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The activation volumes for self-diffusion of Pu in b.c.c. PuZr
alloys (10 and 40 at % 2Zr) have been determined, so that we could
check the validity of Nachtrieb's melting-diffusion correlation.
Indeed, in the Pu-40 at % Zr alloy, which has a pressure tempera-
ture phase diagram whose liguidus has a positive slope, we found
a positive activation volume, whereas in pure €Pu where the slope
is negative, the activation voluie is negative. A self-diffusion
mechanism in PuZ%r alloys is proposed.

I - INTRODUCTION

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

was carried out by Cornct / i3 / in our laboratory, showed that the
rate of self-diffusion increases with pressure. This acceleration
corresponds Lo a negative activation volume egqual to - 4.9 cm3 {1.e.
- 34 % of the molar volume). This value which is astonishing since
it is the first time a negative activation volume is observed, cor-
responds very wcll with the one (- 5,2 cm”) given by Nachtrieb's
corrxclation / 2_/ :

(1)

vhere AH is the activation enthalpv under atmwospheric pressure and
Tm is the melting point at the sanz pressure.

We undextook two series of experiments to check whether the slope
(dT /dp) of the liguidus of the pressure- temperature phase diagram
is reaLLy determlncn+ to forecast t.e effect of pressure on the

6 cbrlum (the relting point of 5 ~cerium decxease= under pressure
like the one of e-plutoniun) has also a negative activation volurs
Aftervands -it is the subject of the present paner -

change the sign of the slope of the liguiduz cf the g L EUrE
perature phase diagram of e€-plutonium by adding zirconium and t
to siludy the self-diffusion of plutonium in these allovs.

Firstly this study involved the determination of the preas“ro ~-teomw
rature phase diagram of some PuZr &lloys to know the 1Vue
solidus, Then we cvaluated Lhe activation volume for

of Pu in these alloys.

IT - EXPERIMENTAL

The pressure- temperature phase diagrams cof two PuZr alloys (contail-
ning 10 and 40 at % Zr) were determined by differential thermwal
analysis. This study, "as well as the diffusion anneals under pressu
re -wes garried ov* in a single-stace piston-cylinder arporatus pro-
Viously! doseribed / 4 / coutained in a glove-hox unier puviiied
Eviomy. ¥ elneu 4 the interral furn hatte Iy
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by the pyrephyllite which was used as pressure - transmitting me-
dium . Sq that every sample was enclosed in a tantalum container.

‘Temperature 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_ tenmperature correc-
tions as determined by Cheng, Allen and Lazarus / 5_/.

|

The diffusion couple was formed by two alloy PuZr cylinders (5 mm
diam by 3 mm long) with the saome Zr concentration (10 or 40 at %)
but with different Pu 240 (X emitter) percentages. The two sorts
of plutonium that wcre used to prepare the alloys respectively
containeg 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 Si40B).

The determinaticn of the penetraticn profiles was performed by using
the generalized Gruzin analysis / 6 /

IIT - DF”ER“INATION OF TIE PRESSURE-TEMPERATURE PHASE
DIAGRAM CF¥ PuZxr (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 diagram of €Pu
due to Zr additions, also modifics the activation volume sign for
self-diffusion in this phase, we inveostigated only the € region,
disregarding_the low temperature phases (£, 8, 1 ). Liptai and
Friddle é 7_/ already noticed that Ti additions (1, 3, 6 at %) made
the slope of the solidus less and less negative.

This investigation was made by differential thermalAanalysis.

The res q]“v are presented in fig. 1 for the 10 at % Zr alloy and
in fig. |2 for the 40 st % Zr allecy. The transformation temperatures
observed under atmospheric piressure corresponds fairly well with
those of previous publications / 8_/.

The melting of the dlloys was very difficult to observe, especially
in the case of the 40 at % Zr alloy. Furthermove this alloy melts
at hich temperatures (950°C under atmospheric pressure and about
1000°C ht 10 kbar) which produces a fast detericratiéon o the thgr-
rocouples. Owing to the latter reascn, the solidus p01nt° of each
2lloy were determined at the first heating run. The difficulty of

" the c>prximentql ‘conalitions shown above explains the scugbvrt.m o
the solidus points obtained here.

Meanwhile we clearly sce (fig. 2] that the slcpe of the solidus cif
the 40 at % Zr alloy is positive. This slcpe lies between 3 and 5.2
°C/kbar. In the case of the 10 at % %r alloy, we cannol meke any
stateirent about the sign of the slope of the solidus. All we can
say is that it lies between - 1.5 and 1°C/kbar, that is to say necar
Zexo.

The main result of this investigation is that 40 at % Zr make the
ci the rol*”v of c¢Pu positive. Ve are going to s«e in the
chrptcr whether the sctivation volume for the self-diffucicn
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" Fig. 1 - Pressure-temperature phase Yig. 2 - Pressure-temperaturs
diagram of a Pu - 10 at $ Zr alloy phase diagram of a Pu = 40 at %
zr alley

IV - SELF-DIFFUSION UNDER HYDROSTATIC PKISSURE OF Fu
IN THE PuZr ALLOYS (L0 zKD 40 at % 2r

IV.l - Results

Owing to the small difference between the X activity of the two
sorts of plutonium used; the uncertainty due to the counting sta-
ristics is the largest, 1f we comnpare it with those introduced by
i{he penctration measuring and by the lack of parallelism betrween the
abrasion plane end the welding plane. ‘

In the study of the cclf-diffusion of Pu in the 40 at % Zr alloy,
two isotheris were made : one at g41°C and the other &t €82°C. The
diffusion coeificicnts are given in Table 1. The self-diffvelzn

. activation enthalpy and the frequency factor undex atmospheric
pressure verne computed from measurements at five different tempera-
tures. We found out : i

Q = 29650
and p. = 0.04
e}

+ 3100 cal/mole
+ 0.15 D g
- 0.03 W /S

|
i
The Arrhenius plot ‘at atmospheric pressure Log D = £{(1/T)
ted in fig. 3. On fig. 4 we give the two straight lines :
Y { .
Py the mcthod of Iragt sguareg ve ‘calouvlated the following aver
value of the acitiveation volw.ic
+ 1.6 3
.1 om

AV = 3
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Table I

Self-diffusion under pressure of Pu in a Pu
40 at % Zr alloy

l
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Fig. 3 - Arzrhenius plot Loy L = £(1/%) for the sc¢lf=
‘ diffusion of Pu in a Pu - 40 at % Zr alloy
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Fig. 4 + Self-diffusion cocfficients under pressure of Pu in B Pu
40 at © zr alloy :

or with the molar volume_ calculated frum the lattice paxameterq
measuxeﬂ by Marples / 9 /.

i oo - "‘ o 0 1}.
AV/VM “ & . goay

We did not include the correction term : AVC = RT Xp Yq is the
isotherpal compressibility, Y. the Grineiscn watant and E is the

gas constant) in calculating SV.

Ve do not know cither XT or yv. for our alloy, but wS can estimate
AVC for pure ePu at 700°C (Ll%ﬂ \T = 1.7 x 107 cm“/dyne, é
Yo = 0.15 /1 / and R = 8.32 x 107 crg). We comz to : sV, = 0.2 cn
wﬁich represents 6 % of AV = - RT 3Log D/ S5p. So we can ledglect

AV _, firstly because the uncertainty on AV value is approximately
507¢ and qevondly because the 4V value that we calculatcd above is
certainly a maximum-value for ou¥ alloy because Zr additions are
likely to decrease the_ePu_compressibility (i, = 2']?? 10712 cn2/
dyne for £Zr at 900°C /711 7). +

In the case of the 10 at % Zr alloy, we studied only one isotherm
at 650°C. The diffusion coefficients are presented in Table II and
. the sirgpignt line Loy D = £(p) is given in fig. 5. Ve calculaied
av = - 0.9t 13 3
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1.05 9.4 16800

ar

11.3 11400

8 -2 10.7 106860

12:25 da L2 12 i 11100

Table IT - Seli-drifucion under pressure of Pu in a Pu—lOat% 72y allov
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‘Fig. 5 - Sclf-diffusiocn coefficients under pressure
of Pu in a Pu - 10 at % Zr alloy

or with the meolar volume derived from the latticemrameters of
Marples /| :

’ 4 = b 0'09
LV /7 Vy 0.06 _ 4 o8
For this plutonjium-rich alloy, the correction term 4V _ is probably
not very different from the one of pure ePu calculate above
(AVc = 0.2 cm3). It tends to make AV less negative :

#+ 1.3 5
AV S
AV 0.7 _ y.q 0
+ 0.08
0.08

or | AV/VM ~ - 0.05

V.2 - Diicuqsion

The main result of this investigation is that the actis

for the self-diffusion of plutonium in Puzr allovs con

$ %r is positive, as could be infered frow the positive
i

solidus. Therefore the meltina-diffusion correls
js gunlitatively trve. A gquantitative CcorrosnOLLaN

cult to estuhlish. On the one hand because the pressure tewperatule
phase diagrem is not known with accuracy and on the other hand he-
cause we o not rnow what tempcratirc seet bz tihoen for T oin Lio
equation . the solidus, the liguidus or an intermediate“temperatu»
re ? In the study of the self-d: hird

" ,.
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f.diffusicn in the Ze-Pd allovs Tag
et al / 1] 12_/ chose the solidus temperatcunc. If we tano the sar
temperatupe too, that is to say T_ = 955°C under atmospheric press!
e, witg 1 = 29650 cal/mole and 3 < dTm/dp < 5,2°C/kbar, we oktain
3.04 om® | <fV £ 3.26 cx which corresponde fairly well to the &V

value (4V = 3t]‘l ciid) as determined from self-diffusion measurelonis.

3
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In the case of'the 10 at & 7r allby, the correlation is also gqualita-
tively verified, because dTm/dp and AV are both nearly zero.

e e melving-diffusion correlation is sriisficd, at leost
L 1L evainds logieal do Lhin't that e T mabpeies it B BRCES

- 4= SRE L T Ry
[ v g s

-3} : 2
of Pu whiclh gives rise to the negative slope of the e€lu liguidus,
and also to the sign inversion of this slope when adding 2x, gives




rise too to the negative activation veolure for self-diffunsion and
-to its variation with Zr additions.We think that this physical pro-
perty is the weak localization of the 5f electrons.

It is generally assumed that a contraction at melting (liquidus

‘with a negative slope) can cnly be accounted for by an electronic
transiti which is for €Pu an electronic_promotion from the 5f to
the 64 band. In the same way, Cornet / 1 / explained the negative
activation volume for self- dlffu51on in €Pu by assuming that self-
diffusion takes place by an interstitial mechanism with interstitial
atoms redycing their size by a promotion of two elecctrons from the
5f to the 64 band.

As we did already to explain our results on sclf-irradistion of the

PuSc alloys, it is possible to develop Cornet's model. We think thet
the inteystitial atom can minimize its distortion enerqy Ly creating
bonds (comparable with those fournd in «Pu) with its neighbours and

by bringing forth the formation of bonds between these nzighbour

by a locp11zod enhancement of the d-f hvbridization due to the weax

localizaticn of the 5f electrons. Thus the form=z=tion enthalpy of tlz
intersti ial atom will be decreased and its formation vVolume will be
able to Be negative. It is clear that the presence of 72r atomws will

decrcase|this possibility. Conseguently thewe is an increzcse of thc

formaticn volume AV_. which was negative and which becomes gradually

positive end so it iIs for the activation volume AV since 4V, repre-—’
sents the most part of AV. .

tion enthalpy of the interstitial atomm increacses with Zr
; like AV_. and then it is possible that the vacancy me-

ecomes enérgetically nore probable than the interstitial
.

The form
additicn
chanism
mechanis

Therefore the self-diffusion mechanism that we propese in gPu and
in PuZr alloys is :

- The self~diffusion in <Pu takes place by means of interstitial
atoms and probably ky a very correlated interstitialcy mrechaniss

to explain the very low frecuency factor.

|
- The formation enthalpy of an interstitial atom (and so it is for
the agtivation enthalpy for seli-diffusicon) incresscs with Zr
additilunsand the self-diffusion of Pu in thz 40 at % Zr alleow con
be acgeunted for by a vacancy mechanicm by means cf very relaxed
vasencies.

Consequently this investigation showed cnce more that the F°ltln6
diffusigqn ceorrelation is verificsd at leagt gualitat
the obsdrved cases, especially in the case of thesd
metals which present a negative activation volusm
sion.

 Furthernore it wes specified in the case of ePu that these two
exceptional ph;nomena which are a contraction at melting and a
negative activation volume have probably the same origin which is
the weaT localization of the 5f electrons.
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