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Abstract

X-ray powder diffraction analysis at 25 °C has been used to further characterize the Np—Zr phase diagram. We
have studied a variety of Np-Zr aggregate compositions obtained by different preparative methods, including
arc melting of the components. For the materials at ambient temperature, obtained by either slow cooling or
quenching from elevated temperatures, we observed one or more of the following product phases: a-Np, a-Zr,
NpZr, and one new phase. The last was interpreted tentatively to be either Np,Zr or NpeZr. Calculations based
on the X-ray data suggested a limited solubility of Np in a-Zr and an even lower solubility of Zr in a-Np. The
X-ray data for the NpZr, phase showed that it possesses hexagonal symmetry and is isostructural with UZr,
and PuZr,. Annealing of Np-Zr composites at selected temperatures did not enhance the formation of NpZr,.

1. Introduction

Alloys of zirconium with U, Np and Pu are of interest
for various technological applications and for funda-
mental assessments of f-electron bonding behavior. The
U-Zr [1] and Pu-Zr [2] systems have been studied
extensively, while only limited work has been done on
the Np-Zr system. In the U-Zr system, only a UZr,
intermediate phase forms, while in the Pu-Zr system,
two intermediate (Pu,Zr,) binary phases in addition to
PuZr, have been reported [2]. Since Np is the nearest
neighbor of U and Pu, it was of interest to investigate
the behavior of the Np-Zr system. We previously in-
itiated studies of the Np-Zr system using differential
thermal analysis (DTA) [3]; the major conclusions from
these earlier studies were that Np and Zr have limited
mutual solubilities and NpZr, is an intermediate phase
which decomposes around 540 °C.

The work presented here is an extension of this
earlier effort and concentrated on using X-ray diffraction
(XRD) analysis for examining various Np-Zr composites
obtained by three preparative routes.

2. Experimental details

The alloys were made from commercial zirconium
metal (99.8 wt.%) and neptunium metal (99.9 wt.%).
Alloy specimens (about 100 mg quantities) were ob-
tained by (a) DTA [3] (in situ preparation), (b) arc
melting and (c) DTA after arc melting.
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X-ray powder diffraction analyses at 25 °C were
performed on portions of these materials using Mo Ka
radiation and Debye-Scherrer-type powder cameras.
The observed interplanar distances and lattice param-
eters were refined using the programs POWLEs [4] and
MICRO-CELLREF [5]. Theoretical powder patterns were
calculated with the MicrRO-POWD program [6].

3. Results and discussion

Pure Zr and Np, as well as Np~Zr composites of
various compositions (10, 25, 50, 67, 75 and 90 at.%
Zr), were studied by XRD. The existence of four
different phases was indicated by the X-ray data: a-
Np, a-Zr, NpZr, (analogous to the & phase of the U-Zr
system) and an unknown phase believed to be either
Np,Zr or NpsZr. We did not obtain evidence for g-
Np, y-Np, B-Zr, NpO,, NpN or any other additional
phase or impurity in the products. The cell parameters
obtained for pure o-Zr and pure a-Np were in good
agreement with those found in the literature {7, 8].

3.1. The & phase (NpZr,)

Indexing of the X-ray data for the & phase was based
on a hexagonal structure in which the (0, 0, 0) sites
are preferentially occupied by Zr atoms and the (3,
1, 1) and (3, £ 3) sites are randomly occupied by Np
and Zr atoms. This random distribution means that
the significant “compound” composition is not restricted
to the exact stoichiometry of 67 at.% Zr but can exist
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over a composition range, since the similarity of the
atomic sizes of neptunium and zirconium allows for
considerable substitution with little lattice strain. The
proposed space group is P6/mmm [9] with three atoms
per unit cell. Table 1 compares the lattice parameters
of UZr,, NpZr, and PuZr,.

Although the proper symmetry assignment for UZr,
is a modified, C32-A1B,-type, hexagonal structure, it
is also possible to index its diffraction lines in terms
of a large b.cc. cell. According to Boyko [10], the
transformation of a single crystal of the y phase of
UZr, (b.c.c. cell), which is a disordered solid solution,
to the ordered & phase yields a twinned crystal which
has four hexagonal cells. This causes the X-ray pattern
to have a cubic appearance. This same phenomenon
had been observed previously in the Ti—Cr system [11].
However, in the U-Zr system a cubic structure for the
& phase may be rejected, since it does not satisfy the
details of the powder diffraction data and is inconsistent
with the material’s optical activity [12]. A list of our
diffraction data for NpZr, with both cubic and hexagonal
indexing is given in Table 2. Assignments for the major
lines of a-Zr and a-Np that are coincident with cubic
indexing lines of NpZr, are indicated.

3.2. The @ phase (Np,Zr or NpsZr)

In all the alloys specimens studied, we observed
diffraction lines which did not correspond to any al-
lotropic phase of Np or Zr, to NpZr, or to NpO, or
NpN. The nature and stoichiometry of the unknown
phase(s) causing these lines, the analog of which has
not been reported for the U-Zr system, may have a
counterpart in the Pu-Zr system [2]. Two compounds
have been proposed as the 6 phase in the Pu~Zr system:
Pu,Zr and PusZr. Marples [13] reported the existence
of a compound with an approximate stoichiometry of
PuZr (orthorhombic structure) and a wide composition
range; the structure type and space group were not
determined. In contrast, Berndt [14] suggested a com-
pound of the nominal formula Pu,Zr (space group P4/
nce with 16 formula units per unit cell).

In the Np-Zr system our extra diffraction lines for
the unknown phase agree well with those suggested
for Pu,Zr and we have tentatively assigned them to
Np.Zr.

TABLE 1. Room temperature cell parameters of UZr,, NpZr,
and PuZr,

Compound ag Co Reference
(pm) (pm)

UZr, 503 308 [1]

NpZr, 502.4 (5) 307.5 (3) This work

PuZr, 505.5 3123 [13]

TABLE 2. X-ray diffraction data for NpZr, obtained for a
composite with an initial composition 75%Zr-25%Np (major lines
of a-Np and «-Zr that are coincident with cubic indexing of
NpZr, are also indicated)

Structural Theoretical Observed Other
assignments
Cubic Hexag. d 1 d I
(pm) (pm)

211 100 4351 94 4337 m+
222 001 307.5 166 3074 s
321 - 281.1 m+ 100 a-Zr
400 - 2627 m+ 002 a-Zr
330 110 2512 1000 250.7 s

101 251.1 753
332 - 2294 m 021 a-Np
422 200 2175 17 2167 ww
521 111 194.5 294 1945 s
440 - 1912 s 102 a-Zr
442 201 177.6 279 1777 s
541 210 164.4 31 0
444 002 153.7 79 1536 w+ 213 a-Np
640 - 1479 m+ 103 a-Zr
633 300 145.0 196 1447 s+

211 294

102 11
730 - 1380 m+ 112 a-Zr
732 - 1359 m+ 201 a-Zr
741 301 131.2 86 1306 w

112 1311 280
660 220 125.6 121 1255 m

202 125.5 7
752 310 120.7 12 1203 ww
842 221 116.3 57 116.6 w 032, 141

a-Np

930 311 1123 121 1122 m

212 9
844 400 0 1094 m 203 a-Zr
10, 1, 1 302 105.5 128 1052 w-—
666 401 102.5 43 1025 w+

003 6
871 320 99.8 6 1001 ww
774 103 39
10, 4, 2 222 97.3 94 97.1 w+
963 410 94.9 170 949 m

321 64

312 5

113 26
882 203 92.7 29 927 wvw 342 a-Np
11, 4, 1 411 90.7 44 9.4 w
- 402 88.8 2 88.3 w+ 302 a-Zr
990 330 83.7 44 839 w+

501 25

322 19

303 3

3.3. Np-Zr samples of various compositions

A series of Np-Zr samples of various compositions
(10, 25, 50, 67, 75 and 90 at.% Zr) were prepared by
arc melting of the individual components. For each of
these compositions we were able to observe the presence
of &-Np and NpZr,. Excluding the 10%Zr-90%Np
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composition, it was also possible to detect a-Zr in the
samples. These observations suggest that the reaction
Np+2Zr - NpZr,, did not go to completion under our
experimental conditions. This incomplete conversion of
the starting materials to NpZr, (e.g. to pure NpZr, or
to NpZr, plus an excess of a-Zr or a-Np) may have
resulted from slow diffusion rates, as was previously
concluded in studies of the Pu-Zr system. We found
the highest concentration of NpZr, in a composite
having the aggregate composition 25%Np-75%Zr.

A second series of samples consisted of initially arc-
melted Np-Zr samples which had been subsequently
studied by DTA prior to the XRD analysis. These
products represented materials that had been cooled
slowly (about 10 °C min~!). Even with this slower
cooling rate, the concentration of NpZr, did not appear
to increase. In addition, the cell volumes obtained for
a-Np, a-Zr and NpZr, from data for the arc-melted
or the arc-melted-DTA samples were identical.

We have initiated annealing studies using composites
containing 33% Np in the initial aggregate for about
72 h at various selected temperatures (300-900 °C).
The examination of these samples by X-ray analysis
revealed that this short annealing period did not enhance
the formation of NpZr, or alter the cell volume of
NpZr, that was present. Studies involving longer an-
nealing times are in progress.

In Fig. 1 the variation in the cell volume of a-Zr is
presented as a function of the initial aggregate nep-
tunium content. The calculated volumes for a-Zr (25
°C) that had been equilibrated with (10% or more)
Np were found to be essentially constant but consid-
erably larger than for pure a-Zr. We therefore conclude
that there was an appreciable solubility of Np in the
a-Zr; perhaps 10%, based on analogy with the studies
done with the Pu-Zr system [15]. Analysis of X-ray
data obtained at 25 °C following the annealing of the
33%Np-67%Zr composite suggested that the solubility
of Np in a-Zr had decreased (decrease in the cell
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Fig. 1. Variation in cell volume of a-Zr vs. aggregate neptunium
content.
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Fig. 2. Variation in lattice parameter ¢y, of a-Zr vs. aggregate
neptunium content.

volume). When the annealing temperatures were higher
than 600 °C, this solubility decreased further toward
zero and the cell volume became equal to that for pure
a-Zr.

In contrast, we concluded from the X-ray data that
whatever the amount of a-Zr (10% or more) in equi-
librium with «@-Np, the cell volume of a-Np remains
essentially constant. Therefore Zr has negligible sol-
ubility in a-Np.

Figure 2 shows the variation in the lattice parameter
¢o of a-Zr as a function of the aggregate neptunium
content. The variation between ¢, of pure a-Zr and
that of a-Zr saturated with Np (Ac,=4.0 pm) is very
close to the corresponding difference found in the
Pu-Zr system (4.3 pm) [15]. We concluded from the
X-ray data that the dissolution of Np in o-Zr only
affects the ¢, axis, since we observed that the lattice
parameter a, remained constant whatever the initial
aggregate neptunium content was. This pattern of con-
stant a, and variable ¢, is the same as encountered in
the Pu—Zr system [15].

4. Conclusions

From our room temperature X-ray studies of Np-Zr
composites prepared via different thermal treatments
we have concluded that the major products were a-
Np, a-Zr NpZr, and possibly either Np,Zr or NpeZr.
The formation of NpZr, and the values of its lattice
parameters are in accord with data published for UZr,
and PuZr,. We have also shown that NpZr, has hex-
agonal symmetry rather than b.c.c. The maximum con-
centration of NpZr, was observed in 25%Np-75%Zr
composites, although a-Np and o-Zr phases were also
present in these samples. The X-ray data support a
significant solubility of Np in the a-Zr phase but indicate
a low solubility of Zr in a-Np. Annealing of the Np-Zr
products at various temperatures (300-900 °C) for
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periods up to 72 h did not significantly increase the
presence of NpZr, but did apparently alter the solubility
of Np in the a-Zr phase. Additional work on the Np-Zr
system is under way, but the findings to date contribute
to the development of the Np—Zr phase diagram.
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