using linear hts
to resonance frequencies is often sufficient to block such
artifacts, but the mean-square fitting error is a precise
test for their presence. Small values of the htting error
are also a useful and quantitative test for isotropy of the
polyerystalline specimen. This test is shown in figure 4
where we plot the mean square error of lengirudinal and
shear moduli versus rhe moduli and find no unexpected
behavior, and strong evidence of isotropy manifested in
the small values of the fitted errors.

C. Comparison of Elastic moduli in different
phases

In figure 5 we compared the elastic moduli of pure
polverystaline 4-Pu to those of a-Pu and of Ga-stahilized
A-Pu {2.36 at. % Ga) and found. as expected that, mod-
ulus by modulus, the moduli of 4-Pu lie hetween those
of a-Pu {highest) and Ga-stabilized 3-Pu ilowest).

We fit the elastic moduli of a-Pu and 8-Pu {2.36 at. {
Ga) with a straight line. and compared the parameters
of the linear At 1o the ones obtained for 4-Pu in the tem-
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F1G. 5 Comparisou of the elastic moduli versus remperature
of a-Pu, ~-Pu, and &-Pu i2.36 at. 7 Ga).

perature ranges indicated in the tables. Table I shows
the results of the linear fit for the three phases. We found
that the slope of the fit for the bulk modulus of 5 is niach
lower than the slope of the bulk modulus of other phases.

We compared the fitted parameters of the linear fits
to the normalized temperature dependence of the shear
and bulk modulus in all phases. The results are pre-
sented in table TT1. The fractional variation of the shear
modulus with temperature is similar for a-Pn and +-Pu,
but different for Pu (2.36 at. %0 Ga) alloy. The frac-
tional variation of the Imlk modnlus with temperarure
is unexpectedly small for +-Pu compared to a-Pu and
Ga-stabilized 6-Pu.

D. Poisson Ration

Poisson’s - ratio for polyervstals is defined as:
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TABLE 1I: The parameters of the temperature fit for two
elastic moduli of ~-Pu and a comparison with those for a-Pu
and Ga-stabilized 9-Pu for the temperature ranges indicated.

Phases

a—Pu a= 62?&41').2.‘- a=T65%1.18
T =381K —40TK b=1-5610.06) - 1077 b=i—&88% 03 . 1077
+—Pu a =26.0410.12 a=31.0210.02

T =519K —8T1K b=1-2020.02) « 1072 b= —0587+0.004)» 1077
a-Pulia a = 20,500 10 a = 4013000

T = 466K — 196K b=i-164000) « 1077 b=1-3.2+0.2 102

TABLE I1T: The logarithmic temperature derivatives for the
elastic moduli of ~-Pu and a comparison with those for a-Pu
and Ga-stabilized 4-Pu for the temperature ranges indicated.

y dinModuli/dT din(G) dini By ]
Phases T a7

-p

e —139 ¢ I HELIN —141 N 1078 2095
T:88IK —-"J'-t’\'

s —1.3~ 1073£1.3%) —038 « 10732029
T: 519K — aTIK

- PuCa

—1.19 o« Y025 —1.32 X 1073 £5.9%)
T dO6R — 06K

_13B-2¢G
T 23B+G

The Poisson ratio for 4-Pu (hg. 6jis nnusnal in that.
unlike the Poisson ratio for the other Pu phases. v for
~-Pu appears 1o have A normal value and increases nor-
mally with increasing temperature.  Figure 7 shows a
comparison of Poisson ration versus temperature of alu-

minum. a-Pu. +-Pu. Pu (2.36 at. "{ Gaj.and Pu {5 at.
"t Ga).

2)

v= 0140014+ 0.0002*T

= 025 > o
024t ) n )
520 510 560 380
T®

FIG. 6: Temperature variation of Poissop-ration for ~-Pn.
The line represents the temperature fit and the parameters of
the fir are given.
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FI1G. 7: Comparison of Poissen ration versns temperature of
alminum. a-Pu. +-Puw Pu (236 at. 4 Gaj.and Po (5 ar. 7
Ga)

Conclusions

We report measurement of the full set of elastic mnd-
uli of a high purity. isotropic. polvervstalline specimen of
239Dy throughout almost the entire range of the existence
of its 4 phase. We found an unusually ordinary behav-
ior of Poisson’s ratin, and nnusually low variation of the
bulk modulus with temperature. The measured maodnli
fall. as expected. below those of the lower-temperatnre,
expectedly-stiffer @ phase. and above those of the higher-
temperature and expectedly-softer 8 phase. The mea-
surements pass several internal consistency tests. One
previous study approximately agrees with onr results.
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