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b IMPMC – Université Pierre et Marie Curie – UPMC, 75252 Paris Cedex 05, France

c CEA, DAM, DIF, F-91297 Arpajon, France

Received 26 January 2011; received in revised form 3 June 2011; accepted 6 June 2011
Available online 29 June 2011
Abstract

Numerous investigations have been performed on Ce metal since the discovery of the c! a phase transformation, where a face-cen-
tered cubic structure is believed to collapse isostructurally with a volume change of �17%. However, two questions have yet to be
answered definitively. First, is the transformation truly isostructural or is the face-centered cubic structure lost in a-Ce due to symmetry
breaking? Second, if the transformation is isostructural does the face-centered cubic structure stay in crystallographic orientation
through the volume collapse? Here, we use high-pressure and high-temperature X-ray diffraction measurements to examine single and
polycrystalline samples of Ce in the vicinity of the c M a transformation. This was achieved by successive continuous compression
and decompression in a diamond anvil cell at temperatures under, at and above the critical point. Our results show that the crystal struc-
ture remains face-centered cubic for both the c and a phases. The results also show that the face-centered cubic structure retains its crys-
tallographic orientation, simply reducing in volume during the c! a phase transformation. Upon transformation to a, polycrystalline
samples show increased diffraction peak broadening, while single crystals show increased streaking. These changes in diffraction can be
attributed to increased damage and lattice misorientation from the transformation. Using a simple atomic lattice model, we show that a
periodic array of misfit edge dislocation is necessary to accommodate the large volume difference at the c–a interface and this could act as
a source of the edge dislocations needed to produced previously observed deformation bands.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Cerium is a fascinating metal. Under atmospheric pres-
sure, it exhibits four solid allotropic crystal structures
between absolute zero and melting at 1071 K. These are des-
ignated in Fig. 1 as a, which is face-centered cubic (fcc); b,
which is double hexagonal close packed (dhcp); c, which is
also fcc; and d, which is body-centered cubic (bcc). There
are large hystereses between the transformations of a, b
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and c, causing phase boundaries to be kinetic approxima-
tions. Often mixtures of two or even three phases have been
observed to persist metastably in single-phase fields [1,2].
The c–a phase boundary terminates in a critical point at
1.5 ± 0.1 GPa and 480 ± 10 K [3], making Ce the only
metallic element known to exhibit a critical point. During
the c! a transformation, Ce is believed to isostructurally
transform from a larger fcc structure to a smaller fcc struc-
ture. Put simply, the fcc unit cell collapses from the c phase
to a with applied pressure and/or reduced temperature. The
volume collapse can be as large as �17% near the b phase
field, but diminishes to zero near the critical point.
.
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Fig. 1. Pressure–temperature phase diagram of Ce metal. The horizontal
arrow shows an isothermal pressure path used to transform c- to a-Ce in a
DAC. (Inset) Experimental geometry of the DAC and X-ray beam.
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Several interpretations of why this volume collapse
occurs have been postulated. First was the promotion
model, where a localized 4f electron is promoted to a
pre-existent (spd) band of delocalized electrons [4]. Another
was a Mott transition, where the localized 4f electrons on
each atomic site merge with each other to create a delocal-
ized 4f band of electrons [5]. A third was the Kondo vol-
ume-collapse model, where the 4f electrons mix quantum
mechanically with the delocalized (spd) band, existing
simultaneously as an atomic-like electron and in a large
delocalized state [6].

The promotional model was challenged when Gustafson
et al. [7] showed there was no significant change in the
number of f electrons between a- and c-Ce via positron life-
time and angular correlation measurements. The promo-
tional model was further questioned by Compton
scattering data [8] and X-ray absorption measurements of
the L edges [9], which showed no substantial change in
valence between a- and c-Ce. The Mott transition theory
was questioned by photoemission experiments that show
the f level is located below the Fermi energy in both phases
[10]. Magnetic form factor [11] and phonon density of
states [12] measurements also disagree with a Mott transi-
tion, showing that the magnetic moment remains localized
in both phases. Dynamical mean-field theory calculations
of the optical properties of a- and c-Ce [13] are in agree-
ment with the optical data of van der Eb et al. [14], which
gives support for the Kondo picture. However, the answer
is not yet clear. Even with all three models available and an
appreciable amount of theoretical attention, the issue
remains unresolved. In fact, there are even theoretical
results supporting a combination of all three effects
[15,16]. One key concept that is widely accepted, regardless
of model, is that hybridization between 4f and valence elec-
trons plays an integral role in the phase transformation,
and experiments have clearly shown this occurs [17,18].

Electronic-structure driving forces aside, the behavior of
a Ce crystal during the c M a phase transformation is of
great interest. Reviewing experimental investigations of
the transformation, it is clear that questions remain. First,
is the c M a transformation truly isostructrual? While the
theoretical models above [4–16] assume an fcc–fcc transfor-
mation, Eliashberg and Capellmann [19] proposed that c-
and a-Ce are different phases separated by a boundary end-
ing with a tricritical point. The experimental basis for their
hypothesis was found in early X-ray diffraction work by
Davis and Adams [20], where the compressibility was
observed to diverge in the vicinity of the (tri)critical point
for only the a phase. In such a case, the Landau theory
of phase transformation imposes the symmetries of c and
a must be different, with a second-order phase transition
beyond the terminal point. The fcc–fcc transformation
was further questioned by Nikolaev and Michel though
time-differential perturbed angular correlations measure-
ments [21]. They postulate that c-Ce is Fm3 m and a-Ce
is Pa3, where the atomic point lattice remains fcc, but the
symmetry is broken via electronic charge density [22].
Interestingly, an fcc to distorted fcc transition has been
observed to occur in La [23] and Pr [24], the elements on
either side of Ce in the periodic table, as well as in cer-
ium-based alloys [25] and d-Pu [26].

The second question is a logical progression of the first.
If the c and a phases are both fcc, does the structure retain
crystallographic orientation through the transformation?
In other words, does the fcc unit cell simply compress while
keeping its crystallographic planes and directions? Or is
there some rotation in the spirit of the Bain path that traces
the energy of a bcc crystal as it is strained along the h0 0 1i
axis until it becomes an fcc crystal? This is a fascinating
question given that the volume change can be as high as
�17% during the c M a transformation. How the lattice
will evolve and accommodate the immense strains of such
a transformation has important and novel metallurgical
implications.

Here, we present results from a series of high-pressure,
high-temperature experiments formulated to answering
these questions. Using a diamond anvil cell (DAC) and
in situ resistive heating, we examine the c M a transforma-
tion in both single crystal and polycrystalline Ce metal
using synchrotron-radiation X-ray diffraction. Our results
show that the fcc structure is retained in both the a and
c phases, and that the crystal does in fact stay in orienta-
tion, simply reducing unit cell size during the c! a phase
transformation. There is, however, increased damage and
lattice misorientiation concomitant with the transforma-
tion, which is evidenced by diffraction peak broadening
and streaking, respectively. Using our data and a simple



Fig. 2. A plot of the intensity ratio between the [3 1 1]c and [2 0 0]a
reflections as a function of pressure, recorded during decompression of
polycrystalline Ce metal. Below �0.47 GPa there is only c phase, between
0.47 and 0.67 GPa there is a mixture of c and a, and above �0.67 GPa
there is only a phase. (Inset) Polycrystalline diffraction patterns for 0.44,
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atomic lattice model, we show that a periodic array of mis-
fit edge dislocation is necessary to accommodate the large
volume difference at the c–a interface. The large misfit
could act as a source of the edge dislocations needed to
produce the previously observed deformation bands [27].
The results reported here are a detailed extension of our
earlier work on the c M a transformation in Ce metal [28].

2. Experimental procedures

High-purity Ce samples were used in all experiments,
since the physical properties of the metal are known to
be affected by impurities even in small concentration. Poly-
crystalline samples were produced in a purpose-built cruci-
ble using a triarc furnace under an argon atmosphere
starting from material scraped from a 99.99% cerium ingot
using a diamond file in a dry nitrogen glove box. Single-
crystal samples were prepared from an ingot grown at
the Ames Laboratory, which was used in the historical first
inelastic neutron scattering experiment of c-Ce [29,30].
Crystals 60–80 lm in diameter and 20 lm in thickness were
prepared by femtosecond laser cutting and mechano-chem-
ical polishing techniques under controlled atmosphere [31].
A single-crystal with a [0 0 1] surface normal was prepared
for pressure experiments, ensuring a known orientation.

Helium was used as pressure-transmitting medium for
DAC experiments. The sample and He were loaded within
two diamonds with 800 lm culets and a 400 lm diameter
rhenium gasket. Sample heating was achieved in the
DAC with resistive heating, which enabled independent
control of pressure and temperature without bringing the
cell back to ambient conditions. The temperature was reg-
ulated using an electronic module and two K-type thermo-
couples, one glued to each anvil, yielding a measured
accuracy better than 1 K. Hysteresis was determined
through the measurement of the lattice parameter at con-
stant temperature during compression and decompression
at the rate of 0.04 bar min�1 on the membrane DAC.
The pressure inside the cell was determined indirectly by
fluorescence measurements of SrBO4:Sm2+ with an abso-
lute uncertainty of about 10�2 GPa. Identical values of
pressure were always determined before and after collec-
tion of each diffraction measurement.

Angle-dispersive X-ray diffraction measurements were
performed at the ID09A beamline of the European Syn-
chrotron Radiation Facility, using a monochromatic beam
(k = 0.413818 Å) focused to less than 5 lm full-width half-
maximum. Sample-to-detector distance and detector tilt
were calibrated using a Si standard and FIT2D software.
Single crystal diffraction patterns were collected during a
rotation of the sample between �20� and +20� about a ver-
tical axis perpendicular to the beam axis, as shown in Fig. 1
inset.

Transmission electron microscopy (TEM) was per-
formed on a polycrystalline Ce sample of 99.9% purity that
was prepared and examined as described elsewhere [32,33].
3. Results

3.1. Polycrystalline metal

Polycrystalline samples were examined during compres-
sion at 334, 351, 374, 396, 423, 460 and 503 K, ensuring the
c M a phase transformation was examined from near the b
phase field to beyond the critical point. At each tempera-
ture, the sample was compressed and released while the
crystal structure was monitored via X-ray diffraction. Data
collected for an isothermal compression at 334 K are
shown in Fig. 2, where the inset displays polycrystalline dif-
fraction patterns for 0.44, 0.51, 0.57, 0.67 and 1.04 GPa. At
0.44 GPa the diffraction pattern shows peaks for only the c
phase, while at 1.04 GPa there are peaks for only a.
Between these pressures there is a mixture of c and a, which
is illustrated in the main panel of Fig. 2 by the ratio of
Bragg intensities ([3 1 1]c to [2 0 0]a) as a function of pres-
sure. The mixture of c and a persists between 0.47 and
0.67 GPa, demonstrating the transformation hysteresis
noted above [1,2].
0.51, 0.57, 0.67 and 1.04 GPa.



Fig. 3. Three pressure–volume plots showing the EOS of polycrystalline Ce metal: (a) T = 334 K, (b) T = 396 K and (c) T = 503 K. The EOS for 334 and
396 K both show hysteresis and coexistence zones of c and a; however, the EOS for 503 K changes smoothly and continuously with pressure. Since there is
no clear designation between c and a at 503 K, the data are plotted using red and black squares for a single fcc phase. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Clapeyron diagram of polycrystalline Ce metal for several
isotherms (neglecting kinetics effects in the coexistence regions). Above
T = 460 K, the volume jump at the transition is no longer observed,
replaced by a continuous variation with pressure. The coexistence (dotted
red) line delimits the region where the system stands in a biphasic
configuration, whereas the spinodal line (dashed–dotted black line)
represents the boundary between metastable and unstable conditions.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The equation-of-state (EOS) can be monitored at each
temperature using X-ray diffraction. Three sets of data
are shown in Fig. 3, where (a) is for 334 K, (b) is for
396 K and (c) is for 503 K. Results are plotted for both
compression and decompression, since two sets of measure-
ments ensure consistency of the transformation due to hys-
teresis. Fig. 3a plots the EOS of c and a during
compression, V c

comp and V a
comp, respectively, and during

decompression, V c
decomp and V a

decomp, respectively. The data
taken at 334 K show hysteresis and a mixture of c and a
during compression and release. The compression data
(black triangles) show that the unit cell volume of c
decreases with increased pressure up to �0.9 GPa, where
a begins to form. Above this pressure the volume of c
increases until �1.15 GPa, where it saturates, then col-
lapses to a. During decompression a similar, but opposite
behavior is observed: the unit cell of a increases until c
forms, then decreases for a short pressure interval until it
increases again briefly and disappears.

The EOS for an isothermal compression recoded at
396 K shows similar trends although to a lesser extent.
There is again hysteresis and a mixture of phases. There
is also an increase in the volume of c during compression
once the a phase forms. However, during decompression
a transforms to c with no evidence of a reduction in the
a volume.

The EOSs in Fig. 3a and b both show hysteresis and
coexistence zones of c and a. This behavior is observed
up to 460 K, at which temperature the critical point is
neared and the EOS begins to exhibit a smooth and contin-
uous volume change. This is illustrated in Fig. 3c, which is
an isothermal compression recoded at 503 K. Since there is
no clear designation between c and a at this temperature,
we now switch to red and black squares for a single fcc
phase. The data for compression are given as black
squares, V comp, and the data for two separate decompres-
sions are given as large and small red squares, V 1

decomp

and V 2
decomp, respectively. In this data set, the EOS

smoothly and continuously changes with pressure with
no jump in volume.
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The EOS for each isothermal compression can be plot-
ted together, yielding the pressure–volume diagram shown
in Fig. 4. From the plot it is apparent that a spinodal
region forms, which is designated by the dark blue dash-
dot line. The term “spinodal” is more commonly used in
the context of a chemical spinodal [34–36], where a misci-
bility gap in temperature–chemistry space results in the
spontaneous decomposition of a single crystal into two
crystals with the same structure, but different compositions.
The underlying driving force for this type of decomposition
is a lowering of the Gibbs free energy (G). When formulat-
ing the equations for chemical spinodal decomposition [34],
pressure is neglected (assumed one atmosphere) because we
view metals as mostly incompressible, and for many exam-
ples this assumption is justified. However, the free energy
of a solid is a function of pressure. Compressing a material
to 10 GPa equates to an energy change of approximately
100 meV Å�3. There are metals, such as Ce, where small
amounts of pressure can change the electronic structure
enough to drive phase transformations.

At temperatures greater than 460 K (see Fig. 4), there is
a continuous EOS, where the fcc structure smoothly
reduces in size with compression. However, below 460 K
a region of immiscibility occurs in pressure–volume (P–
V) space where two fcc crystals form, one with a small vol-
ume (a) and one with a large volume (c). Typical of chem-
ical spinodals, the P–V spinodal in Fig. 4 broadens with
decreasing temperature (and pressure). The diagram clearly
Fig. 5. The FWHM of a [2 2 0] Bragg peak and volume as a function of p
T = 374 K and (b) T = 503 K. Examining the EOS for T = 374 K, which is m
apparent. The FWHM of the [2 2 0] diffraction peak for c increases near the t
T = 503 K, there is only one fcc phase that continuously changes with pressu
width, in this case occurring near the inflexion point of EOS. Note that the amo
374 K the broadening changes by �0.085�. (For interpretation of the references
this article.)
illuminates the behavior of the c M a phase transformation
with respect to pressure, temperature and volume.

The width of diffraction peaks was examined during the
c M a transformation in hopes of gleaning information on
the quality of the crystal. The full width at half maximum
(FWHM) of the [2 2 0] Bragg peak was recorded at various
pressures and fit through calculated refinements. The
results are shown in Fig. 5, where (a) is an isothermal com-
pression at 374 K and (b) is one at 503 K. For both temper-
atures, the FWHM of the [2 2 0] Bragg peak and the
volume are plotted as a function of pressure. In Fig. 5a,
the EOS during compression for c and a are given as
before, with V c

comp and V a
comp, respectively. The FWHM

of the [2 2 0] diffraction peak during compression for c
and a are given as W c

comp and W a
comp, respectively. Examin-

ing the EOS in Fig. 5a, which is marked by the solid red
and black triangles, the c M a transformation is apparent.
The FWHM of the [2 2 0] diffraction peak for c increases
near the transformation until it ends due to the presence
of pure a-Ce. The [2 2 0] peak for a is slightly broader than
for c before the transformation.

The EOS for 503 K in Fig. 5b is given only by V comp,
since there is one fcc phase that continuously changes with
pressure. Similarly, the FWHM is given only by W comp. A
maximum occurs in the width of the [2 2 0] diffraction peak
near the inflexion point of the EOS, then settles at a value
slightly larger than observed near 1.4 GPa. It should be
noted that the broadening at 503 K is much less, changing
ressure for two isothermal compressions of polycrystalline Ce metal: (a)
arked by the solid red and black triangles, the c M a transformation is

ransformation until it disappears with the disappearance of the phase. At
re. The FWHM of the [2 0 0] diffraction peak also shows a maximum of
unt of broadening at 503 K is much less, changing by �0.006�, whereas at
to colour in this figure legend, the reader is referred to the web version of
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from 0.03� to 0.036� (D � 0.006), than at 374 K, where the
broadening changes from 0.035� to 0.12� (D � 0.085).

3.2. Single crystal metal

In this section, we consider results for single-crystal sam-
ples, enabling us to examine the c M a phase transforma-
tion in greater detail. Samples were again compressed
then slowly released at various temperatures while the crys-
tal structure was monitored via X-ray diffraction.

X-ray diffraction patterns acquired along the [0 0 1] direc-
tion of a single crystal sample are shown for three different
pressures in Fig. 6: (a) 0.32 GPa, which is only c-Ce; (b)
0.61 GPa, which is both a- and c-Ce; and (c) 1.19 GPa,
which is only a-Ce. The diffraction patterns clearly show
fourfold symmetry at each pressure. This solidifies our first
Fig. 6. Synchrotron radiation X-ray diffraction patterns acquired along the
pressures are shown on the left: (a) 0.32 GPa (c-Ce), 0.61 GPa (a- and c-Ce) a
and the same orientation but a 14% difference in volume. The diffraction patter
and the structure simply reduces its lattice size. (Right) A potential transforma
compressed, numerous small blocks of a-phase nucleate and grow uniformly acr
a mixture of both phases when the 20 lm beam was scanned across the sample
their interfaces are in registry, allowing the a crystallites to unite to form one
important result, namely that the structure remains fcc
across the c! a transformation. While the polycrystalline
diffraction patterns in the inset of Fig. 2 supported this, the
single crystal patterns in Fig. 6 finalize the result. The second
important result is that the structure retains crystallographic
orientation during the c! a transformation. This is the first
direct evidence that the structure of Ce metal simply reduces
the unit cell size of the fcc lattice during the c! a transfor-
mation, with no change in geometric orientation.

The diffraction peaks in Fig. 6 are streaked azimuthally
due to slight lattice misorientation. The angular variation
of the [2 0 0] reflections for c-Ce is about 7–8�. At high
pressure, where only a-Ce is present, the streaking is about
10–11�. The fact that the streaking increases during the
c! a transformation suggests that the amount of lattice
misorientation increases with the phase transformation.
[0 0 1] direction of single crystalline Ce metal at 318 K. Three different
nd 1.19 GPa (a-Ce). At 0.61 GPa, c and a coexist, with the same structure
ns clearly show that the structure retains orientation of the [0 0 1] direction
tion mechanism based on our experimental observation: as the c sample is
oss the sample. This is supported by diffraction data that consistently show

(diameter � 100 lm). As the particles grow and impinge upon one another,
large crystal.



Fig. 7. Bright-field TEM image of an impurity particle in Ce metal.
Besides the bend and thickness contours, which are the blurry black lines
in each phase, the metal is much more mottled due to defects (and some
surface oxide). These defects were always present in our investigations,
even after annealing for several days in a vacuum furnace at 800–900 K.

K.T. Moore et al. / Acta Materialia 59 (2011) 6007–6016 6013
Lattice misorientation and damage are not only gener-
ated during the transformation, but also occur intrinsically
within the metal. This is illustrated in the bright-field TEM
image in Fig. 7, which shows a two-phase mixture of c-Ce
and an impurity particle. The particle is labeled CeX, since
it was not investigated to delineate the phase, but is likely
CeH2. When rare earth and actinide metals are ion milled
to electron transparency, as was done with this sample,
hydride particles often form as an unwanted secondary
phase [33,37]. The exact composition is not crucial in the
present purpose, but simply the fact that the impurity
phase makes a strong contrast with the metal. The
defect-free particle is uniform in intensity other than dark
curves due to bending and thickness changes that influence
electron scattering. On the other hand, the c-Ce region
shows a crystal with damage, such as dislocations, which
are the dark lines marked by arrows in Fig. 7.1 Dislocations
will cause diffraction peaks to blur rather than streak, but
the point remains: damage is always present in Ce metal,
even after annealing for several days in a vacuum furnace
at 800–900 K. Whether annealing for weeks or months
would remove this lattice damage was not tested. However,
our investigations have clearly shown that Ce metal retains
a large amount of intrinsic damage and lattice misalign-
ment, similar to Pu [38].

The EOS of single crystal was determined at several tem-
peratures using X-ray diffraction in the same manner as for
the polycrystalline samples. The data are shown in Fig. 8,
1 There are also intensity contributions in c-Ce due to oxide on the two
surfaces of the TEM sample; however, this can be examined separately
from the damage within the metal.
where (a) is for 340 K and (b) is for 388 K. Both plots show
the EOS of c and a during compression and decompression
using the same markers as for Fig. 3a and b. The overall
behavior is similar to that of the polycrystalline samples,
exhibiting hysteresis and a pressure region with a mixture
of c and a. However, the EOS in Fig. 8a does not show
an increase in the volume of c during compression once
the a phase begins to form. Rather, once a forms, the vol-
ume of c continues to decrease, though at a slower rate
than before a appeared. During decompression, a appears
to reduce volume when c forms; however, given the error,
this is not clear. Certainly the level of backtracking of the
lattice volume with pressure observed for single crystals is
less than that observed for the polycrystalline samples,
such as that in Fig. 3a. This suggests that grain boundaries
play a role in the phase transformation, altering the results
between single and polycrystals.

The FWHM of the [2 2 0] reflection and the volume of a
single crystal were examined during the c M a phase trans-
formation for an isothermal compression at 388 K. The
EOS results in Fig. 9 are similar to that obtained during
isothermal compression at 374 K for the polycrystalline
sample shown in Fig. 5a. However, while the form of the
FWHM results are similar, the magnitude is much smaller.
The width at 388 K for the single crystal changes from
0.033� to 0.065� (D � 0.032), whereas the width at 374 K
for the polycrystal changes from 0.035� to 0.12�
(D � 0.085). The larger broadening of diffraction peaks in
polycrystalline sample suggests that the grain boundary
network influences the lattice, possibly creating more dam-
age through increased strain during the transformation.

4. Discussion

Now that we have established that the c M a phase
transformation remains in crystallographic orientation
and is isostructural with both phases being fcc, we can
examine what this means for the transformation as well
as the c–a interface.

4.1. The c M a transformation

The [0 0 1] X-ray diffraction patterns of single crystalline
Ce metal at 318 K in Fig. 6 show a coexistence of c and a at
0.61 GPa. Both phases are fcc with the same orientation,
but have a 14% volume difference at this temperature.
The diffraction patterns clearly show that the fcc structure
retains orientation during the c! a transformation, where
the structure simply reduces the unit cell size. Ultrasonic
measurements of Ce at high pressure demonstrate that
the c! a transformation is due to a softening of the com-
pressional mode, whereas the shear mode increases with
pressure, which is in agreement with the structure retaining
symmetry [39]. Given this information, the next logical
question is what is the transformation mechanism?

Based on our experimental observation, a potential
transformation mechanism is through a large number of



Fig. 8. Two pressure–volume plots showing the EOS of single crystalline Ce metal: (a) T = 340 K and (b) T = 388 K. The EOS are similar to the results
for polycrystalline metal in Fig. 3.

Fig. 9. The FWHM of the [2 2 0] Bragg peak and volume as a function of
pressure for isothermal compression of single crystalline Ce metal at
T = 388 K.

6014 K.T. Moore et al. / Acta Materialia 59 (2011) 6007–6016
uniformly distributed precipitates. During the c! a trans-
formation upon compression, numerous small precipitates
of the a-phase would nucleate in the c crystal and grow
with increased pressure. This is supported by the diffraction
data near 0.61 GPa, which consistently show a mixture of
both phases when the 20 lm beam was scanned across
the �100 lm sample. Had there been large regions of a that
nucleated, grew and consumed the c-crystal, the pattern
would change with beam location. However, this was not
the case. Therefore, a single crystal of c transforms to a sin-
gle crystal of a during the c! a transformation even
though the process is achieved through the nucleation
and growth of many sites. This is possible because each a
precipitate is in crystallographic orientation with the c lat-
tice. As the particles grow and impinge upon one another,
their interfaces are in registry, allowing the a precipitates to
unite and form one large crystal. The result is a single crys-
tal of a (upon compression) or c (upon release) once the
transformation is complete.

The transformation is reversible, although it becomes
more retarded with each cycle due to increasing lattice mis-
orientation and damage. This was shown by Zukas et al.
[27], who examined the c! a transformation using hydro-
static compression in a Harwood press with argon as the
pressure medium, simultaneously monitoring pressure,
temperature and specimen length. When completely trans-
formed to a through compression then returned to c on
release, the original grains were permanently deformed,
exhibiting deformation bands near (1 1 1) planes with
some curvature. Optical micrographs of the sample before
and after compression revealed a microstructure that was
similar, but with large amounts of plastic deformation.
They also performed dilatometry traces of a sample
through five compression–release cycles and found the per-



Fig. 10. Atomic model showing an (0 0 1) interface between two cubic
crystals with a large volume difference. The arrow indicates the planar
interface and the three red T marks indicate edge dislocations that form a
periodic array along the interface. A periodic array of misfit edge
dislocation is necessary to accommodate the large volume difference at the
c-a interface. This could act as a source of the edge dislocations needed to
produce the deformation bands observed by Zukas et al. [27]. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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cent transformed reduced with each cycle. This supports
the hypothesis that growing damage from each compres-
sion cycle begins to impede the transformation. Indeed,
accumulation of lattice damage has been found to inhibit
transformation in other large-volume transformations,
such as the d! a transformation in Pu–Ga [40]. Finally,
Zukas et al.’s results showed that c grains exhibited a lat-
tice misorientation of slightly more than 2� before the
c! a transformation, but after the transformation and
return to the c phase at room pressure, the misorientation
increased to about 10�. This is in agreement with the gen-
eral trend of increasing lattice misorientation between c
and a shown in Fig. 6.

Bustingorry et al. [41] used a non-linear elastic model to
explain the thermodynamics of the volume collapse in cer-
ium. Their model reproduces the volume hysteresis
observed in our pressure experiment, and a negative bulk
modulus. Their model also shows that the width of the hys-
teresis loop shrinks with increasing temperature, terminat-
ing at a critical point. The shortcoming of their model,
however, is in the assumptions. First, they consider the a
and c phases to be elastically isotropic with the same value
of the elastic coefficients. This is surely not the case. Sec-
ond, their model is fully coherent, i.e. with no structural
defects during the transformation. This too is clearly incor-
rect. The proof is given by the deformation bands observed
by Zukas et al. [27] after repeated cycling of the c M a
transformation. Regardless of these shortcomings, which
the authors freely point out themselves, the model agrees
with many of the features of the Ce metal phase diagram.

4.2. The c–a interface

Our pressure–temperature diffraction results, combined
with the clear evidence of deformation bands by Zukas
et al. [27], allow us to formulate a model for the c–a inter-
face that includes misfit edge dislocations.

Deformation bands can be explained as a result of local-
ized lattice rotations, where bending of crystal planes
occurs due to accumulation of a large number of edge dis-
locations with the same sign [42]. Such a dislocation struc-
ture is a natural consequence of the lattice mismatch at the
c–a interface and the identical crystallographic orientation
between phases. This is illustrated in Fig. 10, which is an
atomic model showing an (0 0 1) interface between two
cubic crystals with a large volume difference. A periodic
array of edge dislocations (red T marks) with the same sign
decorate the c–a interface in Fig. 10, since their presence is
necessary to accommodate the lattice mismatch. During
the c! a transformation, there is a �17% volume change
between two phases that have the same structure and orien-
tation. This corresponds to a roughly 5% change in linear
dimension, or one dislocation per 20 atoms along the
(0 0 1) interface required to accommodate the misfit
between c- and a-Ce. We assume an (0 0 1) interface in
Fig. 10, but the same argument applies for an interface
on any crystallographic plane, since c and a are in the same
crystallographic orientation. The interface could even be
composed of terraces, ledges and kinks, as has often been
observed [43,44].

The dislocation structure in the mixed phase system,
required by the identical crystallographic registries, trans-
lates directly to the post-transformation system. Consider
a compression transformation (c! a), with particles a1

and a2 separated by region c, which is schematically draw
as “coexistence” in Fig. 6b. The dislocations on the a1–c
interface will be of opposite sign to the dislocation on the
a2–c interface that faces the a1 particle. As particles a1

and a2 impinge upon each other, the dislocations should
annihilate. However, the dislocation positions at each a–c
interface will be incommensurate, meaning not all dislo-
cations will annihilate. Put simply, large-scale dislocation
alignment would not be possible. Each time the c M a
transformation occurs with a cycle in pressure, more
dislocations remain, accumulating to produce deforma-
tion bands near (1 1 1) planes and to retard the
transformation.

The exact nature of the a–c interface must be examined
using high-resolution and weak-beam TEM on a partially
transformed Ce sample. We attempted the c! a transfor-
mation in a transmission electron microscope using a liquid
He holder that achieved 8 K. The sample jumped during
heating and cooling, suggesting that the transformation
occurred in the thicker part of the sample; however, no
change was observed in the areas thin enough for electron
transparency. The holder remained cold for �45 min,
which might have been too short a period for the thin por-
tions of the foil to transform. Using a transmission electron
microscope with dedicated liquid He cooling, where the
sample can be left for days in the alpha phase field, may
be the key to achieving transformation to a in the transmis-
sion electron microscope.
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5. Summary

Using X-ray diffraction measurements at high pressure
and high temperature, we examined the c M a transforma-
tion in poly- and single-crystalline samples of Ce. This was
achieved through successive compression and decompres-
sion cycles in a DAC at temperatures below and above
the critical point. Our results show that the crystal struc-
ture remains fcc for both the c and a phases. The results
also show that the fcc structure stays in crystallographic
orientation, simply reducing in size during the transforma-
tion. Upon transformation to a in single crystals, increased
diffraction streaking is observed due to growing lattice mis-
orientation and damage. Using a simple atomic lattice
model, we argue that a periodic array of misfit edge dislo-
cations is necessary to accommodate the large volume dif-
ference at the c–a interface. These could act as a source of
the edge dislocations needed to produce the deformation
bands near (1 1 1) observed Zukas et al. [27].
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