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Abstract

Irradiation tests have been conducted to evaluate the performance of a series of high-density uranium-molybdenum
(U-Mo) alloy, aluminum matrix dispersion fuels. Fuel plates incorporating alloys with molybdenum content in the
range of 4-10 wt% were tested. Two irradiation test vehicles were used to irradiate low-enrichment fuels to approxi-
mately 40 and 70 at.% >**U burnup in the Advanced Test Reactor at fuel temperatures of approximately 65 °C. The fuel
particles used to fabricate dispersion specimens for most of the test were produced by generating filings from a cast rod.
In general, fuels with molybdenum contents of 6 wt% or more showed stable in-reactor fission gas behavior, exhibiting a
distribution of small, stable gas bubbles. Fuel particle swelling was moderate and decreased with increasing alloy
content. Fuel particles with a molybdenum content of 4 wt% performed poorly, exhibiting extensive fuel-matrix in-
teraction and the growth of relatively large fission gas bubbles. Fuel particles with 4 or 6 wt% molybdenum reacted
more rapidly with the aluminum matrix than those with higher-alloy content. Fuel particles produced by an atom-
ization process were also included in the test to determine the effect of fuel particle morphology and microstructure on
fuel performance for the U-10Mo composition. Both of the U-10Mo fuel particle types exhibited good irradiation
performance, but showed visible differences in fission gas bubble nucleation and growth behavior.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Since the 1980s, US policy [1] has encouraged the use
of low enriched uranium (LEU, U < 20 at.%) in fuels
for all new research reactor designs worldwide and for
conversion of existing reactors from higher enrichments.
Due to the decrease in >**U enrichment on conversion to
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LEU, the total density of uranium atoms in the fuel
must be increased accordingly [2].

The simplest route for reactor conversion from higher
enrichment to LEU fuel is to use standard fabrication
technology and fuel geometry, that is by using one of the
two common commercial fabrication processes to make
LEU fuel in the same external configuration as higher
enrichment fuel. The roll bonding process, used to make
plate-type fuel, has been shown to be suitable for pro-
ducing dispersions with fuel particle volume loading up
to approximately 55 vol.% [3]. The other method, ex-
trusion, used to make rod-type and tube-type fuels, is
likely have a lower maximum fuel particle volume limit
than roll bonding [4]. Thus in order to meet fissile atom
density requirements at a fuel particle volume fraction of
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55% or less, fuel for high power test reactors requires fuel
particles with uranium densities of greater than 15000 kg
U/m?. There are two types of fuel that approach or meet
this density criterion; metallic uranium alloys and the
UsMe family of intermetallics, where Me = Fe, Mn, Ni,
or Ge.

The irradiation behavior of UsMe plate-type disper-
sion fuel has been previously investigated as a candidate
high-density fuel. UgFe and UgMn have been shown to
have poor irradiation behavior in a dispersed thin plate
configuration due to breakaway swelling of the fuel
phase at relatively low burnup [5-7]. It is likely that
other UgMe compounds will behave in a similar manner.
Metallic uranium alloys are then, by default, the only
materials with the potential for use as the fuel phase in
high-density LEU dispersion fuels for high power re-
search reactors. It has been shown that y-stable (cubic
crystal structure) metallic fuels are more resistant to
swelling than o-uranium-based (orthorhombic crystal
structure) fuels under low-burnup, high-temperature ir-
radiation conditions. y-U is not thermodynamically sta-
ble under the fabrication and irradiation conditions of
interest, however some alloys of uranium can remain in
the y-phase in a metastable state indefinitely at room
temperature, and for long periods of time at elevated
temperature. Of particular interest are U-Mo and
U-Nb-Zr alloys. Beghi [8] provides a summary of
physical properties and irradiation data known for
U-10Mo alloys prior to 1967; phase stability informa-
tion on U-Nb-Zr alloys can be found in [9-13].

Aluminum-clad dispersion fuels in some reactors
routinely attain 80% peak 2**U burnup. Peak fuel tem-
perature in these applications is generally less than 523
K. No fuel data were available for metallic alloy fuels
under these high-burnup, low-temperature conditions. A
scoping irradiation test was thus designed to investigate
the performance of a series of enriched uranium alloys
dispersed in aluminum to high burnup at 7 <373 K. A
test matrix containing U-10Mo, U-8Mo, U-6Mo,
U-4Mo, U-6Mo-1Pt, U-6Mo-0.6Ru, U-10Mo0-0.05Sn,
U-9Nb-4Zr, U-6Nb-4Zr, U-5Nb-3Zr (values in wt%)
provided a broad range of potential fuel candidates.
U;Si, fuel specimens were included to provide a stan-

Table 1
Chemical analysis of U-Mo fuel materials

dard for comparison to a commercial fuel with known
performance. This paper reports details of the irradia-
tion test and post-irradiation examination (PIE) results
from testing of binary U-Mo alloy compositions rang-
ing from 4 to 10 wt% molybdenum. Results from irra-
diation testing and PIE of the U-Nb-Zr alloys are
presented elsewhere [14].

2. Fuel test specimen fabrication and characterization
2.1. Preparation of fuel materials

Two types of U-Mo fuel powder were used in these
experiments. The majority of the fuel material was
powder of irregular morphology made by collecting fil-
ings from U-Mo alloy rods. Alloys were melted in an
induction furnace and cast into rod form. The alloys
were wrapped in tantalum foil and encapsulated in
evacuated stainless steel tubes prior to a homogenization
heat treatment at 1173 K for 288-360 ks (80-100 h).
Powder was produced by grinding the alloy rods with a
tungsten carbide (WC) rotary file; the metal fuel filings
produced were sieved to —50 mesh (d < 300 x 107¢ m).
Some WC contamination was introduced into the fuel
powder due to tool wear, [15] as detected by metallo-
graphy, tool mass loss, and X-ray diffraction (XRD).

The second type of alloy powder was made by a
spinning disk melt atomization process with the nominal
composition of U-10Mo. Details of the atomization
process are given elsewhere [16]. Chemical analysis
of fuel alloy rods and of atomized powder is given in
Table 1.

2.2. Fabrication of fuel test specimens

The fuel powder described in Section 3.1 was used to
make fuel plates using the basic fabrication procedure
described in detail in Ref. [17], although the fuel test
coupons used in these experiments are somewhat smal-
ler. The dimensions of the fuel plates fabricated for ir-
radiation were 7.62 x 1072 m x 2.22 x 1072 m (L x W),
and 1.27 x 1073 m in thickness. The plate assemblies

Material Total U (£0.5 wt%)* U (£0.5 wt%)* Mo (£10 wt%)*  C (£25 wt%)* O (£25 wt%)?
U-10Mo® 89.5 19.5 10.3 0.013 0.007
U-10Mo atomized powder §9.4 19.8 10.3 0.032 -

U-8Mo® 91.4 19.5 8.1 0.010 0.016
U-6Mo® 93.5 19.1 6.1 0.014 0.010
U—-4Mo® 95.9 19.5 4.0 0.053 0.008

#Relative error at 20.

® Chemical analysis of fuel pin casting from which powder was produced.
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were hot rolled at 773 K, using six rolling passes to re-
duce the total thickness of the plates from 6.7 x 1073 to
1.4 x 10~* m. Cylindrical fuel meat compacts were used,
resulting in an elliptical fuel zone after fabrication, with
a minor diameter of 9.5 x 1073 m and a major diameter
of ~4.8 x 1072 m. Hot rolling was followed by a blister
anneal at 758 K for 3.6 ks. Total time above 750 K was
6.3 ks. Final reduction to 1.27 x 10~ m thickness was
accomplished by cold rolling. The resulting fuel test
coupons consist of a fuel zone of 4.2 x 10~* m thickness
clad by 4.2 x 10~* m thick aluminum. The fuel matrix is
nominally pure aluminum; the cladding is commercial
6061 aluminum alloy.

X-ray radiography was used to image the fuel zones
within each specimen. The X-ray film density of the fuel
plates was measured and compared to that of a set of
uranium alloy standards with known thickness and
composition. Using the average fuel meat thickness
value of 4.2 x 10~* m, fuel volume loading was calcu-
lated from film density. These data are given in Table 2,
along with data on irradiation test conditions.

2.3. Pre-irradiation characterization of fuel specimens

2.3.1. X-ray diffraction

Prior to fuel plate fabrication, XRD patterns indi-
cated that all fuel alloy particles were nominally in the
cubic y-(U,Mo) solid solution phase [18]. Previous in-
vestigations implicate stress as a cause of phase changes
in ‘stabilized’ uranium alloys [19]. This possibility and
the shallow penetration depth of Cu K X-rays in ura-
nium metal may mask the presence of other phases.
Patterns recorded from U-4Mo and U-6Mo were very
diffuse due to extensive plastic deformation introduced
on filing.

After fuel plate fabrication, fuel powder was recov-
ered from the aluminum-clad plates by dissolution of the
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Fig. 1. XRD patterns of fuel particles after fuel plate fabrica-
tion and separation of fuel phase from aluminum matrix. Solid
vertical lines denote y-U peaks, dashed lines denote a-U, and *
denotes UO, diffraction peaks. Location of major WC peaks
are marked. U-4Mo pattern shows predominantly a cubic
phase similar to UAl;, denoted by #.

aluminum in a 6 M aqueous sodium hydroxide solu-
tion at 373 K. XRD patterns were taken from these
fuel particles to determine their pre-irradiation crystal
structure; these are shown in Fig. 1. After fabrication
and annealing at 7 > 750 K, a significant amount
of orthorhombic a-U is detected in addition to y-U in
U-10Mo and U-8Mo filings. The presence of o-U
was established by the presence of the (110), (021),
(002), (111), and (112) reflections. The peak intensity
of a-uranium was found to increase with decreasing
uranium content, consistent with metallographic obser-
vations. This behavior is predicted by published trans-
formation diagrams [20-24]. Diffraction peaks due to
WC, UO, and UO, were also present in the U-10Mo,

Table 2

Fission density and burnup of irradiated U-10Mo fuel test coupons
Composition Plate no. Avg. uranium 25U burnup® Core fission Fuel particle Avg. fuel
(Wt%) nominal density* (avg. %) density fission density fission rate

(10° kgUm™?) (107 m~3) (107 m?) (10® m=3s7)

U-10Mo A003 49 40 0.8 2.7 33
U-10Mo A005 4.5 69 1.4 4.9 2.4
U-10Mo?tom V002 44 39 0.9 2.7 33
U-10Mo#tem V003 4.3 70 1.4 5.0 2.5
U-8Mo B002 4.6 43 0.9 3.1 3.8
U-8Mo B004 4.4 70 1.4 5.2 2.6
U-6Mo C004 49 43 1.0 32 39
U-6Mo C003 4.6 67 1.4 5.2 2.6
U-4Mo D002 4.7 42 0.8 33 4.1
U-4Mo D005 4.6 69 1.5 5.6 2.8

% Density calculated from X-ray absorption measurements.
® Burnup calculated from ATR core model.



224 M.K. Meyer et al. | Journal of Nuclear Materials 304 (2002) 221-236

U-8Mo, and U-6Mo patterns. UO is a non-equilibrium
phase that forms as a surface film. WC was introduced
during powder production (see Section 2.1). In contrast
to the heavily cold worked fuel particles, well formed
WC crystals produce a more intense peak, thus WC
contamination was present in amounts less than inferred
from peak height ratios. Due to the diffuse pattern and
interfering diffraction peaks from impurity phases, the
presence of y-U in U-6Mo could not be definitively es-
tablished. The primary phase detected in U-4Mo fuel
was UALl;, consistent with SEM examination showing a
shell of fuel-matrix interaction product surrounding fuel
particles. o-U is also detected by XRD in U-4Mo; in-
dications of y-U were not present.

The post-fabrication U-10Mo atomized powder
pattern showed that only the metastable y-phase and a
small amount of UO, that formed during fabrication or
preparation of specimens for diffraction were present.
The atomized powder had approximately the same
thermal history as the fuel filings, suggesting that ex-
tensive plastic deformation contributes to accelerated
decomposition of the y-phase in the U-10Mo filings.

2.3.2. Metallographic examination

Fig. 2(a) shows a low-magnification secondary elec-
tron (SE) image of the ‘meat’ region of a fuel specimen
containing U-10Mo filings. The irregular shape of the
fuel particles is evident. There is no visible fuel/alumi-
num interaction after the elevated temperature fabrica-
tion process described above.

An SE image of U-10Mo fuel particles after etching
in a 1:1 solution of nitric and phosphoric acid is shown
in Fig. 2(b). This image shows that there are two distinct
microstructural regions in the fuel. A higher-magnifica-
tion image of the interface between these regions is
shown in Fig. 2(c); the region on the left is the phase that
appears in dark contrast in Fig. 2(b). This region has a
topologically rough appearance, and is likely associated
with decomposition of the metastable gamma phase.
Energy dispersive chemical analysis (EDS) gave the
same bulk composition for both regions of the sample.
The microstructural scale of the rough region is on the
order of 1 x 10~7 m, smaller than the diameter of in-
teraction of the electron beam with the sample, thus no
determination of compositional difference within the fine
structure could be made. The featureless areas of the
sample with brighter contrast are inferred by micro-
structure [25] and XRD data to be single phase
v-(U,Mo).

The lower-alloy fuels tended to be more easily con-
verted to powder and showed less WC contamination.
As the alloy content decreased, the area fraction of the
topographically rough microstructure associated with
v-U decomposition phases increased. This observation is
consistent with the relative o/y intensity ratios in the
XRD patterns, which show that the quantity of post-

Fig. 2. Polished cross-section of uranium-10 wt% molybdenum
filings in aluminum matrix, prior to irradiation. SE images:
(a) unetched, showing little reaction between fuel particles and
matrix on fabrication; (b) etched, showing two distinct micro-
structural regions within the fuel particles; (c) interface between
‘smooth’ and textured regions of fuel particle microstructure.

fabrication a-U increases as alloy content decreases (Fig.
1). A heavily etched SE image of U-8Mo is shown in
Fig. 3(a). As was the case for the U-10Mo alloy fuels,
there is little fuel-matrix interaction.

It appears that there is a critical molybdenum level
between 6 and 8 wt% below which the out-of-pile ther-
mal reaction of U-Mo alloys with aluminum occurs at
an accelerated rate during fuel plate fabrication. A back-
scattered electron (BSE) image of U-6Mo fuel is shown
in Fig. 3(b). The light areas in the micrograph are un-
reacted fuel, the black areas are the aluminum matrix.
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Fig. 3. U-8Mo, U-6Mo, and U-4Mo fuel microstructures
prior to irradiation. (a) SE image of etched U-8Mo showing
minimal fuel/matrix interaction on fabrication and striations
due to etching of dual microstructure; (b) U-6Mo (etched)
showing significant fuel/matrix interaction and absence of y-U;
(¢) U-4Mo, showing almost complete fuel/matrix interaction
consistent with XRD results (Fig. 1).

The gray regions were identified by EDS as (U,Mo)Al.
The reaction of the fuel particles with the aluminum
matrix did not proceed along a uniform front. As the
fuel particle alloy content is decreased from 6 to 4 wt%,
the rate of fuel/aluminum interaction shows further in-

crease. A post-fabrication image of U-4Mo fuel is
shown in Fig. 3(c). Atomic number contrast was used to
estimate the fraction of unreacted alloy in these fuels.
Analysis of BSE images indicates that 56% of the orig-
inal fuel remains unreacted in the U-6Mo dispersion;
22% remains unreacted after fabrication of U-4Mo
specimens.

The U-4Mo fuel zone contained a significant fraction
of porosity not present in the other fuels. Fuel plates
produced by hot deformation methods using brittle
oxide or intermetallic compounds at high volume frac-
tions contain a significant fraction of porosity due to
fracturing of fuel particles [26]. It is likely that formation
of a large amount of brittle aluminide phase caused a
similar situation in the U-4Mo fuel plates.

A micrograph of an atomized fuel particle etched in a
solution of nitric acid, acetic acid, and water (1:1:2) is
shown in Fig. 4(a). There is no visible fuel/aluminum
interaction. A higher-magnification image (Fig. 4(b))
shows the microstructure that results from the atom-
ization process. Visible in the micrograph are primary
grain boundaries due to solidification fronts, and a
cored/cellular microstructure within each primary grain.
The interior of each cell is molybdenum rich relative to
the cell boundary. Consistent with XRD, no decompo-
sition phases were observed by SEM. The particles are
composed primarily of a y-(U,Mo) solid solution with
compositional variations due to ‘coring’ during solidifi-
cation. Further microstructural details are given in Refs.
[27,28].

3. Irradiation testing
3.1. Irradiation test conditions

Irradiation testing was carried out in two irradiation
vehicles (RERTR-1 and RERTR-2) in small I-hole po-
sitions located in the reflector region radially outside of
the Advanced Test Reactor (ATR) core [29]. The I-
positions are vertical holes, 3.8 x 107> m in diameter.
These positions receive a relatively high thermal neutron
flux; average fission rates are given in Table 2. The
irradiation vehicles consisted of a flow-through ‘basket’
holding eight vertically stacked, flow-through capsules.
The capsules resemble miniature test reactor fuel ele-
ments. Each capsule held four fuel specimens in a
configuration such that the long dimension of the mi-
croplates is parallel to the reactor primary coolant flow.
Flow-through spacers at the top and bottom of the stack
of capsules were used to center the experiment about the
core axial mid-plane.

The first experiment, RERTR-1, was discharged
from the ATR after 94 effective full-power days (EF-
PDs) of irradiation at calculated average burnups be-
tween 39 and 45 at.% 2*U. RERTR-2 was discharged
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Fig. 4. U-10 wt% Mo atomized fuel powder, prior to irradia-
tion. Etched SE images: (a) Primary grain boundaries are
marked by changes in cell orientation. No detectable fuel/ma-
trix interaction; (b) cellular structure that results from rapid
solidification during atomization.

following 232 EFPDs at calculated burnups between 65
and 71 at.%. The fuel centerline temperature of these
plates during irradiation was calculated to be approxi-
mately 65 °C in both experiments. Fission density and

burnup are listed in Table 2 for specimens discussed
here. The core fission density refers to the fission density
averaged over the entire fuel/aluminum matrix volume
in the fuel plate; the fuel particle fission density refers to
the fission density in the fuel particles themselves. Note
that the fuel particle fission densities are relative to the
as-fabricated fuel meat uranium density; hence they do
not account for fuel particle volume increase owing to
fuel-matrix interaction.

3.2. Burnup analysis

Burnup analysis was performed by measuring the
relative abundance of uranium isotopes prior to and
after irradiation using mass spectrometry. The pre-/post-
irradiation 23U isotopic ratios corrected for uranium
atom density were used to calculate burnup. Burnup
samples were taken from specimens irradiated in the top,
center, and bottom core regions of the experiments.
Measured values were used to verify calculations made
using an ATR-specific MCNP model. Due to the small
size of the fuel test coupons, all of the fuel in a particular
coupon was required for burnup analysis, and no direct
measurement of burnup was available for portions of
plates subject to destructive examination. Calculated
and measured values for five specimens are given in
Table 3. Burnup calculations overestimated the actual
measured burnup in the two plates located in the cap-
sules farthest above the axial mid-plane by 3.8% and
4.5%. Specimens located near and below the core axial
mid-plane had measured burnup values within 2% of
calculated values. Post-irradiation analysis results re-
ported in this paper are for specimens irradiated in po-
sitions below the core centerline.

4. Post-irradiation examination
4.1. Non-destructive examination
Visual inspection of the fuel specimens from both

RERTR-1 and RERTR-2 was performed. Significant
corrosion of the microplate surfaces was noted, being

Table 3
Burnup values for fuel plates from RERTR-1 and RERTR-2
Plate Composition Experiment Distance from Calculated Measured
mid-plane (m) burnup (%) burnup (%)
F001 U-6Nb-4Zr RERTR-1 0.31 40 36.2
F003 U-6Nb-4Zr RERTR-2 0.31 66 61.5
J0oo3 U-9Nb-3Zr RERTR-2 0.04 71 73.0
Joo1 U-9Nb-3Zr RERTR-1 0.04 45 46.3
D004 U-4Mo RERTR-1 -0.31* 39 39.0

#Negative value indicates plate location below core axial mid-plane.
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more severe over the fuel zone. Pitting corrosion was
observed on the surface of five specimens. These features
were not related to fuel performance; no unusual fea-
tures were observed on metallographic examination of
the fuel zone cross-section at the pit location. Cladding
erosion problems are common to aluminum fuel in the
ATR that has not been pre-treated to form a coherent
oxide layer prior to reactor insertion [30].

Plate thickness measurements were made on a grid
containing seven locations inside the fuel zone. One
measurement was taken outside the fuel zone for refer-
ence. For fuel plates in the low-burnup RERTR-1 test,
the averages of the seven thickness measurements within
the fuel zone was smaller than the as-fabricated plate
thickness, indicating that either the fuel experienced
a meat volume decrease or erosion of the cladding
occurred during irradiation. High-burnup fuel plates
(RERTR-2) showed thickness increases of less than
1 x 107* m. Metallographic examination revealed a
rough cladding surface with no adherent scale layer
present, confirming the erosion or spallation of a cor-
rosion product.

Axial gross and isotopic gamma ray spectroscopy
was performed on 27 specimens from RERTR-1 and 32
specimens from RERTR-2. The Nb-95 axial traces
through the fuel zones, when normalized with respect to
the axial uranium density (which varies due to the el-
liptical shape of the fuel zone), are essentially flat. This
indicates that the burnup is uniform within each speci-
men, which was expected due to their small size.

4.2. Post-irradiation metallographic examination

Optical micrographs of the five alloy fuel types at
approximately 40% and 70% burnup are shown in Figs.
5 and 6, respectively. An overview of the differences in
behavior as a function of alloy content and micro-
structure can be gained by direct comparison. The mi-
crostructure of U;Si, fuel irradiated in this experiment
as a control is also shown in Fig. 6(f). The U;Si, fuel
particles were made by mechanical particle size reduc-
tion and are of the type currently used in many research
reactors. Specimens incorporating fuel particles with
more than 6 wt% molybdenum show no gross fuel
swelling or indication of fuel growth or void formation
by tearing. (Here fuel growth is taken to mean aniso-
tropic shape change.) Fission gas bubble volume is seen
to increase as the molybdenum content of the alloy de-
creases. The population and volume fraction of fission
gas bubbles in the U;Si, particles is intermediate to that
of U-6Mo and U-8Mo. The U-6Mo alloy forms a
thicker fuel/matrix interaction layer during irradiation
than the U-8Mo and U-10Mo alloys. The fuel/alumi-
num reaction layer does not generally exhibit visible
fission gas bubbles, although there are a few isolated
occurrences. The behavior of the U-4Mo specimen dif-

Fig. 5. Comparison of U-xMo fuel particles at approximately
40 at.% **U burnup. Optical micrographs of (a) U-10Mo at-
omized powder, (b) U-10Mo filings, (¢) U-8Mo filings, (d) U-
6Mo filings, (¢) U-4Mo filings. Scale bars represent 50 pm.

fers markedly from the higher-alloy fuels. Considerable
fuel/aluminum reaction occurred at high burnup, visible
as a layer of uniform thickness and slightly different
contrast compared to the reaction product that formed
out-of-pile (see Fig. 10). Large fission gas bubbles are
present in the unreacted portions of the fuel alloy.
Shown in Fig. 7(a) is a low-magnification SE image
of a fracture surface from a U-10Mo filing after irra-
diation to a fission density of 2.7 x 107 m~3. This fuel
shows a microstructure that varies from particle to
particle and within individual particles, consistent with
the non-uniform microstructures of the as-fabricated
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Fig. 6. Comparison of U-xMo fuel particles at approximately
70 at.% **U burnup. Optical micrographs: (a) U-10Mo at-
omized powder, (b) U-10Mo filings, (¢) U-8Mo filings, (d) U-
6Mo filings, (¢) U-4Mo filings, and (f) U;Si, powder. Scale bars
represent 50 pm.

fuel particles shown in Fig. 1. Some areas of the fuel
have a stepped fracture surface, with low bubble density
and groups of bubbles appearing at the edges of the
fracture steps. The fracture has a ‘granular’ appearance

at the step edges where bubbles are present. A polished
and etched SEM specimen, shown in Fig. 7(b), shows
the distribution of fission gas bubbles and bubble-free
areas in these low-bubble-density regions. Gas bubbles
appear to be arrayed on the boundaries of small grains
with a size range of 1-4 x 107° m. These ‘stepped’ frac-
ture regions, by analogy with the microstructure of the
v-phase atomized fuel particles, likely correspond to the
single phase y-(U,Mo) regions seen in the pre-irradiation
microstructure. The second type of fracture morphol-
ogy shows a higher density of bubbles (Fig. 7(a), left)
distributed throughout the fuel. This type of region is
likely associated with the decomposition microstructure
identified as the dark contrast regions in Fig. 2. No
quantification of the relative areas of each type of post-
irradiation fracture morphology could be made on the
basis of fractographs.

Fig. 7(c) and (d) show the development of the frac-
ture and fission gas bubble morphology of U-10Mo on
irradiation to a higher fission density (4.9 x 10 m=3,
69% burnup). The dual fracture morphology is retained
at this higher fission density. The granular fracture re-
gions shown in Fig. 7(c) give the appearance of a faceted
surface, with bubbles at the intersections of the facets.
The stepped fracture surface seen at low burnup is no
longer present, and has likely evolved into the fine-
grained microstructure shown in Fig. 7(c). Fig. 7(d)
shows an area with a planar fracture surface and a bi-
modal bubble distribution, similar to that seen at low
burnup (Fig. 7(a), left).

SE fractographs of U-8Mo filings after irradiation to
3.1 x 10%" fissionsm™> are shown in Fig. 8(a) and (b).
Comparison of this fuel with U-10Mo filings (Fig. 7)
shows an increased fission gas bubble population in the
U-8Mo alloy relative to U-10Mo at approximately the
same burnup. The granular type fracture produced in
regions with a large population of small gas bubbles seen
in U-10Mo at high burnup has developed in this alloy at
lower burnup. The microstructural evolution of U-8Mo
at higher burnup is shown after 5.2 x 10?7 fissionsm~ in
Fig. 8(c) and (d). There does not appear to be a strong
dependence of interaction layer growth rate on compo-
sition in the range of 8-10 wt% molybdenum; the in-
teraction layer thickness is approximately the same as
that found on U-10Mo.

Comparison of a U-6Mo fracture surface at low
burnup in Fig. 9(a) (fission density of 3.2 x 10>’ m~3) to
the U-10Mo particle fracture surface at higher burnup
(Fig. 7(c) 4.9 x 107 m™) reveals a close resemblance.
U-6Mo fuel is shown at 5.2 x 10?7 fissionsm~ in Fig.
9(b) and (c). The fission gas bubble population and size
are larger at high burnup for U-6Mo than for U-8Mo
and U-10Mo alloys; gas bubble range in size up to
2% 10~® m. Comparison of the microstructures as a
function of composition suggests that the same type of
fission and fission gas induced microstructural changes



M.K. Meyer et al. | Journal of Nuclear Materials 304 (2002) 221-236 229

gt

Fig. 7. SE Images of U-10Mo fuel particles produced by filing: (a)—(c) are specimen A003 at 2.7 x 10%” fissionsm~>. (a) Image showing
two distinct regions of fracture morphology and fission gas bubble population. Region to lower left shows high bubble density and
granular fracture; upper right shows low bubble population and stepped fracture surface. (b) Polished and etched microstructure of
low-bubble-density area, (c) and (d) are from specimen A005 at 4.9 x 10?7 fissionsm~>. (c) Fracture surface showing granular mor-
phology and micrometer scale regions where bubbles have not developed. (d) Planar fracture surface showing population of larger

fission gas bubbles.

are occurring in all fuels in the composition range from 6
to 10 wt% molybdenum, but at a faster rate in the lower-
alloy fuels.

There occurs a definite change in fuel behavior on
reducing the alloy content from 6 to 4 wt% molybde-
num. Most of the fuel alloy has reacted with the alu-
minum matrix during fabrication and irradiation. The
aluminide phase that forms appears to behave well
under irradiation (Fig. 10(a)). Fuel particles have grown
and linked together as a result of gas-driven swelling and
fuel-matrix interaction; in some regions of the fuel, a
continuous network of fuel particles has been formed.
Fuel that has not reacted with the matrix and remains
metallic has a high density of large fission gas bubbles. It
is evident from the appearance of some gas bubbles (Fig.
10(a)) that growth by linking of small bubbles to form
larger bubbles has occurred. An SE image of the fracture
surface of the fuel in Fig. 10(b) shows regions of high

densities of small gas bubbles adjacent to regions with a
lower density of larger gas bubbles. Fission gas bubbles
have grown in size to 6 x 10~® m in diameter.

SE images taken from U-10Mo atomized fuel pow-
der at a fission density of 2.7 x 10’7 m~ are shown in
Fig. 11. In general, the microstructural features observed
in this fuel were found to be uniform from particle to
particle. A low-magnification image showing fuel parti-
cles, matrix, and interaction layer is shown in Fig. 11(a).
The surface morphology of the aluminide interaction
layer can be seen on the small particle to the right in the
micrograph. Fig. 11(b) shows that gas bubbles are small
and distributed primarily as linear features. Fracture
surfaces are composed of flat steps with changes in
fracture elevation coincident with lines of bubbles. The
fracture surface gives the appearance that fission gas
bubbles have nucleated and grown mainly on primary
grain boundaries. This behavior is consistent with the
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Fig. 8. U-8Mo filings. (a) and (b) show fracture surfaces of specimen B002 irradiated to a fission density of 3.0 x 10’ m~3. (c) and (d)
are fracture surfaces of specimen B004 at a fission density of 5.2 x 10>’ m~3. Note granular fracture morphology in (a) and (c) vs.

planar fracture in (b) and (d).

general observation that grain boundaries are the pre-
ferred site for fission gas bubble nucleation and growth
[31], particularly at lower irradiation temperatures.
There are also a lesser number of bubbles that have
nucleated within the primary grains. A polished and
etched surface is shown in Fig. 11(c). The observed
contrast is consistent with the cored structure of the as-
atomized fuel powder; the dark areas are the molybde-
num-enriched core, and the lighter-contrast regions are
molybdenum depleted relative to the average sample
composition. Fission gas bubbles are also seen to nu-
cleate in association with the molybdenum depleted cell
boundaries at this burnup.

Micrographs of U-10Mo atomized fuel after expo-
sure to a fission density of 5.0 x 10’ m~3 are shown in
Fig. 12. At this burnup level, gas bubbles no longer
appear as linear features (Fig. 12(a)), neither are they
uniformly distributed across the fractures surface. A
higher-magnification SE image of a post-irradiation
fracture surface is shown in Fig. 12(b). Fracture surfaces
of areas with a high density of fission gas bubbles have a
granular appearance, identical to fractures seen in fuel
particles made by filing. Interspersed with these areas
are locations with low bubble density. An SE image of
a polished and etched specimen is shown in Fig. 12(c).

The volume of the bubble-free areas has decreased sig-
nificantly at higher burnup, but the microstructure
maintains a cellular appearance. Contrast due to com-
positional variations (if present at this burnup) is ob-
scured by the high density of gas bubbles and by solid
fission product formation. Bubble-free areas are present,
however, presumably in the molybdenum rich cell inte-
rior regions of the solidification microstructure (Fig.
12(d)).

Fission gas bubble volume is an indicator of gas-
driven swelling. The volume of fission gas bubbles within
the unreacted portions of fuel particles was estimated by
using contrast-based image analysis on a combination of
SEM and optical images. The area of bubbles larger
than 1 x 107 m in diameter was determined using 500 x
optical images of as-polished specimens. SEM images of
magnification 5000-10000x allowed resolution of bub-
bles in the range of 0.1-1 x 10~ m. Polished SEM
samples were etched for 3—5 min in an aqueous solution
of 10% nitric acid and 10% hydrogen peroxide to re-
veal small bubbles that were obscured by ‘smearing’
during sample polishing. In the case of U-4Mo, mea-
surements were taken only from the center of fuel par-
ticles that were judged not to have reacted with aluminum
during fabrication. Gas bubble volume data for fuel
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Fig. 9. U-6Mo alloy. (a) Fracture surface of specimen C004
after irradiation to 3.2 x 10% fissions cm—>. (b) Fracture surface
of specimen C004 after irradiation to 5.2 x 107’ fissionscm™
showing distribution of large fission gas bubbles. (c) Specimen
C004 showing granular fracture and population of fine bubbles.

particles at approximately 70 at.% 2**U burnup is given
in Table 4.

5. Discussion

Two general conclusions about the irradiation be-
havior of U-Mo alloy-based dispersion fuel can be
drawn from the examination of these specimens. These
are that (1) the pre-irradiation fuel particle microstruc-
ture and alloy content have a significant effect on the

Fig. 10. U-4Mo fuel specimen D005 after irradiation to
5.6 x 10?7 fissionscm™. (a) Optical micrograph showing large
fission gas bubbles and evidence for interlinking (arrows),
(b) SE image of fracture surface.

behavior of fission gas within the fuel alloy, and (2) the
alloy content of the fuel particle has an effect on the rate
of fuel/matrix interaction.

5.1. Effects of pre-irradiation fuel particle microstructure
and alloy composition on fission gas behavior

Data in Table 4 indicate that measured fission gas
bubble volume increases monotonically with decreasing
molybdenum content in specimens produced from fuel
filings. Previous work by Johnson and Holland [32] re-
ported that swelling of U-Mo alloys increased in inverse
proportion to molybdenum content for a variety of fis-
sion rates and temperatures from 753 to 973 K. In-
creased swelling rates in this regime have been associated
with transformation from the y-phase [33]. In the cur-
rent set of specimens with differing alloy content pro-
duced by filing, however, the effect of alloy content and
the resulting pre-irradiation phase array are intertwined
with effects due to the high concentration of defects in
the crystalline structure. The pre-irradiation micro-
structure is linked to both the process used to fabricate
the fuel particles and the molybdenum content of the
fuel particle alloys. The as-fabricated particle micro-
structure consists of regions of cold worked y-phase
alloy and regions where the alloy is in various stages of
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Fig. 11. SE images of U-10Mo atomized powder after irradi-
ation to a fission density of 2.7 x 10>’ m=3. (a) Fracture surface
showing interaction layer. (b) Fracture surface showing linear
arrangement of fission gas bubbles. (c) Polished and etched
surface showing relationship between local composition and
growth of fission gas bubbles. Light regions are low-molybde-
num content cell boundaries.

decomposition toward fine-grained equilibrium o + '
phases (Fig. 1) as a result of thermal exposure during the
fabrication process. The quantity of the fine-grained
regions containing o-U increases as the molybdenum

Fig. 12. SE images of U-10Mo atomized powder after irradi-
ation to a fission density of 5.0 x 10>’ m~3. (a) Fracture surface
showing overall morphology and interaction layer. (b) Regions
of high fission gas bubble density interspersed with regions
which have no visible fission gas bubbles. (c) Polished and etched
surface showing pattern of gas bubble growth. (d) Higher-
magnification image of area in (c), showing gas bubble-free
regions inside of cells.

content decreases. This complex microstructure presents
opportunities for heterogeneous nucleation of gas bub-
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Table 4
Measured fission gas bubble volume at 70% burnup

Fuel composition Fission gas bubble volume

fraction®
U-10Mo atomized 0.057
U-10Mo filings 0.095
U-8Mo 0.11
U-6Mo 0.12
U-4Mo 0.24

#Fraction of the unreacted regions of irradiated fuel parti-
cles.

bles at defect sites as well as in the high-swelling a-phase
[34]. The presence of two distinct microstructural re-
gions in the pre-irradiation microstructure presumably
leads to two different mechanisms for fission gas bubble
nucleation, resulting in two distinct gas bubble popula-
tions and fracture morphologies within a single fuel
particle. One region consists of a flat fracture surface
and a population of large bubbles, the other, a granular
fracture surface with a distribution of finer bubbles. The
granular structure is nearly identical to those found in
high-burnup U;Og dispersion fuel [35]. This type of
microstructure has also been observed more recently in
UO, power reactor fuel and is referred to as the ‘rim
effect’ [36]. Grain refinement in these fuels is thought to
be due to the accumulation of irradiation (fission) in-
duced dislocations that eventually leads to recrystalli-
zation.

Evidence that the absence of pre-existing defects
and chemical inhomogeneity retards the nucleation and
growth of fission gas bubbles in U-Mo irradiated at low
temperatures is shown in Fig. 13. The fuel particles
shown in Fig. 13 are U-10Mo filings that were annealed
at 1073 K for 50 h prior to fabrication into aluminum
matrix fuel specimens [37]. The pre-irradiation micro-
structure of the annealed U-10Mo consists of fuel par-
ticles with regular grains; grain boundaries are visible on
the etched specimen shown in Fig. 13(a). A few particles
are in the midst of (thermally induced) recrystallization.
Relative to the untreated fuel filings, a very low density
of small fission gas bubbles form on irradiation to
2.6 x 107 fissionsm > (37.7 % 23U burnup) at approx-
imately 200 °C (Fig. 13(b)). It can be seen from Fig.
13(c) that by annealing out defect structures due to
mechanical strain as well as small-scale chemical inho-
mogeneity, a very low population density of visible
fission gas bubbles develop in the pattern of pre-irradi-
ation grain boundaries.

A further example of the effect of pre-irradiation
microstructure on fuel behavior at a fixed composition is
provided by examination of U-10Mo atomized fuel
particles and comparison of these with the U-10Mo
filings. Prior to irradiation, the atomized fuel has a mi-
crostructure composed of a few primary grains of size

Fig. 13. U-10Mo fuel particles annealed at 800 °C prior to
irradiation. (a) As-fabricated fuel microstructure. (b) Optical
micrograph of polished surface after irradiation to 2.6 x 10?7
fissionsm=3 (37.7% burnup) at approximately 200 °C. (c) SEM
fractograph showing low fission gas bubble population.

10-50 pm. The interior of the primary grains consists of
a cored, cellular microstructure, with at least two com-
positionally distinct y-(U,Mo) phases present [28]. Cell
size is typically 2-5 pum. Nucleation of fission gas
bubbles within the atomized fuel particles occurs first
on the primary grain boundaries. Gas bubbles are also
present in association with the lower molybdenum
content y-(U,Mo) phase present at the periphery of the
cells. It thus appears that fission gas bubble nucleation is
a function of molybdenum content in y-(U,Mo) alloys.
Overall, the concentration of crystal structure defects,
such as dislocations and grain boundaries, is much lower
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in the atomized fuel. The lower concentration of fission
gas bubbles in the less defected material is consistent
with the behavior of the annealed particles discussed
above.

The fission gas behavior in U-4Mo fuel particles
differed from that of the higher-alloy fuels. U-4Mo
contained a population of large bubbles and exhibited
evidence of bubble coarsening and linkup. This behavior
in other fuels [6,7] precedes breakaway swelling; it is
likely that U-4Mo would also exhibit this behavior on
irradiation to higher burnup.

It is interesting to note that in the range of neutron
flux and temperatures experienced by the fuel in these
experiments, it is known that equilibrium o+ 7y (y =
U,Mo) structures with sufficient alloy content (>5 wt%
molybdenum) to be quenched into the metastable
v-phase will revert to the y-phase on irradiation at low
burnup [38,39]. It has been proposed that this phe-
nomenon is related to rapid, localized heating and
cooling cycles due to fission spikes, the net effect being a
local heat and quench cycle. The presence or absence of
this phenomenon could not be established in the current
experiment, and potential effects on fuel behavior could
not be gauged. Further experiments are planned to de-
termine if phase-reversion is operative, and if it plays a
role in fuel behavior.

5.2. Fuel-matrix interaction

Qualitative wavelength dispersive spectroscopy mea-
surements indicate that the interaction layer that forms
on irradiation contains all three of the major component
elements of the fuel — U, Mo, and Al. It is apparent from
inspection of the interaction layers that the reaction
product performs well under irradiation. Apart from
isolated instances, fission gas bubble growth is not ob-
served in the interaction layer. The overall appearance
after irradiation is similar to that of UAl,-based fuel
[40,41]. The volume change on stoichiometric conver-
sion of U-6Mo to (U-6Mo)Al; is 8.6%, assuming a
density of 6500 kg/m® for the reaction product. This
amount of swelling on reaction is acceptable, since the
layer grew uniformly during irradiation, with no void
formation. The chief concern with excessive fuel-
aluminum interaction is the depletion of the aluminum
matrix material. This leads to a decrease in fuel meat
thermal conductivity resulting in a rise in fuel centerline
temperature. Due to the large amount of uranium alloy
available for reaction in these very-high-density fuels,
complete aluminum depletion can occur by reaction
with the fuel phase.

Measurements of the thickness of the fuel-aluminum
interaction layer as a function of burnup were taken
from both SEM and optical micrographs. Flat regions
of the fracture surface were compared to optical and
SEM images of polished sections to obtain a reaction

layer thickness. Since such measurements are skewed to
larger values by oblique sectioning angles, a ‘common
minimum’ value of interaction layer thickness was es-
tablished. Measured interaction layer thickness for
U-xMo fuels irradiated in RERTR-1 and 2 are plotted
in Fig. 14 as a function of fuel particle fission density.
The interaction layer growth rate for U-10Mo and
U-8Mo is approximately the same. There was not a sig-
nificant difference in the interaction layer thickness be-
tween U-10Mo atomized particles and U-10Mo filings.
As the molybdenum content falls to 6 wt%, there is a
definite increase in layer thickness at high burnup. The
trend of increasing interaction rate continues for the
4 wt% molybdenum specimen. Parabolic layer growth
kinetics are expected based on classical diffusion theory
[42], and parabolic trend lines are drawn in Fig. 14 for
high and low alloy compositions.

Out-of-pile thermal compatibility studies have shown
this same trend of increasing fuel/aluminum reaction
with decreasing molybdenum content [43]. In these tests,
the increase in the rate of interaction was associated with
the decomposition of metastable y-phase fuel particles.
Alloys with lower molybdenum alloy levels decompose
faster, and the uranium/aluminum reaction proceeds
more rapidly in these fuels. Penetration of aluminum
into fuel particles occurred through cells of the non-
gamma phase. The interaction zone was non-uniform,
and ‘kernels’ of aluminide formed within the interior of
fuel particles. This is in contrast to the uniform inter-
action layer found on the irradiated fuel particles (Fig.
9), and implies a different reaction mechanism dur-
ing irradiation. The uniform interaction zone thickness
suggests that classic irradiation-enhanced interdiffu-
sion of a single phase alloy with aluminum is responsible
for interaction layer growth during irradiation, and

U-8Mo, U-10Mo
U3’S|2
U-4Mo

U-6Mo

2
S.m< e

Interaction Layer Thickness, Y2 um

Fuel Particle Fission Density, 1027 m'3

Fig. 14. Fuel/matrix interaction layer thickness for U-Mo fuels
and U;S, as a function of fission density.
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that the interdiffusion rate is a function of molybdenum
content.

6. Conclusion

Irradiation testing has been conducted on series of
aluminum matrix U-Mo dispersion fuels. These fuels
were irradiated to a maximum burnup of 70% **U at a
temperature of approximately 65 °C. Fuels with 6 wt%
or more molybdenum content performed well during
irradiation, exhibiting low to moderate fuel/matrix in-
teraction and stable fission gas bubble growth.

Fuel specimens containing U-6Mo, U-8Mo, and
U-10Mo particles produced by filing have a similar
process history and particle morphology. Fission gas-
driven fuel particle swelling decreased in these fuels as
alloy content increased from 6 to 10 wt%, as indicated
by decreased gas bubble volume. The rate of fuel-matrix
interaction increased when the molybdenum content was
less than 8 wt%. The rate of interaction layer thickness
increase was approximately the same for both U-10Mo
atomized powder and fuel filings of the same composi-
tion. A larger volume of reaction product is formed in
fuel made with U-10Mo filings owing to the higher
surface-to-volume ratio relative to the atomized powder.
The pre-irradiation microstructural state of the fuel
particles was found to affect fission gas behavior within
the fuel particles during irradiation. Fuel particles with
the same composition (U-10Mo), but differing micro-
structures showed clear differences in fission gas behav-
ior.

Fuel particles containing 4 wt% molybdenum reacted
extensively with the matrix aluminum during fuel fab-
rication and irradiation. U-4Mo showed the growth of
large fission gas bubbles by interlinking of smaller
bubbles and extensive fuel-matrix interaction leading to
interparticle contact. These behaviors increase the like-
lihood for the occurrence of breakaway swelling. Due to
the more rapid reaction with aluminum and indications
of unstable fission gas bubble growth, U-4Mo cannot be
recommended as a fuel phase for dispersion in alumi-
num, although this alloy is attractive due to its high
uranium density.
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