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Resonant nltrassund spectroscopy wits usexd to iesenre the elastic propertios of pare polyerys

talline 23¢

Pu in the ~ phase, Shear ond Jongitndinad elastic wodnli were nseared sinmltamously

aud the hulk mmodalus was computed from then, A siooth, linear, aed Targe decrease of all vl
tie modull with inereasing temperatire wis olserved. We calenated the Puisson ratio sned fonmld

that It increases from 122 at H10 K o (1252w
characterize] pure Proare in agroement with other

PACS numbers:

Introduction

Plutouium (Pu) is one of the wost Jificult clements
to study, and. secomd to He, one of the most interesting,
At ambient pressure. Puexhibits <ix distinet solid-state
phases below the wmelting point. Althongh extensive theo-
retical apd experimental offort s beeu directe] towand
understanding its properties. open questions remaiufl).
Accurate values for the bulk modulus in all the phases is
of contral hmportance in calibrating theory sl models
of Pu hecanse the bulk modulus is an essential thermo-
dynamic quantity minjwally sensitive to hwmpurities. the
simplest quantity o compute from an electronic strie-
ture mudel, and nearly iovariant between monoerystal
and polverystal specimens. This fast property is relevan
heeatvse it is extrenely dittienlt to prodoce and measure
an nntwinued monocryvstal of <P,

The experimental challenges are at Jeast twofold: (1) a
pure Pu sample reguires considerable offort to prodiec,
atel (i) T'Pu requires special hawdling techniques T
cause of jts radiotoxicity. This lnits the experimental
investipations to measurments that can be perforuaed in
speciallv=lesigned systems that falfill exeensive safety re-
fuirements,

Resonant Ultrasonud Spoctroscopy (RUS) [2 5] has
been used extensively to determine the thermslemanic
and the clastic properties of waterials amd to under-
stand phase transitions. The main advantages of RUS are
thar:{i) all the elastic wmoduli are detennined in o single
measurelnent sean (i) RUS does not reguire bowding of
the sawple to teansdneers (i1) it provides execeptional al-
sulute accurney. and, (ivy it exhibits high precision (typ-
jcally af Joast 1 in 1093,

RUS measures dircetlv the wdinbatic elastic modnli.
Thev are the second derivative of the energy (not free
vnersy) with respoct to strain. are direetly related o the
atonic bomwling of the waterial, and are very seusitive to
phaze transitions aned their order. Moduli conueet to the
theriual propertios of solids throngh the Dobve moded of
specifie heat. Tn combinntion with specifie heat and ther-
mal expausion weasurements, elastic wodili are wsed to
determpine the equation of stare awd varions thermedy-
namic funetions.

571 KL These meusurements on extremely well
reported results where overlap oeonum,

We have detenuined the olastic upsdnli of pure poly-
crvstaline Pooin the alpha (o, beta { 1) and gamma i+
phases, Here we roport only the elastic moduli in the -
plinse of the sine Pu speciinen nsed for all other npa-
sirettents above amhient temperature. The ehastic ued-
uli of Puin the o plase, the sdetails of the experimental
setup, the purity awd prepacation procedires, and o sur-
ver of outstawding probles for muderstanding of Py are
deserilvdd ebwwhere {1 The chwtic moduli of Puin 1
phiase will e reported separately, Because of many ox-
perimental problems, the olastic modali of this spechnen
of pure Pu in the 4 phase conld not be detenined,

The x-ray vohue of ~-phase Pu (998857 with Ag as
the deliberatelv-introdnead] wmain hapurity) from 486 K
to 585 K was described v Zacharinsen [7] adysis of
available data by Wallace [8] coneliades that the tull range
of existence of +-Pu s 188 K to 593 K. To smuarize
Zachariasen s work, ~-Pu is faco-centered orthorhomhic
{Fulddy. with 8 equivalent atoms in the unit cell at (0, 0.
o dod Do ococe Lo A e Lo Lo bome Eacl
Pu ato ix bowded to ten others at an average distanee
of 3.157 A, four ncighlwrs are at 3026 A, two at 3.159
AL and four at 32888 A However in the space gromp
Feboled one has the choice of two origins. By placing the
origin at one center of svmetry. Roof [9] pointed om
that the struetwre can be alternatively deseribed with
the eighy -,-(lui\'at[t‘ut atoels at + ii é ,:';H‘ iy, 4, 0 4,
Yolo o Lo oo This deseription is consistent
with the deseription of other Pu phases. The unit eol]
dimensions in A at 535 K. are given by Zachariesen [10]
to be a=3 159 £ 01, h=5.76% + 0] el c=140162
02, From x-riy experinents {10]. the xeray densjey
was caleulated to be 1704 & 0.01 giemr’ at SUs K.

The only other available data for the elastic musduli of
~-Pu were obtaine] froan measurements of lougitndinal,
Hexural and torsioual [11] resonances, nsing o Yonug's
moddulus andd righdity meednbns apparatos, Elastic nodudi
were ohtaiued after 2 and 3 thermal eveles. a procedure
we obmervad to prsdice ineonsistencies in the pliase of
the specimen. In onr wessurements the smuple was not
eveled but warmed only onee from mubient temperature
up to the = pliase honndary.
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Experiment

Pure electrorefined ***Pu was used for these experi-
ments.  Using chemical methods, the composition was
determined to be 99.96 wt.%Pu. 115 ppm W. 49 ppm
Np. 50 ppm O. 53 ppm Si. 32 ppm Am and less than 25
ppwr other impurities. The parallelepiped-shaped sam-
ple was cut from a larger burton that was are melred
and quenched on a copper hearth several thmes, un-
til voids and metallurgical imperfections were negligible.
The specimen was 0.265 cmn x 0.268 an x 0.270 cm and
the inmmersion density at 300 K was determined to be
19.55 giem® + 0.02% [1]. This value is lower than both
the density determined from mass and dimensions (19.70
g/em® ) and the x-ray diffiraction density(19.86 g/cm® at
294 K).

The RUS swstem used for this work is deseribed else-
where [1]. The experiments were earried out in vacuum.
The temperature was weasured using a RiFe resistance
thermometer. At 400 K we obtained a temperature ac-
curacy of 2 %. From the measured resonance frequencies
we computed the elastic moduli using the Leveuberg-
AMarquarde algoritm. These algorithms were made avail-
able for public use by us [12].

Figure 1 shows the resonant spectrian from 140 kHZ
to 320 kHz at two temperatures one uear the low end.
the other near the high end of the range of existence of
~-Pu. The high signal-to-noise ratio and the high-Q {Q
was of order 1000} resonances cnsure high-accuracy 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 our own
algorithns, 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 lincar fit was used to generate input frequen-
cies for the RUS code [12] that calculates the elastic mod-
uli. A plot of the fitted resonances versus temperature is
shown in fig. 2.

Results and Discussion

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

The clastic behavior of any isotropic polyerystalline
material can be described completely by two independent
moduli, for example, the longitudinal (C'7) and the shear
(G) modulus. The bulk modnlus (B). is related to O,
and G through the following relation:

_ -G
- 3

B

(1)

Figure 3 shows the siwooth. linearly-decreasing behav-
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F1G. 1: Part of the resonant frequiency spectrum of polyerys-
tallive Pu shown near the low- and high-temperature ends
of the y-phase region of existence. The dashed line provides
a guide to the eve to emphasize the size of the shift of the
resonances with temperature.
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F1G. 2: Fitted resonance frequencies versus temperature. All
frequencies show a smooth linear decrease with increasing
temperature.  These fitted values were nsed in the compu-
talicn routine to determine the elastie moduli.

jor of Cp. G and. B as a funcrion of temperature. Eacli
clastic modnlus was fitted with a straight line and the
parameters of the fit are given in table L

In using the fitting codes [12] that determine elastic
modnli from measured frequencies. the algorithms can
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 fits
to resonance frequencies is often sufficient to bloek such
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FIG. 3: Temperature dependence of bulk { B). shear {GY and
longitudinal {C'p) elastic moduli of 4-Pu.

TABLE 1: The paramcters of the linear fits to the measure-
ments of Cp. B, and @ of the form a + b7

Modulus « (GPa) b (GPa/K)

Cp 66.910.2 -0.04
B 31.0220.02  -0.0097
-0.02

G 26.910.1

artifacts. but smoothness in the meaun-square fitting er-
ror is a precise test for their presence. Small values of
the firting 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 chi-square error of
the longitudinal and shear moduli computed by the fit-
ting algoritlnn versus the moduli and find no wnexpected
hehavior, and strong evidence of isotropy manifested in
the small values of the fitting errors.

In figure 5 we compare the elastic moduli of pure poly-
erystaline 4-Pu to those of a-Pu [1] and of Ga-stabilized
d-Pu (2.36 at. % Ga) [6] and found. as expected that,
modulus by modulus. the moduli of ~7-Pu lie between
those of a-Pu {highest) and Ga-stabilized 3-Pu {lowest).

We fit the elastic morluli of a-Pu and 4-Pu (2.36 at. %
Ga) with a straight line, and compared the parameters
of the linear fit to the ones obtained for 4-Pu in the tem-
perature ranges indicated in the tables. Table IT shows
the results of the linear fit for the three phases. We found
that the slope of the fit for the bulk modulus of 4 is much
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 ITL The fractional variation of the shear
modulus with temperature is similar for a-Pu and ~-Pu.
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FIG. 4: Chi-square error of shear and longitndinal elastic
modnli versus moduli to test for fitting and isotropy errors.
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F1G. 5: Comparison of the elastic moduli versus temperature
of a-Pu, +-Pu. and 4-Pn {2.36 at. % Gaj.

but different for Pu (2.36 at. % Ga) allov. The frac-
tional variation of the bulk modulus with temperature
is unexpectedly small for +-Pu compared to a-Pu and
Ga-stabilized 4-Pu.

Poisson’s v ratio for polyverystals is defined as:

, o] 3B - 2¢ -
T 23B4+G o

The Poisson ratio. discussed elsewhere for Pu in gen-
eral [1]. for 7-Pu is unusual in that. mmlike the Poissou
ratio for the other Pu phases. v for 7-Pu appears to have
a uormal valne and increases normally with increasing
tewperature.  Figure 7 shows a comparison of Poisson
ratio versus temperature of aluminum. a-Pu. ~-Pu. Pu
{2.36 at. 4 Ga).and Pu (5 at. 4 Ga).
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TABLE II: The parameters of the temperature fiv for two
elastic moduli of 4-Pn and a comparison with those for a-Pu
and Ga-stabilized d-Pu for the temperature ranges indicated.

e~ 6 (GPa) | B(GPu
la=Pu la = 02.8440.25 a=T6541.18

T = 381K — 107K tb = {—5.610 06)
v=Pu la = 26944012 a = 31.02+0.02

T = 010K — 571K b= (=2040.02) « 1077 b= (—0.07  0.004) » 1072
§—PuGa :" = 20504019 in = 0.110.06

T = 460K — 496K (b= [-1.640.04) » 1077 b= (-8240.2)»1072

107? b= ({—60+03) « 1072

TABLE 111: The logarithmic temperature derivatives lor the
elastic moduli of 7-Pu and a comparison with those for o-Pu
and Ga-stabilized 6-Pu for the tewperature ranges indicated.

InModuli/d'T dhai G) diniBi
Phascs o ar
a=Pe ~130 % 10-%+£1.1%) | —1.41 x 10-3£0.9% )
T 331K — 407K
A S13 % 1073£1 390) | —03% « 107310 2%
T : 510K — STII\'\
a—PuGa

— 119 % 107302900 —1.32 % 103590
T : 466K — 996K

Conclusions

We report measurement of the full set of elastic mod-
uli of a high purity. isorropic. polverystalline specimen of
239Py throughout almost the entire range of the existence
of its ~ phase. We found an unusually ordinary behiav-
jor of Poisson’s ratio. and unusually low variation of the
bulk modulus with tewmperature. The measured moduli
fall. as expected, below those of the lower-temperature,
expectedly-stiffer a phase. aud above those of the higher-
temperature and expectedly-softer & phase. The mea-
surements pass several internal consistency tests. One
previous study approximately agrees with our results.
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F1G. 6: Temperature variarion of Poissun’s ratio for ~+-Pu.
The line is a tt of Puisson’s ratin versus wemperature, The
parameters of the fit are given in the figure.
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FIG. 7: Comparison of Poisson's ratio versus temperature of
aluminum. o-Pu. -Pu, Pu (2.36 at. % Ga). and Pu {3 at.
Go).
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