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Room temperature ion irradiation damage studies were performed on a ceramic composite intended to
emulate a dispersion nuclear fuel. The composite is composed of 90-mole% MgO and 10-mole% HfO,. The
as-synthesized composite was found to consist of Mg,Hfs01, (and some residual HfO,) particles embed-
ded in an MgO matrix. X-ray diffraction revealed that nearly all of the initial HfO, reacted with some MgO
to form Mg,Hf5015. Ion irradiations were performed using 10 MeV Au>* ions at room temperature over a

PACS: fluence range of 5 x 10'°-5 x 10%° Au/m?. Irradiated samples were characterized using both grazing inci-
g;:ggf} dence X-ray diffraction (GIXRD) and transmission electron microscopy (TEM), the latter using both
81.05.Kf selected-area electron diffraction (SAED) and micro-diffraction (D) on samples prepared in cross-sec-
81.40.Wx tional geometry. Both GIXRD and TEM electron diffraction measurements on a specimen irradiated to

a fluence of 5 x 10%° Au/cm?, revealed that the initial rhombohedral Mg,Hf50;, phase was transformed
into a cubic-Mg,Hf50, phase. Finally, it is important to note that at the highest ion fluence used in this
investigation (5 x 102 Au/m?), both the MgO matrix and the Mg,Hfs0;, second phase remained

crystalline.

Published by Elsevier B.V.

1. Introduction

For over a half-century, nuclear energy programs have struggled
to safely dispose of spent nuclear fuel (SNF). The new global focus
is on reducing the radiotoxicity and health risks of SNF by using
reprocessing technologies. This focus has spawned a DOE research
program called the Advanced Fuel Cycle Initiative (AFCI), to devel-
op a closed nuclear fuel cycle by transmuting major SNF radiotoxic
constituents in nuclear reactors or efficiently packaging them for
disposal. The final waste in this closed-cycle concept is far more
benign than SNF. In conjunction with AFCI, radiation effects in
crystalline oxide ceramics (for example UO,, ZrO,, MgO and Mg
Al,04) have been the focus of recent investigations, mainly due
to their excellent radiation stability and their potential as nuclear
waste or fuel forms [1-10]. The study presented here focuses on
ion irradiation effects in a two-phase oxide ceramic, a ceramic—
ceramic (CERCER) composite intended to simulate a dispersion nu-
clear fuel with the following properties: (i) the minority phase is
designed to accommodate fissile species such as uranium and
higher actinides; (ii) the majority (matrix) phase is inert (non-fis-
sile), but designed to retain fission products (FPs) produced by acti-
nide burnup; (iii) the composite is designed to maintain structural
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integrity while exposed to high radiation fields; and (iv) the inert
matrix phase is designed to be chemically-separable from the acti-
nide-bearing minority phase (in a dissolution process). The latter
property is intended to promote easy separation of FPs and actin-
ides during reprocessing. In this fuel design FPs originate from
within the actinide-bearing, kernel particles with high kinetic
energies (up to ~100 MeV) and travel several microns in the com-
posite. If the size of the kernel particles is less than the FP range,
and the kernel particles are spaced appropriately, then the major-
ity of FPs will come to rest in the matrix phase. Thus, a natural par-
titioning evolves between the actinides and FPs during the burning
cycle of the fuel. By choosing a matrix material that can be selec-
tively chemically dissolved, a process can be developed to separate
actinides from FPs in the spent fuel and to recover FPs from the
host matrix. This separation strategy has the potential to greatly
reduce technological challenges associated with conventional
spent fuel reprocessing procedures. As a surrogate for a dispersion
nuclear fuel, the CERCER composite that we examined in this pre-
liminary study consists of small Mg,Hfs0;, particles dispersed in
an MgO host matrix. We present here preliminary results regarding
the synthesis and fabrication of this composite, as well as the
response of this composite to energetic ion irradiation.

2. Experimental details

CERCER composite samples were synthesized from MgO (Al-
pha Aesar, Puratronic, 99.998% (metals basis)) and HfO, (Alpha
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Fig. 1. (a) Scanning electron microscope image (collected in backscatter mode) obtained from a polished pellet of a 90MgO:10HfO, composite specimen. Dark regions in the
image are MgO whereas the bright regions are Mg,Hfs0,, second phase particles. This image shows a fairly uniform bimodal distribution of Mg,Hfs0, particles in the MgO
matrix phase. (b) X-ray diffraction pattern obtained from a polished pristine 90MgO/10HfO, composite pellet. Peak indexing revealed that the pellet is composed primarily of

two major phases: cubic-MgO and rhombohedral-Mg,Hfs015.

Aesar, 99.99%, metals basis excluding Zr, Zr <100 ppm) powders.
These end-member oxide powders were calcined at 1000 °C for
24 h, then weighed to a starting chemistry of 9:1 mol% Mg:Hf ra-
tio. MgO/HfO, powders were ball-milled in a Spex Certiprep 8100
high-energy mill (5 g at a time) for 2 h in a Si3N4 vial with two
SisN4 balls and 1 ml of Hexane (to prevent agglomeration). Ball-
milled powders were cold-pressed using a pressure of 400 MPa
in a 13 mm diameter stainless steel die. After pressing, the pellets
were heat treated in a platinum crucible at 1600 °C in air for 24 h,
then quenched to room temperature by removing the crucible
from the furnace and placing it on a chilled copper block.! Pellets
were sliced into ~1 mm thick coins using a slow speed diamond
saw with oil as a lubricant. Cut samples were then polished to a
mirror finished using oil and 0.25 pm diamond lapping films.
Extreme care was taken not to allow any contact between the
specimens and water, due to the propensity of Mg-containing oxi-
des to form hydrates. The resulting composite microstructure is
shown in Fig. 1(a) (scanning electron microscope image obtained
in backscatter mode to highlight the disparity in Z number be-
tween the Mg- and Hf-containing phases). The light regions in
Fig. 1(a) correspond to the Hf-rich phase, while the dark regions
correspond to the Mg-rich matrix phase. It can be seen from this

! We quenched from 1600 °C in a effort to retain a two-phase microstructure,
consisting of nearly pure MgO and a cubic fluorite solid solution (F) of hafnia and
magnesia, as predicted in a phase diagram published by Wang et al. [11]. This phase
diagram predicts that below 1500 °C, all MgO-HfO, compositions will phase separate
into MgO and the monoclinic polymorph of HfO,. Our intent was to avoid the
monoclinic-HfO, phase.

micrograph that the synthesis route we employed resulted in a
bimodal distribution of the Hf-rich phase dispersed within the
Mg-rich matrix.

X-ray diffraction (XRD) measurements were made on the
composite samples using a Bruker AXS D8 Advance X-ray dif-
fractometer, Cu-K, radiation, and 0-20 geometry. A typical
XRD pattern obtained from an as-synthesized, polished CERCER
composite sample is shown in Fig. 1(b). Peak indexing of the
XRD pattern was performed using Bruker AXS’s Evaluation
(EVA) program [12] combined with the Joint Committee for
Powder Diffraction Studies database [13]. This analysis revealed
that the as-fabricated microstructure consists of three phases:
(1) cubic (c¢) MgO (JCPDF card # 045-0946 [14]) and a calculated
lattice parameter of a=0.4208(2)nm; (2) rhombohedral (r)
Mg,Hfs01, (JCPDF card # 033-0862 [15]) with calculated lattice
parameters of a =0.942336 nm and c=0.871813 nm (hexagonal
setting for the unit cell)?; and (3) a very small quantity of unre-
acted, monoclinic (m) HfO, (JCPDF card # 043-1017 [17]). This lat-
ter phase will be neglected for the remainder of this report. The
phases produced via our synthesis route are predictable, based
on the MgO-HfO, binary phase diagram published by Lopato
et al. [18].

2 r-Mg,Hf50,, possesses rhombohedral (trigonal) symmetry and belongs to space

group (S.G.) R3 (No. 148 in the International Tables for Crystallography [16]). This
structure is referred to in the literature as the delta (¢) phase and is associated with
compounds consisting of stoichiometries near to M,0;, (where M stands for a metal
cation and O for an oxygen anion). Many M,0;, compounds are known to crystallize
in the ¢ crystal structure.
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Fig. 2. (a) SRIM Monte-Carlo simulations for 10 MeV Au ion irradiations of MgO and Mg,Hfs0;, (fluence =5 x 10%° Au/m?). The left-hand ordinate shows nuclear
displacements in units of displacements per atom (dpa), as a function of target depth. The right hand ordinate shows the Au atomic concentration distribution within the
separate targets. These curves reveal large differences in ballistic damage and ion penetration between MgO and Mg,Hf5015. (b) SRIM simulation estimates for nuclear and
electronic energy loss as a function of depth for 10 MeV Au ion irradiations of MgO and Mg,Hfs0, (energy partitioning includes both primary and secondary recoil knock-on
effects). (c) The electronic-to-nuclear stopping power (ENSP) ratio for 10 MeV Au ion irradiations of MgO and Mg,Hfs01, as a function of depth, based on the SRIM simulation
results in (b). This plot indicates that the magnitude of ENSP in MgO is nearly twice that of Mg,Hfs0;, over the first micron in either phase.

The as-fabricated, polished samples described above were irra-
diated using 10 MeV Au>' ions at room temperature in the lon
Beam Materials Laboratory at Los Alamos National Laboratory,
using a recently-developed medium energy ion irradiation set up
on a 3.2 M.V. NEC Tandem accelerator supplied with an SNICS II
ion source (setup fully-described in Ref. [19]). To assure irradiation
uniformity, the scanning amplitude of the ion beam was set
slightly larger than the dimensions defined by the pre-chamber
slits. The standard irradiation area, which provided enough mate-
rial for various post-irradiation characterization techniques, was
set to 12x5mm?2 Ion fluences ranged from 5 x 10'® to
5 x 10%° Au/m?. Experimental results presented here will focus
on the lowest and the highest fluences used in this study. In so
doing, we will highlight our most important observations. All irra-
diations were performed at room temperature and using ion fluxes
of 1 x 10" and 4 x 10'® Au/m? x sinthe 5 x 10'®and 5 x 10%° Au/

m? ion-irradiated specimens, respectively.> Fig. 2(a-c) shows ion
irradiation characteristics for 10 MeV Au®* ion implantation into
c-MgO and r-Mg,Hfs0¢,, according to Monte-Carlo simulations
using the ion transport code SRIM 2000 [20] (displacement ener-
gies of 40 eV for Hf, Mg and O atoms were used for these calcula-
tions; also, the densities of c-MgO and r-Mg,Hf;0,,, calculated
from lattice parameters, were taken to be 3.59 and 8.48 g/cm®,
respectively). Fig. 2(a) shows estimates of ballistic damage (in
units of displacements per atom or dpa) and implanted Au atomic

3 The large differences between the fluxes used for the low and high fluence
irradiations introduces the possibility for dose rate effects, which we did not examine
in this study. However, without this flux change, the lowest fluence irradiation with
the high flux would have required a time of just 1.2 s, while the highest fluence with
the low flux would have required 58 days. Neither of these conditions is experimen-
tally feasible.
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concentration as a function of depth in c-MgO and r-Mg,Hf5015, for
the highest fluence, 5 x 10%° Au/m?, used in these experiments. It
can be seen that a disparity exists not only in the 10 MeV Au ion
penetration depth, but also in the peak damage dose, when com-
paring the pure c-MgO and r-Mg,HfsO1, phases. This disparity is
due to the large difference in ion stopping power between MgO
and Mg,Hfs01,, which in turn, is due to the large molecular weight
(MW.) and atomic number (Z) differences between Mg
(MW. =24.312 amu, Z=12) and Hf (M.W.=178.49 amu, Z=72).
Clearly, care must be used when analyzing and comparing ion

a 10

MgO

specific irradiation damage effects in composite microstructures
of varying Z numbers. Similar disparities are also found when com-
paring nuclear and electronic stopping powers between low- and
high-Z composite phases. Fig. 2(b) shows estimates of energy loss
partitioned between nuclear and electronic stopping for 10 MeV
Au>" ions as function of depth. Fig. 2(c) shows the electronic-to-nu-
clear stopping power (ENSP) ratio for 10 MeV Au>" in both MgO
and Mg,Hfs0,;, (based on Fig. 2(b) results). Plots in Fig. 2(b) and
(¢) include energy partitioning due to both primary knock-on atom
(pk,) and secondary knock-on recoil atom effects.
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ray penetration are shown in these plots (see text for discussion).
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Ion irradiation damage was characterized using transmission
electron microscopy (TEM) and grazing incidence XRD (GIXRD).
Conventional TEM observations were made using a Philips CM-
30 instrument operating at 300 kV. High-resolution TEM (HRTEM)
observations were made using JOEL 3000F operating at (300 kV).
GIXRD measurements were performed using a Bruker AXS D8 Ad-
vance X-ray diffractometer, Cu-K, radiation, and 0-20 geometry.
The X-ray diffractometer was equipped with a Géebel mirror to
achieve parallel beam diffraction optics. The 0-20 scans were per-
formed using a step size of 0.02° and a dwell time of 8 s per step,
for scans over a 20 range of 10-80°. GIXRD patterns presented in
this study were obtained using a fixed incidence angle, y = 0.75°.
This angle was chosen based on material X-ray penetration

calculations. Fig. 3 shows calculated penetration estimates for X-
rays impinging on MgO and Mg,Hfs0,, at varying grazing angles
of incidence, g. X-ray penetration depths were estimated both geo-
metrically (see, e.g., [21]) and based on critical angle (a.), total
external reflection theory (see, e.g., [22,23]). Geometrically, the
GIXRD penetration depth is given by sin(y)sin(26—
)/ u(sin(y) + sin(20 — 7)), where 7y is the X-ray angle of incidence,
20 is the diffraction angle for the particular measurement, and u is
the linear absorption coefficient (fty,o = 99.96 cm ™! and Hwig,Hes01, =
1046 cm™~! were calculated using Braggs additively law and spe-
cific mass absorption coefficients for Mg, Hf and O found in Ref.
[24]). In terms of the critical angle for external reﬂegtion, ac, the
GIXRD penetration depth is given by A/2m(a2 —9?)? for g < a,
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Fig. 4. GIXRD patterns (incidence angle y = 0.75°) obtained from the following 90Mg0:10HfO, composite samples: (a) unirradiated; (b) irradiated with 10 MeV Au>* ions to
fluence 5 x 10'® Au/m?; and (c) irradiated with 10 MeV Au>* ions to fluence 5 x 10%° Au/m?. Peak indexing of the GIXRD pattern in (b) revealed that an order-disorder
(rhombohedral-to-cubic) transformation occurred in the second phase Mg,Hf50;, particles following ion irradiation to a fluence of 5 x 10'® Au/m?. In the sample irradiated
to the highest fluence performed in this study (5 x 10?° Au/m?) the GIXRD pattern in (c) indicates that the ion-induced disordered phase (cubic-Mg,Hfs0;,) remains
crystalline, even to this extreme ballistic damage dose of ~190 dpa. The MgO matrix phase also exhibited exceptional radiation stability, remaining in its original cubic form

to a peak ballistic dose of ~120 dpa (pattern (c)).



J.A. Valdez et al./Journal of Nuclear Materials 393 (2009) 126-133 131

and by 2y/u for g > a., where 1 is the X-ray wavelength and
oe=v25=16x10" /P4, where 6 = (1 — n) for refractive index,
1 (p is the density of the material in gm x cm™ and 1 is the X-
ray wavelength in A). The dotted lines overlaid on Fig. 3 shows
the estimated depths probed using a grazing angle of incidence
of y = 0.75°. These calculations suggest that under these conditions,
the depth probed in MgO is ~1-2 um, while the depth probed in
Mg,Hf501; is ~0.1-0.2 um. Since the peaks in the ion range distri-
butions for MgO and Mg,Hfs01, are at ~1.6 and 1.3 pum, respec-
tively (Fig. 2(a)), the calculated depth estimates above indicate
that using 7 = 0.75°, we probe primarily the ion-irradiated regions
of our composite.

3. Results and discussion

Fig. 4 shows GIXRD patterns obtained from a pristine, polished
composite sample and from composite samples irradiated to
fluences of 5 x 10'® and 5 x 10%° Au/m?. For the GIXRD pattern
obtained from a pristine specimen, Bragg peaks labeled ‘c’ belong
to c-MgO, while all other Bragg peaks belong to the secondary
phase, r-Mg,Hfs0,, (these peaks include strong Bragg reflections
labeled ‘f which correspond to r-phase parent fluorite peaks, and
numerous r-phase superlattice reflections (not individually la-
beled). It can be seen in the pattern corresponding to the specimen
irradiated to the lowest fluence used in our study (Fig. 4(b),
5 x 10'® Au/m?) that the superlattice reflections from the r-
Mg,Hfs01, structure disappear, leaving only the fundamental fluo-
rite diffraction maxima (labeled ‘f). The ‘f peaks correspond to a
disordered disorder fluorite phase belonging to space group (S.G.)
Fm3m (No. 225 in the International Tables for Crystallography
[16]). In previous ion irradiation studies on various compounds
with similar rhombohedral structures (Sc4Zr301,, LuyZr30q, and
YeW101> [25-27]), we observed analogous order-to-disorder
(0-D), rhombohedral-to-cubic (r-c) transformations (previous
experiments used 300 keV Kr ions at cryogenic temperature). As
for the c-MgO phase, no irradiation effects such as amorphization
were observed. Also, there was no measurable change in the
MgO cubic lattice parameter following irradiation. This result is
consistent with previous ion irradiation damage studies on MgO
performed by Matzke et al. [28-29].

The GIXRD pattern shown in Fig. 4(c) was obtained from the
composite sample irradiated to the highest fluence used in these
experiments (5 x 102 Au/m?). This fluence corresponds to peak
displacement damage doses of 120 dpa in the MgO matrix and
190 dpa in the disordered c-Mg,Hfs0,. Based on this GIXRD pat-
tern, we conclude that the disordered c-Mg,Hfs0,, phase persists
with relatively little change, even to this extremely high ballistic
dose of 190 dpa. GIXRD provided no indication of amorphization
of the MgO or Mg,Hf;0,, phases to ballistic doses of at least 120
and 190 dpa, respectively. We also observed peak broadening at
both low and high ion fluences. This is usually associated with a
decrease in grain size and or an increase in lattice strain. Interest-
ingly, the peaks actually became sharper at the highest ion fluence.
For instance, the fluorite (f) peak at 30.5° broadens by 120% (mea-
sured at full width half maximum) at low fluence (Fig. 4(b)), but
only by 30% at high fluence (Fig. 4(c)), compared to the pristine
sample peak width (Fig. 4(a)). At present, we have no good expla-
nation for these changes (dose rate may play a role; recall that the
dose rate for the sample in Fig. 4(b) is ~400 times smaller than for
the sample in Fig. 4(c). Also X-ray peak intensities decreased while
background increased, with increasing ion fluence. We believe this
is due to an accumulation of lattice defects produced during irradi-
ation as suggested by Makinson et al. [30] in their study of defects
in nanocrystalline materials.

Fig. 5 shows a cross-sectional TEM image obtained from a com-
posite sample irradiated with 10 MeV Au>" ions to the highest flu-
ence of 5 x 10%° Au/m? (~120-190 dpa). The TEM micrograph
shows that the microstructure consists of light-contrast MgO
grains and dark-contrast grains composed of Mg,Hfs0,. This dif-
ference in contrast is due to the large difference in Z between the
two materials. The selected-area electron diffraction (SAED) pat-
tern obtained from the light-contrast MgO grain in the irradiated
region (inset labeled, ‘A’ in Fig. 5) indexes as a rocksalt-type, cubic
structure. Since pristine MgO is a rocksalt-like phase, this indicates
that the MgO crystal structure is unaffected by the 10 MeV Au>* ion
irradiation. The micro-diffraction (uD) pattern obtained from the
dark-contrast grain in the irradiated region (inset labeled ‘B’ in
Fig. 5) indexes as a cubic, fluorite-type structure. This corroborates
the GIXRD results in Fig. 4(c) and suggests that the Mg,Hf50;, has
undergone an O-D (r-c) phase transformation due to ion irradia-

10 MeV Au ions

Depth (um)

End of
ion range

surface

Irradiated
layer

beam // [011]

Fig. 5. Cross-sectional TEM micrograph obtained from a 10 MeV Au>* ion-irradiated 90MgO:10HfO, specimen, irradiated to a fluence of 5 x 10?° Au/m?. The micrograph
reveals that both the MgO and Mg,Hfs0;, phases remain crystalline to this high fluence, corresponding to peak ballistic damage doses of 120 and 190 dpa in the MgO and
Mg,Hfs04, phases, respectively. Also shown in this micrograph is an undulating ion end-of-range, due to the vastly different ion stopping powers of MgO and Mg,Hfs01,. The
insets show electron diffraction patterns obtained from a light-contrast MgO grain (labeled A) and a dark-contrast Mg,Hf501, grain (labeled B). Pattern A from the MgO grain
indexes as a cubic, rocksalt-like structure, whereas the diffraction pattern labeled B indexes as a cubic, fluorite-like phase of Mg,Hf;0,,. Beam directions are labeled on the

individual electron diffraction patterns.
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10 MeV Au3*
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Fig. 6. HRTEM image obtained from an MgO/Mg,Hf50,, interfacial region (the circled region in the inset micrograph), following 10 MeV Au>* ion irradiation to a fluence of
5 x 102° Au/m?. This image indicates that there is no sign of either intermixing at the inter-phase boundary or new phase formation.

tion. Lastly, Fig. 5 shows an interesting feature in that the Au ion
end-of-range is observed to undulate in depth (white line trace
in TEM image), instead of being a sharp interface between the irra-
diated and unirradiated regions. This result is not surprising in that
mono-energetic ions (such as the 10 MeV Au®* ions used in our
experiments) must come to rest at different depths in a composite
material, depending on the average Z of each phase encountered by
the incident ions as they traverse the solid. It is also interesting to
compare SRIM simulation results (Fig. 2) and TEM measurements
(Fig. 5) regarding the range of 10 MeV Au in MgO and Mg,Hf501,.
Apparently, SRIM underestimates the range of the Au ions by ~60%
compared to TEM measurements. Currently, we do not have an
explanation for this discrepancy.

Fig. 6 shows an HRTEM image obtained from an MgO/Mg,Hf50,
interface in a composite sample irradiated with 10 MeV Au ions to
the highest ion fluence (5 x 10?° Au/m?). The image shows a sharp
phase boundary between the Mg,Hfs0,, and MgO particles, with no

signs of intermixing. This image suggests that for this particular
composite system, excellent radiation stability can be expected at
MgO/Mg,Hfs0,, phase boundaries in high radiation environments,
such as the radiation damage conditions experienced during service
in a typical nuclear reactor core.

4. Conclusions

A CERCER polycrystalline composite synthesized from MgO and
HfO, powders was ion-irradiated to assess its radiation stability.
We observed an order-to-disorder (O-D) transformation (rhombo-
hedral-to-cubic) in the Mg,Hf504,, high-Z component of this com-
posite, by a fluence of 5 x 10'® Au/m?. This fluence corresponds to
a peak displacement damage dose of only ~0.02 dpa. This is a small
ballistic dose, suggesting that the large electronic stopping power
characteristic of 10 MeV Au ions (5.8 keV/nm peak) must play a
significant role in the observed O-D transformation. This O-D
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transformation was also accompanied by a decrease in density of
the Mg,Hf501,. The MgO matrix phase showed no change to this
fluence (based on GIXRD and TEM measurements). For the highest
ion fluence used in our study (5 x 10%° Au/m?), both the MgO ma-
trix and the Mg,Hfs0,, second phase exhibited no signs of amor-
phization or intermixing at phase boundaries.
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