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THE MELTING-DIFFUSION CORRELATLION IN THE PLUTONIUM-ZIRCONTUM
ALLOYS . i '
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Daniecl Calais, SEAMA, CEN/FAR, Fontenay-aux—~Roses, France

The activation volumes for self-diffusion of Pu in b.c.c. PuZr
alloys (10 and 40 at 3 zr) have been determined, sO that we could
check the validity of Nachtrieb's melting-diffusion correlation.
Indeced, in the Pu-40 at % Zr alloy, which has a pressure tempera-
ture phase diagram whose ligquidus has a positive slope, we found
a positive activation volume, whereas in pure €Pu where the slope
is negative, the activation volume is negative. A self-diffusion
mechanism in PuZ%r alloys is proposed.

I - INTRODUCTION

The study of sclf-diffusion_under pressure of b.c.c. €Pu, which

vas carried oul by Cornct / 1/ in our laboratory, showved that the
rate of self-diffusion increases with pressure. This acceleration
corresponds to a negative cotivation volume egual to - 4.9 cm® (i.e.
- 34 % of the molar volume) . This value which ig astonishing since
it is the first time a negative activation volume is observed, COr-
responds very_wcll with the one (- 5,2 cn®) given by Nachtrieb's
corxclation / 2_/

L] dT ‘ . :
AV = gl‘- - | (1)
m

ap

where AH is the activation enthalpy under atiospheric pressure and
P is the melting point at the sarno pressurc.

We undertook two series of experiments to check whether the slope
(dTm/dp) of the liguidus of the pressure-temnperature phase diagram
is Yealily determinant to forecast the effect cof pressure on the
celf-diffusion rate in a metal. Tirstly Languille / 3_/ showed that
d-ceriwn (the melting point of d-cerium decreases under pressure
like the one of e-plutoniwa) has also a gative activation volure
Afterwards -~it is the subject of the present paper = « intended
change the sign of the slopa of the licuidusz cf the g ure
perature phase diagran of e-plutonium by adding zirconi
to study the sclf-diffusion of plutonium in these alloy

.

Firstly this study involved the determination of the
rature phase diagram of some PuZr alloys tc know the
solidus. Then we cvaluated the activation volume for
of Pu in these alloys.

ITI - EXPERIMENTAL

The pressurc-temperature phase diagrawms cf two PuZr alloy
ning 10 and 40 at % zr) were determined by differential
analysis. This study, as well as the diffusion anneals u
re wrs carried ont in a single-stace piston-cylinder arnc
Viovsly doseribed / 4 /7 contal
eviem. Tio eloptric oyebed &7n0

sented in detail by Cornet / 1
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by the pyrophyllite which was used as pressure - transmitting me-
dium . So that every sample was enclosed in a tantalum container.

'Temperatdre was measured by two tantalum-sheathed chromel-alumel
thermocouples. Whenever necessary, We took into account the effect
of pressure on the thermocouple emf and made the_ temperature correc-
tiors as determined by Cheng, Allen and Lazarus / 5_/.

The diff&sion couple was formed by two alloy PuZr cylinders (5 mnm
diam by 3 mm longy) with the some Zr concentration (10 or 40 at %)
but with different Pu 240 (X emitter) percentages. The +two sorts
of plutonium that wcre ueed to prepare the alloys respectively
contained 1 and 28 at % Pu 240. We observed the Pu 240 diffusion
by counting its X activity (17 keV) with a scintillation counter
and a 400 - channel analyzer (Intertechnique model S:.408) .

The determination of the penetraticn_profiles was performed by using
the gencralized Gruzin analysis /6 /.

TTT - DETERMINATION OF TIHE PRESSURE~TEMPERATURE‘PHASE
DIAGRAM CF PuZzxr (10 AND 40 at %) ALLOYS )

Since the aim of this study was to check .whether a change of the
sign of the slopc of the liquidus of the p.T phase diagran of ePu
due to Zr additions, also modifics the activation volume siogn for
self-diffusion in this phasec, ve investigated only the € region,
disregarding_the low temperature phases (L, &, 1 ). Liptai and
Friddle 7/ already noticed that 74 additions (1, 3, 6 at %) made
the slope of the solidus less and less negative.

This investigation was made by differential thermal analysis.

The results are presented in fig. 1 for the 10 at % 2Zr alloy and

in fig. 2 for the 40 at % 7+ alicy. The transformation temperatures
observed under atmospheric pressgre~corresponds fairly well with
those of previous publications / 8_/-

The melting of the dlloys was very aifficult to observe, especially
in the case of the 40 at % 2r alloy. Furthermore this ‘alloy melts
at hich temperaturcs (950°C under atmosgpheric pressurce and about
1000°C at 10 kbar) which produtes & fast deteriocration of the det-tay
rmocouples. Owing to the latter reason, the solidue points of each
2lloy were determined at the first heating run. The aifficuliy of

" the eprrimental'conditions shown above cxplains the scattering ¢
the solidus points obtained here.

Meznwhile we clearly sce (fig. 2j that the slope of the solidus cf
the 40 at % Zr alloy is positive. This slope lies between 3 and 5.2
°c/kbar. In the case of the 10 at % Zxr alloy, we cannot maske any
statewent about the sign of the slope of the solidus. 211 we can
say is that it lies between - 1.5 and 1°C/kbar, that is to say near
2¢€X0.

The main result of this investigation is that 40 at % Zr make the
slcno ef the colidus of cbu positive. Ve are cgoing to sze in tho
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2 » - - 2 ge B T P | . = T a gy m & H S -
of Pu too In uihisd \.‘-.L;‘C‘_‘[ ha ol }\.‘.-LLJ.V"_‘..




« heeating

1 heating « cooling
Fgurel . cooling ) -=--Pu

[ V]

.,!_PU.Z",41OB'-'10QQZL A e _ — ~r 5. vé“l/'..‘!?_,zf..i_.#._
! ’

I
5
i

" Fig. 1 - Pressure-temperature phase Pig. 2 = Pressure-temperature
diagram of a Pu - 10 at $ 7Zr alloy phase diagrem of a Pu = 40 at =
zr alley

IV - SELF-DIFFUSION UNDER HYDROSTATIC PKISSURE OF Fu
IN THE PuZr ALLOYS (10 axD 40 at % Zx)

IV.l - Results

Owing to the small difference between the X activity of the tw

sorts of plutonium used. the uncertainty due to the counting sta-
rigtics is the lavgest, i1f we compare it with those introduced by
i{he penetration measuring and by the lack of parallelismn between the
abrasion plane end the welding plane. ‘ '

In the study of the celf-diffusion of Pu in the 40 at 2 Ziv alloy,
two isotheris were made : one at $41°C and the other &t €82°C. The
diffusion cocificicnts are given in Table 1. The self-dififusicn

. activation enthalpy and the frequency factor under atmospheric
pressure vere computed from measurcrments at five different tempera~
tures. We‘found out i

29650 * 3100 cal/mole

Q:
‘ _ + 0.15
!and DO,— ¢.04 _ 0.02

sz/é

“The Arrhc%ius_plot'at atmospheric pressure Log D = £(1/7T)
ted, in fig. 3. On f£ig. 4 wve give the two straight lines :

Py the ncthod of lonut zouares we caloulated thoe following aver
value of the activeticn voluw.o =
+ 1.6 3

AV = 3 17 cm
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Table I

Self-diffusion under pressure of Pu in a Pu

; 40 at % Zr alloy
\ el :

PP Ze 40
LegD=FL1)

Fig. 3 - Avsheniuvs plot Loy b = £(1/7) for the sclf-
‘ diffusion. of Pu in a Pu - 40 at % Zr alloy
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Fig. 4 - Self-diffusion coofficients under pressure of Pu in a Pu
40 at 2 Zr alloy -

or with the molar volume calculated from the lattice parameters

measure? by Marples / 9_/.
‘ { + 0.11
- 0.0’}

AV/VM = 0.2

We did not include the correction term : AV = RT X, Y (¥, is the
isothermal compressibility, Y. the Crineiccn constait &nd R is the
gas constant) in calculating V.

Ve do not know cither XT or v. for onr alloy, bhut w$ can estinate
AV for pure ePu at 700°C (wi%h N = 1.7 X 10711 em?/ayne, 3
Y. = 0.15 / 1 / and R = 8.32 x 107 erg). We come to : 4V _ = 0.2 cn
wﬁich represents 6 % of AV = - RT 3Log D/ dp. So we can necglect

AV _, firstly because the uncertainty on AV value is approximately
50 ¢ and secondly because the Avc value that we calculatcd above is
certainly a maximum-value for ou¥ alloy because Zr additions are
likely to decrease the_ePu_compressibility O, = 2.13% 10712 cn?/
dyne for 4y at 900°C / 11_/) ' :

In the casec of the 10 at % Zr alloy, we studied only one isotherm
at 650°C. The diffusion coefficients are presented in Table II and
. the straight linc Loy D = f(p) is glven in fig. 5. Ve calculaied
AV = - 0.9 f_%;? cm3

D cmdxs
Cox 107

1.05 16800

1.09 11400

1.2 | 10.7 | 10860

12.25 1.19 | 12 ;11100

Table TT = §8ilv~03ifucion undor pressure of Pu in a Pu-10:L% 7Zr a21lov

|
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‘Fig. 5 - Sclf-diffusion coefficients undexr pressure
of Pu in a Pu '~ 10 at % Zr alluy

or with the molar volume derived from the latticemrameters of
Marples / |9_/

+ 0.09
0.08

this plutonium-rich alloy, the correction term 4V is probably
very different from the one of pure ePu calculate above
= 0.2 cm3). It tends to make LV less negative :

+ 1.3 om3'
- 1.1 -

L + 0.09
or _ | RAZA N 0.05 0.08

v Wy = - 0.06

¢
AV = - 0.7

V.2 - Diic

The main result of this 1nvestigatlon is that the activat

for the self-diffusiorn of plutoniuvm in puZr allovs contea

¢ %1 is positive, as could be infered from the positive
solidus. Thaerefore the meltin a-diffusion corrzlation (eq

js quilitatively truve. A gquantitative corresnoluance e

cu]t to estzblish. On the one hand because the pressure X
phese diagrem is not known with accuracy and on the other nnpn
cause we o not anow whal tempcraiirc =oel ke tohen fax T in 4
equation 1 : the solidus, the liguidus ) nuerrﬁdlLtc Lemoexutu—
T o0 'r z

re ? In_the study of the self-difilusi

R

Sasl r=-=Pd allovs Yachiri
et al / 1B, 12_/ chose the golidus’tern If we tahko the
temperature too, that is to say T, : : atmosphcr:

c
re, with £il = 29650 cal/mole and 5 o< 2°C/kbar, we
h

)
ot

3.04 com <ﬁv+i .26 cms which correspon ly well to

] 1

In the casc of the 10 at & 7r alloy, the COI*elFthﬁ is also gqualita-
tively verified, because a” / p and AV are both nearly «zcrG.

4.
[N
crid) as determined from ~diffusion meas:

value (AV‘= 3

Shoodfoare e meliing.- ',
gusltivatiprely. Tl goan hat i Tate 1w
of Pu whicl gives rise to the negatlvc slope of the €ba Lliguidus,

and also to the sign inversion of this slope when addlng 72y, gives
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o the negative activation volure for self-diffnsion and
jation with 2r additions.We think that this physical pro-

the weak localization of the 5f electrons.

melting (liquicdus

be accounted for by an electronic
which is for €Pu an electronic_promotion from the 5f to
In the same way, Cornet / 1_/ explained the negative
volume for self-diffusion in ePu by assuming that self-
takes place by an interstitial mechanism with interstitial
cing their size by a promotion of two electrons from the
6d band.

rally assumed that a contraction at

our results on self-irradistion of the
develop Cornet's model. We think thet
jze its distortion energy by creating
aPu) with its neicghbours and

ion of bonds between these nzighbours,
ized enhancement of the a-f hvbridization due to the weak
on of the 5f electrons. Thus the formztion enthalpy of ihc
al atom will be decreased and its fo tion Volume will be
necgative. It is clear thet the prescnce of Zr atows will
his possibility. Conseguently the<e is an increzse of theo
volume AV. which was negative and which heco gracdually
nd so it is for the activation volune AV gince 4V, repre-~’
wost part of 4V. .
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jon enthalpy of the interstitial aton increases with 2r
1ike AV. and then it is possible that the vacancy
comcs enérgetically more probable than the interstitial
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the self-diffusion mechanism that we propcse in €Pu and
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