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ABSTRACT

Thermal compatibility of atomized LbSi dispersion fuels were evaluated up to 2600

hours in the temperature range from 250 to 500 °C, and compared with that of

comminuted U3S1. Atomized U3S1 showed better performance in terms of volume

expansion of fuel meats. The reaction zone of UsSi and Al occurred along the grain

boundaries and deformation bands in U3S1 particles. Pores around fuel particles

appeared at high temperature or after long-term annealing tests to remain diffusion

paths over the trench of the pores. The constraint effects of cladding on fuel rod

suppressed the fuel meat, and reduced the volume expansion.

INTRODUCTION

UaSi dispersion fuels are composed of two different phases, UsSi particles
dispersed in Al matrix, so long term operation at high temperature occurs in the
reaction between two phases. It is well known the reaction of

U3Si + Al —> U(Si,Al)3. (1)
The reaction product of U(Si,Al)3 is a less dense compound than UsSi, so the
difference of density produces the volume expansion of the UsSi dispersion fuel
meats. Al diffuses into UsSi to react, and the diffusivity of Al in UsSi is more rapid
than the diffusivity of U in Al. This Kirkendall effect makes pores in the side of Al
matrix, and the pores are known to be another cause of volume expansion of UsSi
dispersion fuel meats[l,2].

The volume expansion produced by thermal annealing is a reference for thermal
stability of fuels, and acts as a factor of swelling performance. In this study, thermal
compatibility of atomized UsSi fuel meats was evaluated, and compared with
comminuted U3S1 fuel meats. Effect of cladding of fuel rods on the volume expansion
of fuel meat was analyzed in view of constraint stress. Microstructural examination
of fuel particles after thermal annealing tests was also carried out to suggest a
nature of thermal swelling.
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EXPERIMENT

Atomized UaSi powders were manufactured directly from the melt of U-3.9 wt.%

Si using a rotating disk method[3], and fuel rods with and without clad were made

using an extrusion technique of 61 wt% UsSi powders dispersed in Al matrix. All

specimens (fuel meat and clad fuel) were made to 25 mm length by cutting the fuel

rods. The specimen was cleaned, dried, and vacuum-sealed in a quartz tube. To

evaluate the thermal compatibility, volume expansion of fuel meats with and without

clad was determined periodically from dimensional changes in diameter and length of

fuel rods. The results were compared to the results from the density measurement

technique whitin the error range of 3 %. Specimens in vacuum-sealed quartz
ampoules were annealed in a furnace. Test temperature was in the range of 250 -
500°C, and test time was up to 2600 hours. Microstructures of the tested specimens
were observed using a Scanning Electron Microscope.

RESULTS AND DISCUSSION

Volume Change
Swelling of fuel meats was calculated from dimensional changes in diameter and

length, which were measured as a function of temperature and time. Table 1 records
a typical result of volume changes of fuel meats with and without clad at 400 °C.

Table 1. Thermal Swelling data of Atomized and Comminuted
with and without clad at 400 °C.

i Dispersion fuels

Time

(hr)

10
25

77
149

221
298

443
661

802
946

1162
1350
2000

Atomized

Fuel Meat(%)

A £

0.12
0.16

0.3
0.7

0.8
0.96
1.61
2.2
2.5
2.8
2.9
3.0

3.27

Ad

0
0.31
0.9
1.5
1.8

1.98
3.05
3.8
4.3
4.7
4.9
5.0

5.64

AV

0.12
0.77

2.1
3.8
4.5
5.0
7.9
10.1
11.5
12.8
13.2
13.7

15.27

Fuel Meat with

Clad(%) %.

A £

0.51
0.79
1.02
1.15
1.86
2.17
2.41
2.53
2.61
2.77
2.92

Ad

0.61
0.61
0.61
0.76
1.68
1.98
2.29
2.60
2.90
3.36
3.51

AV

1.74
2.02
2.26
2.70
5.31
6.27
7.16
7.92
8.65
9.79
10.28

Comminuted

Fuel Meat(%)

A £

0.16
0.45

1.2
2.0
2.5
2.9
3.4

4.02
4.56
4.79
5.06
5.41
5.83

Ad

0.3

0.76

1.5
2.4
3.2
3.7

3.97
4.73
5.50
5.65
6.26
6.56
7.02

AV

0.6

1.98

4.3
7.0

9.1
10.6
11.8
14.1

16.37
16.97
18.63
19.7

21.22

Fuel Meat with

clad(%) %.

1.78
4.36
4.77
5.04
5.42
6.14
6.52
6.74
6.97
7.35
7.57

Ad

0.92
1.07

1.68
1.83
2.90
3.05
3.82
4.58
4.73
4.89
5.34

AV

3.65
6.60
8.32
8.92
11.62
12.72
14.80
16.74
17.33
18.09
19.38

the diameter change was obtained from fuel meat section in rod
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Irrespective of the difference in UsSi powder manufacturing process, changes in
diameter of fuel meats are somewhat larger than changes in length. Volume changes
of fuel meats show a general trend with time, i.e. increasing with time. Volume
changes of fuel meats are affected by temperature. Figure 1 shows the dependency
of temperature and time on the thermal swelling behaviors of the fuel meats. Volume
of the fuel meat increased rapidly and saturated gradually with time. The higher the
temperature, the larger the volume change. When compared with comminuted
powder-fuel meats, atomized powder-fuel meats showed less volume changes at any
test temperature, and their growth values corresponded to about 70% of those of
comminuted powder-fuel meats at 350 or 400 °C. The volume changes of
comminuted powder-fuel meats were in agreement with AECL's data[l]. At 400 °C,
the growth values were about 15 and 21 % after 2000 hours for atomized and
comminuted powder-fuel meats, respectively. Below 300 °C, volume of the fuel meat
was changed very little with time, but grew gradually after a certain time, indicating
that the volume change was a thermally activated process.

The volume expansion during thermal annealing is known to be caused by
production of low density-compounds due to the chemical reaction between UaSi and
Al matrix[4]. The chemical reaction involves the diffusion process of Al in fuel

Fuel Meat

• Com. 500°C
- O — Ato. 500°C

• Com. 400°C
—O— Ato. 400°C
—•—Com. 350°C
—D— Ato. 350°C
—A-Com. 300°C
—A— Ato. 300°C
—•—Com. 250°C
—v— Ato. 250°C

1000 2000

Time(hr)
3000 4000

Figure 1. The dependency of temperature and time on the thermal swelling behavior

of atomized and comminuted powder fuel meats.
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particles. It is supposed that the smaller surface area of atomized powders in

comparison to the comminuted powder is attributed to the reduction of volume

change of the atomized powder-fuel meat in terms of diffusion.

Constraint Effects of Cladding

Fuel meats with cladding show a different type of dimensional changes as shown
in table 1 and figure 2. Changes in length are not affected nearly by constraint
effects of cladding, while the changes in diameter of fuel meats with cladding
become much lower than those without cladding. Volume changes of both atomized
and comminuted powder fuel meats with cladding are reduced, and correspond to 70
- 90% of those without cladding. Atomized powder-fuel meats with cladding showed
a better performance with respect to the comminuted fuel rods. Cladding introduced a
constraint stress to the fuel meat and suppressed volume expansion in the radial
direction significantly. The chemical reaction between fuel particles and matrix is not
changed by the constraint stress of cladding. Thus the reduction of volume change
due to cladding suggests that some kinds of defects should be attributed to the
volume expansion during thermal annealing besides that of the chemical reaction.

400 °C
— Com. Meat

• — Com. Meat+CIad

— Ato. Meat

O— Ato. Meat+CIad

10 100

Time(hr)
1000 10000

Figure 2. Volume changes of atomized and comminuted powder fuels with and without

clad at 400 °C.
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Microstructural Observations

Fuel meats were observed after thermal annealing tests, and did not show any

distinct appearance in macroscopic observations. Particle morphologies of fuel meats
after 2000 hour testing were similar in appearance to initial microstructures. No
macrovoid around fuel particles could be apparently found either in comminuted or
atomized powder-fuel meats as shown in figure 3. However, reaction zone appeared
in fuel particles both of atomized and comminuted powders. The reaction seemed to
have occurred along preferred sites. In atomized powder-fuel meats of fine grain
structure, the reaction zone corresponded to the grain boundaries of the fuel particles.
Inside of each grain, the reaction had not nearly occurred. Comminuted powder-fuel
meats also showed similar microstructures as the atomized powder. Compared with
atomized powders, comminuted powder-fuel meats had some deformed parts at the
edge, and the reaction zone was found at the deformed area as well as the grain
boundary. The reaction zone along the grain boundary was observed at the early
stage of thermal annealing. After 150 hour testing, the microstructure of the fuel
meat showed almost the same morphology as that of the fuel meat after 2000 hours,
as shown in figure 4.

Figure 3. Microstructures of (a) atomized and (b) comminuted powder fuel meats

after 2000 hours at 400 °C.

158



i reacts with Al to produce a low
density-compound of U(Si,Al)3. Grain
boundary and deformation band have a
path role for diffusion of Al in U3S1
particles. Bulk diffusion rate of Al in
l^Si seems to be very low, so the
reaction occurs along the preferred sites
at an early stage, and the further growth
of the reaction zone into the grain is
retarded. Even after 2000 hour testing at
400°C, the microstructure is similar to the
microstructure of 150 hour testing.
Formation of U(Si,Al)3 produces volume
expansion of fuel meat due to low
density, but less than 5 % is the
maximum volume change. In order to
account for 15-20 % of volume expansion
of fuel meats after 2000 hour testing,
other causes besides that of volume
expansion due to the chemical reaction
should be attributed. The difference in the
diffusivities between U and Al leaves
some kinds of defects, such as vacancy
clusters, at the side of Al matrix, so
called the Kirkendall effect. However in
the microstrucure of the atomized and
comminuted powderTfuel meats after 2000
hour testing, no distinct macro-defects
could be found except for the certain part
of edges at the three-point contact area
between particles.

A microstructure of the atomized
powder fuel meat after 300 hour testing

at 500 °C is shown in figure 5. The
enforced thermal annealing test, volume
expansion of which was 21 %, provided a
very interesting and unique morphology.
Around the fuel particles, trenchs due to
pores were appeared, and paths were
connected from Al matrix to fuel particles

Figure 4. Micostructure of atomized powder

fuel meat after 150 hours at 400 °C.

Figure 5. Micostructure of atomized powder

fuel meat after 300 hours at 500 °C.
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over the trenchs. The trench seemed to be formed due to the Kirkendall effect, and

the connecting paths had a role as diffusion pipes of Al. Pores produced by the

Kirkendall effect were found to be an important cause of volume expansion during

thermal annealing. Moreover, it was suggested that the diffusion of AHaetween fuel

particles and Al matrix should be carried out through a number of paths over pores.

These diffusion paths were able to be found at certain defects around fuel particles

in the highly magnified microstructures tested at 400 °C, 2000 hours.

Cladding gives constraint stress to fuel particles to suppress the volume expansion

of the fuel meat. Figure 6 shows microstructures of fuel meats with Al cladding and

end plug after 2160 hour testing at 400 °C. Pores around fuel particles could not be

found, but numbers of cracks were developed along the reaction zone inside fuel

particles. The volume change of atomized and comminuted powder-fuel meats*at 400

°C, after 2000 hours were about 15 and 21%, respectively. The constraint stress of

the cladding caused the cracks along the reaction layer in the fuel particle to be very

brittle.

Figure 6. Micostructure of (a) atomized and (b) comminuted powder fuels with clad

and end cap after 2160 hours at 400 °C.
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SUMMARY

Volume expansion of LbSi dispersed fuel meats is known to be caused by less
dense compounds produced due to the reaction between L^Si and Al, and by pores
leaved around fuel particles. Grain boundaries and deformation bands in l^Si particles
are the fastest diffusion paths of aluminum, and make the reaction zone to occur
along such defects. Fast diffusion of Al rather than U brings the Kirkendall effect,
and produces pores around fuel particles. Al diffuses into the contact areas with L^Si
particles, and the contact areas are formed diffusion paths over pores after long-time
thermal annealing.

Thermal compatibility of atomized UsSi dispersed fuel meats was characterized,
and compared with comminuted U3SL Atomized fuel powders had spherical shape, so
they had less surface area than comminuted powders. The small surface area of
atomized fuel particles retards diffusion of Al into fuel particles, and retards the
reaction between UsSi and Al, which could result in better thermal stability than
comminuted powder-fuel meats.

Cladding of the fuel rod gave constraint stress to the fuel meat, thereby
suppressing the formation of pores around fuel particles. In an extreme case such as
the testing at 2000hours, 400°C, the constraint stress developed cracks along the
reaction zone in fuel particles. Volume expansion of the clad samples was reduced by
the constraint effect of cladding in the rod-type fuels.

These results of thermal compatibility of atomized UsSi powder-fuel meats will be
used to evaluate the fuel performance in combination with the results of in-pile tests.
Tests for irradiation behaviors of atomized UsSi powder-fuel rods are planned in the
KMRR in the near future.
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