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The triode sputtering technique has been used to obtain
metastabla crystalline and amorphous phases in ten binary
systems of Pu with Si, Al, V, Fe, Co, Pd, Ta, Re, Os, and ir.
The lattice parameters and near-neighbor distances evaluated
with x-ray diffraction frequently show deviations from an
assumed Vegard's Law which can be interpreted in relation to the
changing electronic configuration and corresponding size of the
Pu atom. When the Egami and Waseda [1] criterion is applied to
predict the possible range of the amorphous phase formation, in
terms of the atomic volume of the component atoms, the observed
range exceeds the predicted range in Pu-rich alloys because the

atomic size of the Pu atoms changes on alloying.

INTRODUCTION Metastable and amorphous alioys of Pu with the
elements Mn, Fe, Co, Ni, Cu, Ru, Ti, Ga, and Ce have been
prepared previousty by the liquid quenching (LQ) technique [2,3]
and by high rate sputtering with Ga, Ta, Ag, and Co [4,5,6].
Extended compositional ranges of Pu-amorphous alloys (Pu with
Fe, Si, Ta [7] and Pu with Si, Al, V, fe, Co, Pd, Ta, Re, Os,
and ir [8}) were prepared more recentiy with the triode
sputtering technique.

Formation of glassy alloys by sputtering is not limited to
eutectic regions in phase diagrams and can occur also in systems

which have no eutectics, or display no solid solubility, or



involve compound formation. Figs. 1a and b for the Pu-Co and
Pu-Ta systems illustrate these points. The ranges of glass
formation are indicated underneath each diagram. Of particular
interest in the present work is the minimum solute addition to
Pu, in the ten Pu binary systems studied, that will result in
giass formation. For this purpose, the experimentatly
determined minimum solute concentration Cgi" in Pu needed

for the formation of an amorphous alloy was compared with the
atomic size mismatch criterion developed by Egami and Waseda [1]
and with results of recent studies of sputtered alloys by Liou

and Chien [9].

EXPERIMENTAL Sputtered deposits of gradually changing
composition were prepared by high-rate triode sputtering from a
split-target of Pu and a selected solute element. A description
of the triode sputtering system and procedures for depositing
the Pu alloys on water-cooled (15-18°C) Al substrates (50.8 mm
in diameter) is given in an earlier paper {7]. Deposition rates
varied between 17 and 60 &/s and deposits exceeding 300
microns were obtained. The Pu and solute elements used were
99.90 wt% pure. The composition across the entire surface
(2.5-5.0 mm grid) of the sputtered deposit was determined using
an x-ray EDS system.

X-ray diffraction patterns across the surface of the samples
were obtained with a commercial Philips X—}ay Diffractometer,
using CuKa radiation. Typical x-ray diffraction patterns
shown in Fig. 2 are for Pu with 20 and 61 at.% Re alloys. These
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broad low intensity peaks are characteristic of the amorphous

structure. The width, (8), at half height was used to estimate

an "effective particle size", (D), in the matecial using the
L9

D cos 6°

for Pu-Re compositions varied between 12 and 14 A, which is

Scherrer formula {101.,8 = The calculated D values
typicat for the amorphous phases observed in the other nine
systems which ranged between 10 and 29 R&.

An estimate of the average NNDs was also made for each
system, using the Ehrenfest formula NND = K/K1. Here K is a
constant equal to about 7.9 =1 (derived from a number of
amorphous alloys) [11] and Ky = 4w sin ©/2. The
uncertainty in the estimated NND values is = .015 R. Seitz
radii were also calculated from NND values to compare with Seitz
radii obtained from unit cells of crystalline structures. Seitz

radius r = (39/41r)1/3

can be derived from the volume per
atom Q@ in a unit cefl of a given structure. The Seitz radii
calculated from NND values involved the assumption that the
amorphous phase volume is close-packed

(ag = 4 Qand r = 553 NND). Additional details are
discussed elsewhere [8].

RESULTS AND DISCUSSION A summary of phase regions, calculated
NND values and atomic size ratios for the ten systems studied is
presented in Tabte |. The overall range of amorphous
compositions prepared by the present sputtering technique (10-77
at.% solute) is much wider than that produced by LQ techniques
[2], which were limited between 10 and 30 at.% solute. The
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ranges of amorphous phase obtained with sputtering, unlike the
behavior of many LQ alloys, appear to have little to do with the
form of the corresponding phase diagram (see Figs. 1a and b).

Analysis of the NND trends (presented in Table | in terms of
composition) shows a wide variation in behavior for the
different alloy systems. Most of the observed NND trends are
reasonably linear. NND plots for Pu-Co and Pu-Ta systems are
shown in Fig. 8. In order to emphasize interesting departures
of NND values from any possible linear correlations between the
pure elements involved, three NND values are shown for pure Pu,
corresponding to the &(fcc), e(bcc), and the liquid phase
extrapolated to room temperature. The decrease in Pu NND values
from 3.28 A (8§) to 3.095 & (liq.) is generally believed to
be due to the decrease in 5f electron localization.

Amarphous alloys of Pu with Co have NND vaiues that are
substantially above any linear relationship between Co and Pu
(Fig. 3). The extrapolation suggests an expanded Pu atom. The
'arye implied Pu radius in Pu-Co alloys suggests a change in the
electronic configuration of Pu on alloying (i.e. an increased 5f
focalization) which was aiso noted in earlier work comparing
sputtered amorphous alloys of PUI1C°89 (Pu20017) and
Sm,y Cogy [4]. The Pu-Fe alloys show similar trends to the
Co alloys, but the extrapolation in Pu-rich region indicates an
effective Pu radius as that in the ¢ phase of Pu, similarly to
previousty reported results for amorphous alloys prepared by LQ
[2]. An exirapolation of NND data for the Pu-Ta alloys (Fig. 3)
also indicates a Pu . radius in the amorphous alloys corresponding
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to that of e~Pu. However, the NND valves for the metastzble
bcc phase observed between 24 and 83 at% Ta fit within 1% of a
linear Vegard's Law relationship between pure Ta and a slightly
contracted tig-Pu form. The resulits for the Pu-V alloys are
similar to those for Pu-Ta except that the metastable bcc phase
was observed over a narrower range (55-62 at.% V).

Extrapolated NND data for Pu-Re, Pu-0s, and Pu-Ilr amorphous
allioys follow a linear relationship hetween the pure solute
elements and indicate an effective Pu radius associated with an
increasing amount of 5f localization. For example, Re alloys
indicate a Pu radius corresponding to the ¢, Os alloys to &,
and Ir alloys to a radius above (+3%) that of §-Pu.

Much more pronounced effects were observed far Pu with Pd,
Al, and Si. Here, the initial size of the Pu atom in the
amorphous range correspounds to €-Pu in Pd and Si alloys and
§-Pu in Al alloys. On further ailoying, the trend of NNDs
remains far above any Vegard’'s Law type extrapciation in Pu-Al
alloys and actually increases in Pu-Pd and Pu-Si alloys.
Evidently a substantial localization of the 5t electrons is
taking place, giving rise to a rather expanded size of Pu
atems. These effects are further amplified if the x-ray data
are plotted in terms of calcuiated Seitz radii along with Seitz
radii calculated from severzl equilibrium crystaliine structures
reported in the literature [12]. The contrast is particularly
striking in the case of Pu-Pd alloys (Fig. 4) and with Pu-Ta
alloys.

The atomic size mismatch between initial pure constituents,
as used by Egami and Waseda [1] to predict the range of
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amorphous phase formation was also examined for Pu systems
studied. The proposed size-factor relationship related to
atomic volumes is || = cEiﬁAy| = 0.1, where Xq is

an empirical constant, VA isvthe atomic volume of the
solvent, AV is the volume difference between the solvent and
the solute, and Cgin is the minimum solute concentration
needed for glass formation. Recently, Liou and Chien [9]
estimated Ilol to be in the range 0.07-0.09 for a large
number of sputter-deposited binary alloys.

A comparison of the size ratios for the systems examined in
the present siudy with the compositional ranges of amorphous
phase formation is shown in Fig. 5 along with the range of
expected amorphous phase compositions based on Egami and Weseda
size factor relationship. with an assumed fkol range of
.Q7-.10. For purposes of the present calcutations (Fig. 5), we
used a Pu radius of 1.59 &, (e-Pu) and a tweive-coordination
radius for the pure solute elements. In general, the agreement
is reasonable, although in several systems for a given value of
the radius ratio, the amorphous phase appears to form with even
less solute than predicted. |t must be assumed that electronic
transfers between 5f and sd bands easily occur in such alloys
of Pu. Tiis can cause the effective radius ratio to be much
farger than assumed, feading to a turther extension of the

possible amorphous range towards pure Pu, as observed.
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Fig. 1a-b. Compositional ranges and phases found in sputtered
depasits displayed below the binary Pu-Co and Pu-Ta phase
diagrams [13].

Fig. 2. XRD patterns from sputtered Pu-Re deposits varying in
compositiion between 20 and 61 at.% Re.

Fig. 3. Calculated nearest neighbor distances (NND) obtained
from sputtered Pu-Co amorphou<, Pu-Ta amorphous, and bec Ta-Pu
alloys. NND values for pure Pu are showa {or lhe fcc é-phase
and the bcc e~-phase at room temperature. A hypothetical

value of NND in Pu figquid at RT is also shown, based on
extrapolation of the thermij expansion observed in the liquid
range [141.

Fig. 4. Calculated Seitz radii obtained from sputtered Pu
amorphicus alloys with Pd and Ta, Seitz radii are shown for fcc
§, bec g, liqu'd Pu and crystalline Pd, Ta, and Pu-Pd
compounds.

Fig. 5. Calcuyfated min mum solute composition at which the
formation of tha amorphous phase is expected (based on
Egami-Weseda relationship with |3} = .07-.10) with

superimposed exparimental data from this study anc rets. [9,151.
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Table |
Summary of phases observed for sputtered Pu alloys and calculated

NND values
SYSTEM SPUTTERED AMORPHOUS RANGE CRYSTALLINE ™o
SOLUTE & Calculated NNDs PHASE (RANGE) ™% ute
RANGE at % atomic % A (ratio)
Pu-v 12-62 12-62 3.18-3.10 e (55-62) 1.18
Pu-Tc 22-83 22-50 3.13-3.05 € (24-83) 111
Pu-Fe 13-75 13-75 3.14-2,87 PugFe (13-25) 1.25
Pu-Co 18-69 18-69 3.28-2.95 PusCo (18-25) 1.27
"CaCus" (63-69)
Pu-Re 20-61 20-61 3.08-2.93 none 1.16
Pu-Os 20-70 20-70 3.17-2.95 none 1.18
Pu-Ir 21-717 21-77 3.26-2.82 Pulr, (65-77) 1.17
Pu-Al 10-63 18-63 3.26-3.19 & (8-32) 1.11
Pu-Si 10-58 10-58 3.18-3.32 Pu;Si, 1.20
(trace 32-50)
Pu-Pd 7-52 17-50 3.23-3.28 B-Pu (7-17) 1.16

PuPd (42-50)
* Py radius = 1.59 A

#¥ Solate radii correspond to 12 coordination close packed structures
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