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Abstract

The growth behavior of reaction layers and heat generation during the reaction between U-Mo powders and the Al
matrix in U-Mo/Al dispersion fuels were investigated. Annealing of 10 vol.% U-10Mo/Al dispersion fuels at tem-
peratures from 500 to 550 °C was carried out for 10 min to 36 h to measure the growth rate and the activation energy
for the growth of reaction layers. The concentration profiles of reaction layers between the U-10Mo vs. Al diffusion
couples were measured and the integrated interdiffusion coefficients were calculated for the U and Al in the reaction
layers. Heat generation of U-Mo/Al dispersion fuels with 10-50 vol.% of U-Mo fuel during the thermal cycle from
room temperature to 700 °C was measured employing the differential scanning calorimetry. Exothermic heat from the
reaction between U-Mo and the Al matrix is the largest when the volume fraction of U-Mo fuel is about 30 vol.%. The
unreacted fraction in the U-Mo powders increases as the volume fraction of U-Mo fuel increases from 30 to 50 vol.%.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

The international research reactor community has
decided to use low-enriched uranium (LEU) instead of
highly enriched uranium (HEU) according to the non-
proliferation policy under the reduced enrichment for
research and test reactors (RERTR) program. Uranium
silicide dispersion fuels such as U3Si/Al and U3Si/Al are
being used in research reactors due to their stable irra-
diation behavior. However, high uranium density dis-
persion fuels (8-9 g/cm?) are required for some high
performance research reactors [1,2]. Since uranium
compounds cannot meet the density requirements except
for UgFe and UgMn which have shown poor irradiation
behavior, uranium alloys with high uranium density
have been studied for their possible use in research re-
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actors [3]. U-Mo alloys have been considered as one of
the most promising uranium alloys for a dispersion fuel
due to the good irradiation performance of its cubic y
uranium phase. It is also known that reprocessing of
uranium silicide dispersion fuels is difficult [4], whereas
the U-Mo dispersion fuel was considered to be repro-
cessable [5]. In connection with the end of the US return
policy in 2006, an accelerated qualification program to
replace the uranium silicide dispersion fuel with U-Mo
dispersion fuel was undertaken by the RERTR program
[6].

U-Mo dispersion fuels for research reactors have
been prepared by rolling or extruding the blended
powders of U-Mo alloys and aluminum [7]. U-Mo
powders are conventionally supplied by the mechanical
comminution of as-cast U-Mo alloys. In order to sim-
plify the preparation process and improve the proper-
ties, a rotating-disk centrifugal atomization method has
been developed [8]. The centrifugally atomized powders
have some advantages that the powder has a rapidly
solidified y uranium structure, a relatively narrow par-
ticle size distribution and a spherical shape [9].
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In dispersion fuels, dimensional and geometric
changes occur as a result of interdiffusion or chemical
reactions between fuel particles and the matrix [10]. The
volume expansion produced by thermal annealing is
thus a measure of the thermal stability of the dispersion
fuels, and it is regarded as an indicator of expected in-
reactor swelling performance. In the case of U-Mo/Al
dispersion fuel, U-Mo powders and the Al matrix react
to form intermetallic compounds which are less dense
than the combined reactants, when it is annealed at high
temperatures. The reaction layer between U-Mo and the
Al matrix induces the volume expansion and degrada-
tion of the thermal properties of U-Mo/Al dispersion
fuels [11]. It is important to investigate the reaction
behavior between fuel particles and the matrix in the
U-Mo/Al dispersion fuel.

In this study, high temperature annealing and dif-
ferential scanning calorimetry (DSC) of U-Mo/Al dis-
persion fuels were carried out to analyze the reaction
behavior of U-Mo/Al dispersion fuels. The growth rate
of reaction layers with temperature, activation energy of
the reaction layer growth, and variation of reaction heat
with the volume fraction of atomized U-Mo fuels were
measured.

2. Experimental procedures

U-10wt%Mo alloy was melted by vacuum induction
melting using a depleted uranium lump (99.9 wt%) and
Mo (99.7 wt%) in a zirconia crucible, and then centrif-
ugally atomized to U-10Mo alloy powders. The super-
heated molten U-Mo alloy was fed through a small
nozzle onto a rapidly rotating graphite disk on a vertical
axis. Liquid alloy droplets were then spread from the
disk by a centrifugal force and cooled in an argon at-
mosphere. The atomized powder was collected in a
container at the bottom of the funnel-shaped chamber.
Meanwhile, an additional molten U-10Mo alloy was
solidified in a graphite mold under a vacuum atmo-
sphere. The as-cast U-10Mo ingot was heat-treated in a
vacuum at 900 °C for 100 h to ensure compositional
homogeneity, and then quenched to form the y phase for
the diffusion couple annealing between U-10Mo and Al
sheet [12-14]. U-Mo powders of 75-90 um in diameter
and pure Al powders of 20 um in diameter were mixed in
a V-mixer with a rotation speed of 90 rpm for 1 h and
hot-extruded at 400 °C with an extrusion ratio of 38:1.
The volume fraction of U-Mo in dispersion fuels varies
from 10 to 50 vol.%. The growth behavior of reaction
layers between U-Mo particles and the Al matrix was
observed by the annealing of 10 vol.% U-10Mo/Al
dispersion fuels at 500-550 °C up to 36 h in a vacuum
sealed quartz tube. U-10Mo vs. Al diffusion couples
were also annealed at temperature of 550 °C for 5 or
40 h in a vacuum atmosphere. The microstructure of

U-Mo/Al dispersion fuels were characterized by scan-
ning electron microscopy (SEM), and X-ray diffraction
(XRD) techniques were used to identify the composition
and crystal structure of the reaction layers. Concentra-
tion profiles of reaction layers in the diffusion couples
were obtained by point-to-point counting techniques
using a Jeol JXA8600 microprobe equipped with an
energy dispersive spectrometer. Reaction heat between
U-Mo powders and the Al matrix was measured by
DSC from room temperature to 700 °C at a heating rate
of 10 °C/min and the melting temperature of the reaction
layer was also measured by DSC thermal cycle up to
1400 °C.

3. Results and discussion

There are three kinds of intermetallic compounds
such as UAI,, UAl;, UAl,4 according to the U-Al phase
diagram as shown in Fig. 1(a) [15,16]. The crystallo-
graphic structure of UAl; is the L1, ordered structure
(space group: Pm3m) with a lattice parameter of 0.426
nm and the UAly4 has a unit cell of body-centered or-
thorhombic (space group: Imma) with lattice parameters
of a =0.4397 nm, b =0.6251 nm and ¢ = 1.3714 nm
[17,18]. UAly,4 forms a liquid phase at 731 °C and UAI;
at 1350 °C by peritectic reaction, respectively [15]. An-
nealed and quenched U-10Mo (wt%) alloy correspond
to the y phase of U-21.6Mo (at.%) according to the
U-Mo phase diagram as shown in Fig. 1(b) [19].

Fig. 2 shows the micrographs of 10 vol.% U-10Mo/
Al dispersion fuels after annealing for 40—120 min at 550
°C. The bright-colored particles are atomized U-Mo
alloy powders, the dark region is the Al matrix, and
gray-colored reaction layers were formed between the
U-Mo particles and the Al matrix. The thickness of the
reaction layer increased with the annealing time.

When the annealing time was prolonged up to 25 h,
only one reaction layer was observed at 500 °C, whereas
reaction layers divided into two or more intermediate
phases after annealing at 525 and 550 °C. Fig. 3 shows
the microstructure of reaction layers for the U-10Mo/Al
dispersion fuel annealed at temperatures of 500, 525 and
550 °C for 25 h. The reaction layers were designated as
the internal part and the external part for composition
analysis and the composition of U, Mo, and Al elements
in the reaction layers obtained by energy dispersive
spectroscopy are listed in Table 1. The compositions of
the reaction layers at 500 °C and the internal layer at 525
and 550 °C were similar to (U,Mo)Al; and the external
layers at 525 and 550 °C showed compositions corre-
sponding to (U,Mo)Aly4. Lower temperature and
shorter annealing time resulted in a single phase reaction
layer in a U-10Mo/Al diffusion couple. UAl,4 struc-
tured intermetallic phase may not form due to nucle-
ation difficulties at lower temperatures, but can form at
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Fig. 1. Phase diagram of (a) U-Al system [16] and (b) U-Mo system [19].

higher temperatures where the nucleation of the phase
becomes activated. UAly, structured intermetallic phase
can appear only if an adjacent phase has a certain crit-
ical thickness due to a problem in the materials balance
[20]. The growth kinetics of the UAly4 phase are known
to be slow compared to that of the UAI; phase and a
phase based on the UAl; structure is more stable than
UAlL4 [21,22].

Fig. 4 shows the relationship between the reaction
layer thickness and annealing time with annealing tem-

perature. The layer thickness values were obtained from
the data corresponding to the selected annealing time
when the UAI; structured reaction phase is predominant
for each temperature. Therefore the rate constant k for
growth is related to diffusion in the UAl; structured
reaction layer. It has been reported that the growth of
the reaction layer follows a parabolic rate law in the
U/Al and U;Si/Al system [23,24]. For the kinetics of
solid-state reactions, the Jander’s model and the Gins-
tling—Brounshtein model are mainly used as the diffusion
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1W|m
Fig. 2. The scanning electron micrographs showing the reac- Fig. 3 The back sca.ttering electron scanning micrographs
tion layers in 10 vol.% U-Mo/Al dispersion fuels annealed for showing U-10Mo/Al dispersion fuels annealed (a) at 500 °C for
(a) 40 min (b) 90 min and (c) 120 min at 550 °C. 25 h, (b) 525 °C for 25 h and (c) 550 °C for 25 h.
Table 1

Compositions (at.%) of U, Mo and Al in the reaction layers of U-Mo/Al dispersion fuels annealed for 25 h at temperature from 500 to
550 °C

Element Annealing temperature
500 °C/25 h 525°C/25 h 550 °C/25 h
Internal layer External layer Internal layer External layer
U 19.5 20.5 11.2 18.0 13.8
Mo 4.1 3.8 3.7 49 2.9

Al 76.4 75.7 85.1 77.1 83.3
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Fig. 4. The variation of thickness and reaction rate constant of
the reaction layer obtained from (a) the Jander’s model and (b)
the Ginstling-Brounshtein model with increasing annealing
time at 500, 525 and 550 °C.

controlled reaction in a sphere [25-29]. Jander’s model
has some weaknesses due to the oversimplifications for
the rate of thickening of the reaction product. Jander’s
analysis is expected to hold for only small values of the
reacted fraction where the surface can be considered
to be plane [25]. Ginstling and Brounshtein, however,
began their derivation from Fick’s second law in the case
of spherical symmetry [29]. Therefore, the Ginstling—

Table 2

Brounshtein model is known to be more soundly based
than the Jander’s model [26].

The reaction kinetics model given by Jander takes the
form [27],

(1= (=)' = kt/rg, (1)

where « is the reacted fraction at time ¢, k is the reaction
rate constant, ¢ is annealing time and r, is the initial
particle radius. The reacted fraction, ¢, is expressed as,

a_l—(l—rfof, (2)

where x is the reaction layer thickness and the reaction
rate constant, k is expressed as,

k:koexp(—R—QT), (3)

where ky is pre-exponential factor, Q is the activation
energy for reaction layer growth, R is the gas constant
and T is annealing temperature.

The Ginstling—Brounshtein model which also de-
scribes a three dimensional diffusion process through the
reaction layer is expressed as [28],

[1—20/3 — (1 —2)**) = ke /2. (4)

Eq. (4) is transformed as a function of r. (=) —x),
which is the radius of unreacted powder using Eq. (2) as
follows:

1+2(::>33(::>2}r§=kt. (5)

Eq. (5) is expressed as a function of reaction layer
thickness, x (= rg — r.) as follows:

x2(1 72—’“) = kt. (6)

37’0

In this study, the Jander’s model and the Ginstling—
Brounshtein model are compared with each other for
describing the diffusion phenomena of spherical parti-
cles. The reaction layer thickness vs. annealing time re-
lationship gives the reaction rate constant which is
obtained from Fig. 4 and the linearity coefficients and

The linearity coefficient (R) and reaction rate constant (k) of the reaction layer thickness vs. annealing time relationship according to

the Jander’s model and the Ginstling—Brounshtein model

Annealing temperature  Jander’s model

Ginstling-Brounshtein model

O k (um?/h) R k (um?/h) R

500 4.1 0.975 33 0.983
525 12.9 0.992 9.3 0.997
550 70.2 0.997 47.8 0.999
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the values of k& for each models are listed in Table 2.
Whereas both models show good linearity at all three
temperatures, the Gilstling-Brounshtein model gives the
closer linear fit [29].

The activation energy of the reaction process was
calculated using an Arrhenius plot according to each
model as shown in Fig. 5. The activation energy ob-
tained from the Jander’s model is 277 kJ/mol and that
from the Ginstling—Brounshtein model is 316 kJ/mol.
Rhee et al. reported that the activation energy for
growth of reaction layers in a U;Si/Al system was 220
kJ/mol in the temperature ranges from 510 to 670 °C
[24].

A diffusion couple experiment was carried out to
investigate the formation of intermediate phases be-
tween the U-Mo alloy and Al. When annealed at 550 °C
for 5 h, three layers of intermediate phases were ob-
served as shown in Fig. 6. Concentration profiles for
diffusion couples were determined by electron probe
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Fig. 5. The Arrhenius plot showing the activation energy
according to (a) the Jander’s model and (b) the Ginstling—
Brounshtein model.

(a) U-10Mo

Fig. 6. The scanning electron micrographs showing (a) whole
view of diffusion couple and (b) enlarged view especially fo-
cused on intermediate reaction layers after annealing of U-
10Mo vs. Al diffusion couples at 550 °C for 5 h.

microanalysis equipped with an energy dispersive spec-
trometer as shown in Fig. 7. Fig. 7(b) shows the con-
centration profiles of Al, Mo and U in the enlarged area
focused on intermediate reaction layers as shown in Fig.
6(b). When annealed at 550 °C for 40 h, three reaction
layers were visible as shown in Fig. 8 and the concen-
tration profile of each phase is similar to the one an-
nealed at 550 °C for 5 h as shown in Fig. 9. The L1 layer
thickened much more than other reaction layers when
the diffusion couple was annealed for 40 h. The com-
position of the intermediate layer L1 is similar to UAl;
and the layer L2 is similar to UAl;4 considering the
atomic fraction of Al as shown in Table 3. Whereas the
compositions of L1 and L2 layer are similar to those of
the internal and external reaction layers in U-10Mo/Al
dispersion fuel, further crystallographic analysis is re-
quired because the layer, L3 is an unknown phase ac-
cording to the phase diagram.

Interdiffusion between diffusion couples was in-
vestigated and interdiffusion fluxes and interdiffusion
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Fig. 7. The concentration profiles for U-10Mo vs. Al diffusion

couples corresponding to (a) whole view of diffusion couple as

shown in Fig. 6(a), and (b) enlarged view especially focused on
intermediate reaction layers as shown in Fig. 6(b).

coefficient for the components in the intermetallic layers
were determined by the method of Dayananda [30,31].
The interdiffusion flux at any section, x, at a given time,
t, is determined from the following equation:

t

1 Ci(x)
=5 [ =mac, Q)

I*orC‘.’
where C* and C~ refer to the concentrations in the
terminal alloys and x, is the location of the Matano
plane. An integrated interdiffusion coefficient is calcu-
lated over a concentration range from C;(x;) to C;(x,) by

~ . x2~
D — / Jdr. ®)

1

The integrated interdiffusion coefficients of U and Al
were calculated on the basis of Eq. (8) for each reaction
layer between the diffusion couples as shown in Table 4.

Fig. 8. The scanning electron micrographs showing (a) whole
view of diffusion couple and (b) enlarged view especially
focused on intermediate reaction layers after annealing of
U-10Mo vs. Al diffusion couples at 550 °C for 40 h.

Reliable values of the integrated interdiffusion coeffi-
cients of Mo could not be obtained due to very little
differences in composition between each layer. The in-
tegrated interdiffusion coefficients for the L1 layer of
UAI; structure are larger than those for other layers
consistently with the relative thickness of the layer. The
decreasing integrated interdiffusion coefficients for the
L3 layer with time show that L3 phase is not stable as
the adjacent phases grow [20]. The interdiffusion values
with varying temperature can be used for the determi-
nation of activation energy of interdiffusion of U and Al
in the reaction layers.

The volume fraction of U-10Mo fuel particles de-
termines the density of dispersion fuels and the uranium
density as listed in Table 5. The varying volume fraction
in dispersion fuels affects the reaction behavior such as
heat generation during the reaction. DSC of U-10Mo/
Al dispersion fuel exhibits the variation of reaction heat
with a varying volume fraction of U-10Mo fuels from
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Fig. 9. The concentration profiles for U-10Mo vs. Al diffusion
couples corresponding to (a) whole view of diffusion couple as
shown in Fig. 8(a), and (b) enlarged view especially focused on
intermediate reaction layers as shown in Fig. 8(b).

10 to 50 vol.%. Fig. 10 represents the variation of heat
generation from reaction between U-10Mo fuels and the
Al matrix around 645 °C. The reaction onset tempera-
ture should be considered as a limiting temperature of
U-Mo/Al dispersion fuels, which is related to safety
analysis for the operation of research reactors. When the

Table 4
Integrated interdiffusion coefficients for reaction layers in the
U-Mo vs. Al diffusion couples

Reaction Tempera- Annealing D Dt

layer ture (°C)  time (h) (m*s7") (m*s7")

L1 550 5 7.1x10°%  9.1x10°"
550 40 1.5x1072  1.9x1071?

L2 550 5 1.1x10°8%  1.4x10°"
550 40 41x107% 54x107

L3 550 5 40x107% 8.8x107'4
550 40 2.1x1075  4.7x10°1

Table 5

The density and uranium density of U-Mo/Al dispersion fuel
with the volume fraction of U-Mo fuels

Fuel vol.%  wt% Density Uranium den-
(g/cm?®) sity (g U/em?)
U-10Mo/Al 10 41.2 4.13 1.53
30 73.0 7.00 4.60
40 80.8 8.43 6.13
50 86.3 9.86 7.66
U-10Mo 17.0 15.3
U;Si 15.5 14.6
UsSi, 12.2 11.3

volume fraction of U-10Mo was 10%, a endothermic
peak from melting of the Al matrix and a exothermic
peak from the reaction were superposed due to the
limited U-Mo content in the dispersion fuel resulting in
residual Al. The exothermic reaction heat decreased as
the volume fraction of U-Mo fuel increased from 30 to
50 vol.% due to the decrease in the counterpart of the
reaction. The maximum reaction heat was occurred at
the volume fraction of U-10Mo is about 30 vol.% as
shown in Fig. 11. The SEM micrographs after the DSC
experiment showed that the content of unreacted
U-10Mo fuel increased with the volume fraction of
U-10Mo fuel as shown in Fig. 12. When the volume

Table 3
Compositions of U, Mo and Al in the reaction layers of U-Mo vs. Al diffusion couples annealed for 5 and 40 h at temperature of
550 °C
Element  Annealing time (h) Composition in L1 layer (at.%) Composition in L2 layer (at.%) Composition in L3 layer (at.%)
U 5 17.8 15.1 5.3
40 17.7 14.6 5.4
Mo 5 4.7 3.9 6.9
40 4.7 3.8 6.3
Al 5 77.5 81.0 87.8
40 77.6 81.6 88.3
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Fig. 10. The DSC curves for heat generation of U-10Mo/Al dispersion fuel on heating from room temperature to 700 °C (+: en-
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sion fuel on heating from room temperature to 700 °C.

percentage of U-Mo fuel is more than 30%, the amount
of the Al matrix is the limiting parameter for the reac-

tion between U-Mo and the Al matrix, because the re-
action is finished when the Al matrix is consumed
completely.

The crystal structure of the reaction product was
measured by X-ray diffractometry of the reacted pow-
ders obtained from the 30 vol.% U-Mo/Al dispersion
fuel after thermal cycling from room temperature to 700
°C. XRD npatterns of the reacted phase display many
Bragg peaks expected from UAl; as indexed in Fig. 13.
Other peaks corresponding to the crystal structure of
UAly4 were not found in the XRD experiment. The
melting temperature of the reaction layer was measured
by the DSC thermal cycle for 30 vol.% U-Mo/Al dis-
persion fuel up to 1400 °C. The endothermic melting
peak of the reaction product was observed at a tem-
perature of 1337 °C which is similar to the melting
temperature of UAl; as shown in Fig. 14. In this study,
endothermic peak at around 730 °C, which is the melting
point of UAly, in the U-Al phase diagram, was not
observed during the thermal cycle from room tempera-
ture to 1400 °C. The results from the XRD and DSC
experiments showed that the reaction product obtained
by heating with 10 °C/min is comprised mainly of the
UALl, structured intermetallic compounds.
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Fig. 12. The scanning electron micrographs of U-Mo/Al dispersion fuels after reaction during the DSC heating from room

temperature to 700 °C.
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Fig. 13. XRD patterns of reacted U-Mo/Al dispersion fuels

after reaction during DSC cycle from room temperature to
700 °C.

4. Conclusions

The growth rate of reaction layers and the activation
energy for the growth of reaction layers of U-10Mo/Al
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Fig. 14. DSC curve for heat generation from room temperature
to 1400 °C (endothermic melting peak appeared at 1337 °C).

dispersion fuels were obtained by three dimensional re-
action kinetics models. The activation energies of the
growth of UAI; structured reaction layers were 277 kJ/
mol based on Jander’s model and 316 kJ/mol accord-
ing to the Ginstling-Brounshtein model. Concentration
profiles of reaction layers in U-10Mo vs. Al diffusion
couples showed that three layers of intermediate phase
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formed. The integrated interdiffusion coefficients of Al
and U for the UAIl; structured phase were larger than
those for other phases and were increased with anneal-
ing time.

An exothermic heat resulting from the reaction be-
tween U-Mo and Al was observed and the reaction heat
around 645 °C decreased as the volume fraction of
U-Mo fuel increased from 0.3 to 0.5. UAl; structured
phase was characterized as a predominant phase by
XRD after reaction during heating and the melting peak
of UAIl; structured phase was observed at 1337 °C by
calorimetric analysis.
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