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Crystal grain growth at the a-uranium phase transformation in praseodymium
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Structural phase transformations under pressure are examined in praseodymium metal for the range
0-40 GPa at ambient temperature. Pressure was generated with a diamond-anvil cell, and data were collected
using high-resolution synchrotron x-ray diffraction and the image plate technique. The structural sequence
double hexagonal close pack&thcp—face centered cubidcc)—distorted-fcc(d-fcc)— a-uranium(a-U) is
observed with increasing pressure. Rietveld refinement of all crystallographic phases provided confirmation of
the hR24 structure for the d-fcc phase while the previously reported monoclinic phase between the d-fcc and
the a-U phase was not confirmed. We observe dramatic crystal grain growth during the volume collapse
concurrent with the symmetry-lowering transition to thdJ structure. No preferred orientation axis is ob-
served, and the formation process for these large grains is expected to be via a nucleation and growth mecha-
nism. An analogous effect in rare earth metal cerium suggests that the grain growth during transformation to
the a-U structure is a common occurrencefielectron metals at high pressures.
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INTRODUCTION were collected on HP-CAT beamline 16ID-B at the Ad-

High pressure phases of the light lanthanides have beefpnced Ph_oton Source at Argonne Natlonal Laboratone_s.
the subject of intense scrutiny in recent years, as they prolWo experiments were conducted using monochromatic
vide an invaluable window to witnessing and understandind?@ams of 0.3683 A and 0.4155 A, respectively. Typical beam
the transition of thef-shell electrons from localized to itin- SPot size was 10—1am square. Pr of 99.9% purity, pur-
erant character, and the related structural changes to opeghased from Alfa Aesar, was scoured of accumulated oxide
low-symmetry crystals. At ambient temperature and presimmediately prior to its placement in the sample chamber of
sure, the light lanthanides typically exhibit a close-packeda spring steel gasket. No pressure medium was used in the
structure, and transform under pressure from one to anotheliamond anvil cell due to the high reactivity of the pure
via sp to d-band electron promotiott* The f-shell is ini-  metal, but Pr is expected to remain soft enough for quasihy-
tially well localized and does not participate in bonding, butdrostatic conditions to prevail. Pressure was measured from
the Wigner-Seitz radius decreases under pressure motRe copper diffraction data obtained from the same spatial
readily than t_he ion.ic radiu%and eventu_ally t_he broadened region as the Pr Samp|e and using an equation of state of
f-shell hybridizes with thepdband. At this point thd-shell  copper fitted to third-order Birch-MurnaghanfitThe use of
delocalizes, thef-electrons become available for bonding, angular dispersive image plates allowed for the capture of a
and a dramatic volume collapse is observed. This process {gmplete cross section of the Debye-Scherrer cone. The wide
responsible for the observed See.mingly .pal’adOXical |OWering|ynamiC range Of the p|ates is Capab'e Of reso|ving and as-
of symmetry under pressure typically displayed by the rargsigning accurate intensities to the weak rings characteristic of
earths2~'* Praseodymium(Pr) metal is initially trivalent”  |ow symmetry structures. This permits accurate structural de-
and close-packed, but at 19 GPa the lattice assumes the opgfiminations to be made despite the observed significant,
orthorhombica-uranium(a-U) structure. Thex-U structure  though transient, orientation effects. Analysis was carried out
of the Pr high pressure phase was shown by Smith ang@rimarily using the programsit2p,*® Gsas?® expcui,2! and
Akella,!° using the experimental data of Mao, Hazen, Bell, powpERCELL
and Wittig? and independently by Grosshans, Vohra, and
Holzapfel!® using the new x-ray data. At thia-U phase
transition, electrical resistance measureménasd volume
calculation$®>1€ indicate that thef-shell is delocalized. Re- At ambient pressure, praseodymium crystallizes in a
cent measurements to 313 GfRef. 17 show a transition to  double hcp structurédhcp, (P63/mmao, with measured lat-
primitive orthorhombicP2,2,2, at 147 GPa, but no further tice parametersa=3.662+0.003 A ana=11.813+0.009 A.
volume collapse. Praseodymium is predicted to eventuallyrhis structure may be thought of as two hcp phases alternat-
transition to an hcp phase as the symmetry-lowering effect olhg such that the hexagonal plane sequence is A-B-A%-A,
pressure-induced promotion to thdand is overwhelmed by and hence the axial ratio/a is twice the hcp value. Pure
the symmetry-raising effects of band broadening and increagpraseodymium is highly reactive, and some oxidation oc-
ing electrostatic energie$. curred during loading. Oxide typically consists of a®y;

EXPERIMENT superstructure corresponding to an .orde(rléq03)-4(Pr(.)z)
phase, but the small amount of oxide present was indexed

We conductedn situ angular dispersive x-ray diffraction satisfactorily as purely PrQin the fluorite(CaF,)?32* struc-
measurements on Pr to 40 GPa. X-ray diffraction spectréure throughout.

RESULTS
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FIG. 1. Equation of state of Pr to 40 GPa. The compressibilities
of the first three phases were found to be comparable and are fitted
as one single curve. The discontinuity in volume across the transi-
tion to a-U is calculated to be 9.1%.

The smooth transition to another close-packed structure,
face centered cubiéfcc), is completed around 4 GPa on
compression. At 7 GPa the lattice began to exhibit distor-
tions from the high symmetry close-packed structures, as
evidenced by the appearance of several additional weak su-
perlattice peaks. This distorted fcc structure may be indexed
according to a hexagonal unit céipace group 166hR24
structure described by Hamagaal 2> with atoms occupying
two independent atomic positions; &nd 1&. This distorted
phase coincides with fcc when the three independent frac-
tional parameters have the values=0.25, x=0.5, andz,
=0.25. These positions vary gradually as pressure increases,
showing less than 5% variation across the entire range.

At 19 GPa, the structure undergoes a sudden collapse in
volume of 9.1%(Fig. 1), transforming to the low-symmetry
a-uranium structuréCmecnj. The refined free lattice param-
etery exhibited slightly greater variability than is observed
in U itself, varying from 0.099 to 0.104 across the 21 GPa
examined in this experiment. This structure was retained
through 40 GPa. The compressibility also drops dramatically
at this transition. In a third order Birch-Murnaghan fit, the
bulk modulus and its first derivative change from 21.70 GPa

and 3.03 for the precollapse phases to 27.69 GPa and 3.44 kG 2. Eyolution of the image plate raw data across the volume
for the a-U structure, respectively. Though the increase inggjiapse. (a) Smooth diffraction rings for the hR24 phase at
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bulk modulus is proportionally significant, it is still expected 16.0 GPa, slightly below the transition to theU structure.(b)

that the metal is soft enough for quasihydrostaticity to ob-Dramatic grain growth at 18.9 GPa showing spotty pattern. Note
tain. that the bright spots appearing along the Pr rings do not prefer any

The formation of large crystal grains is clearly visible in particular orientation, as would be the case for standard texturing
the angular dispersive image plat€sg. 2) just as the struc- effects. Close examination reveals that the affected rings all belong

ture transitions tax-U. Until the transition begins, the dif- to the emergent-U phase.(c) A return to continuous diffraction

fraction rings remain smooth and continuous, indicating aings showing near random distribution of grains at a higher pres-
well-randomized powder. This condition of homogeneity issure of 28.5 GPa.
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Bright irregular diffraction spots indicative of the growth
of large crystal grains are observed at the volume collapse.
These spots occur solely on the postcollapse phase diffrac-
tion rings, and grow progressively less frequent and less in-
tense until they entirely fade around 23 GPa. Growth appears
to proceed very rapidly upon nucleation, though never to the
extent of producing a single crystal as the grains break down
readily under pressure. A similar effect is observed in
cerium?® also at the symmetry-lowering-U transition;
however, that transition occurs after the loielectron has
become itinerant and the lattice has collapsed isostructurally.
It is therefore expected that the grain growth phenomenon is
due to the breaking of symmetry, and is only incidentally
related to the volume collapse.

In summary, we have studied rare earth metal praseody-
mium with high resolution image plate x-ray diffraction to
high pressures to 40 GPa. Rietveld refinements of the x-ray
diffraction phases have been performed and the four crystal-
lographic phases have been confirmed: double hexagonal
close packed, face centered cubic, distorted-fcc, and
a-uranium. The Rietveld refinement of the distorted-fcc
phase confirmed the hR24 structure proposed by Harfaya.
An additional monoclinic phase propodedetween the
distorted-fcc andv-uranium phase could not be confirmed in
our detailed structural refinements. In a narrow pressure
range of 19-23 GPa, we have observed dramatic crystal

grain growth effects in the--uranium phase as indicated by
spotty diffraction patterns. The large grains eventually break
up at pressures above 23 GPa and assume a near random
distribution giving rise to continuous diffraction rings. This
grain growth phenomenon in Pr sample when combined with
FIG. 3. Refined praseodymium x-ray specira=0.3683 A earlier similar observations in cerium méf’aindicates that
showing the emergence of the low-symmeitryJ phase. Calculated grain growth is fairly common in the-uranium phase under

reflection positions are marked by bars. Copper pressure markgllgh pressures. More importantly, t,h's effect is mdependent
peaks are denoted by an asterisk, and oxide peaks with “0.” Cross the volume change at the formation of theuranium and

mark observed data points, and the solid lines represent calculatdd attributed to the nucleation and growth mechanisms opera-
spectra, background, and the difference between calculated and ofive during the formation of-uranium phase. It is likely that
served values, respectively. Thél labels are placed according to this grain growth phenomenon occurs infaktlectron metals
reflection position, but not intensit@) hR24 phase at 9.3 GPén) during formation ofa-uranium phase under compression. It
a-U phase at 18.9 GPa where grain growth is observed, slightiyvould be interesting to perform similar studies ofirbetal
above the transition pressure. Residual hR24 peaks are marked wigrotactinium and #metal neodymium whereU phase is
arrows.(c) Purea-U phase at 40.4 GPa. known to exist under high pressures.
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completely restored in the new phase within 4 GPa. A care-
ful examination of the diffraction pattern reveals that only

those rings which can be assigned to the lower-symmetry
a-U phase exhibit the spottiness characteristic of grain We acknowledge support from the Carnegie/DOE Alli-

growth. As the refinements in Fig. 3 demonstrate, all exance Center (CDAC) under Grant No. DE-fC03-
pected peaks are present in proper proportion throughout tH88NA00144. Use of the Advanced Photon Source was sup-
grain growth regime. This lack of systematic absences angorted by the U.S. Department of Energy, Office of Science,
the subsequent return to random orientation of grains indiOffice of Basic Energy Sciences, under Contract No. W-31-
cate that the observed grain growth effect is not related to ah09-ENG-38. Use of the HPCAT facility was supported by
alignment of separate crystal grains along the pressure axiDOE-BES, DOE-NNSA(CDAC), NSf, DOD-TACOM, and
Rather, it is proposed that the phase transition is reconstruthe W.M. Keck foundation. We thank in particular Dr. H. Liu
tive, not displacive, in nature, stemming from the inhomoge-and M. Somayazulu of HP-CAT for invaluable discussions
neous nucleation and growth of new grains instead of coopen structural refinement technique and for their skilled tech-
erative movement of atoms in the grains. nical assistance.
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