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The uranium silicide plate-type fuel having initial enrichment <20
w/o 235U is scheduled to be used in many research and material testing
reactors. Fresh silicide mini-plates having density of 4.8 gl/c.c.
fabricated by CERCA and B&W were pulse-irradiated in the Nuclear Safety
Research Reactor (NSRR) at the Japan Atomic Energy Research Institute
(JAERI) over the melting point of aluminum {(Al) cladding.

As in-core instrumentation, Pt/Pt-13%Rh bare wire thermocouples
spot welded directly to the Al cladding surface were used. Two irradia-
tion tests were conducted in stagnant water at room temperature {about
20°C) and 1 atmospheric pressure inside the sealed irradiation capsule,
In the course of pulse-irradiation changes of cladding temperatue rise
were observed indicating departure from nucleate boiling (DNB) and Al
cladding melt occurred in the tested fuel plates. The former was 174°C
and the latter was 579°C in average. The latter is lower than that of
phase diagram (640°C) due to the fin effect of thermocouples.

The peak cladding surface temperature recorded was 971°C in maximum.
Temperature rise rate in average was 3.3x10% °C/s.

Post-pulse-irradiation examination (PIE) revealed tha the tested
mini-plate was damaged at the energy deposition of 164 cal/g fuel by the
melting of Al cladding and that of aluminum matrix. Molten aluminum
reacted with U3Sis particles dispered in Al matrix. This reaction

resulted in forming multi-reaction phases at the surroundings of the
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original U3Si, particles with different thickness of reaction phases
where concentration of uranium, gilicon and aluminum elements across
reaction phase changed greatly. This redistribution has a potential to
reduce the melting point (m.p.) of original fuel core (m.p. 1665°C) by
formation of UaSi (m.p. 985°C) and UAly (m.p. 1350°C). Additionally,
as a result of eutectic reaction, many.small particles were precipitated
inside the original U3Si, particles. '
When the fuel was heated up over the melting point, molten Al
cladding agglomerated significantly. At the plate center, many aluminum
holes with various diameters were formed. At the plate edge, separation
of fuel core occurred.
In spite of these damages, within this experimental scope, there

occurred neither fuel plate fragmentation nor mechanical energy release.

Keywords; Interaction, Molten Al Cladding, Silicide, U35i,, Transient,

NSRR, Pulse-irradiation
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1. Introduction

In many research and material testing reactors, the uranium silicide
plate-type fuel having initial enrichment <20 w/o *=°U is scheduled to be
used as an alternative of aluminide plate-type fuel having a high enriched
uranium such as 93% The development of this high density fuel was
investigated widely, especially by the Reducing Enrichment in Research and
Test Reactors (RERTR) Program of the US Department of Energy (DOE)" <.
In-core experiments with respect to plate-fuel behavior during steady-state
operation have been in progress‘® ‘¥, however, those with respect to
plate-fuel behavior during severe accident conditions are none, to date.
The experiments were only addressed to aluminide related fuels ®™'=.

To collect necessary data base for severe accident study, the
experiment was conducted in the Nuclear Safety Research Reactor (NSRR) at
the Japan Atomic Energy Research Institute (JAERI). Emphasis was made on
understanding the interaction mechanism of aluminum cladding with UsSi=
particles over the melting point of aluminum. For this purpose, a scanning
electron microscope (SEM) combined with X-ray microalalyzer (XMA) was

utilized.
2. Experiment

2.1 Test Fuel Plate

The test fuel plates used in this study, shown in Fig. 1, were designed
by JAERI and fabricated by CERCA in Romans, France. Untilization of the
similar fuel plates is planned for the cores of JMIR and JRR-3. The
fabrication processes for these test fuel plates are described
elsewhere ™ ',

A test fuel plate consists of the fuel core (25x 70X 0.51m )} sandwiched
by Al-3 w/o Mg based alloy cladding (35 x 135 x 0.38 m ), hereafter
abbreviated as "Al cladding”. As the fuel core was sandwiched tightly by Al
cladding with a volume ratio of fuel core to fuel plate of 38%, the thermal
expansion of the fuel core would seem to be limited significantiy.

Characteristics of the test fuel plate are summarized in Table 1.
According to the U-Si binary phase diagram‘'®, the melting point of a fuel
core consisting of UsSi= + USI (U-8 w/o Si) is about 1,570°C. While the melting
" point of Al cladding (Al-3 w/o Mg) is 640°C.

A photomicrograph of an as-fabricated cross section of the fuel core
{or meat) is shown in Fig. 2, where the average U=zSiz particle size measured
by two dimensional intercept method is about 20 z m. As seen from this
figure, UsSi= fuel particles are almost uniformity dispersed in the aluminum

_.,li
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1. Introduction

In many research and material testing reactors, the uranium silicide
plate-type fuel having initial enrichment <20 w/o “°U is scheduled to be
used as an alternative of aluminide plate-type fuel having a high enriched
uranium such as 93%. The development of this high density fuel was
investigated widely, especially by the Reducing Enrichment in Research and
Test Reactors (RERTR) Program of the US Department of Energy (DOE)‘" *=.
In-core experiments with respect to plate-fuel behavior during steady-state
operation have been in progress™ ““, however, those with respect to
plate-fuel behavior during severe accident conditions are none, to date.
The experiments were only addressed to aluminide related fuels*™®™ ™.

To collect necessary data base for severe accident study, the
experiment was conducted in the Nuclear Safety Research Reactor (NSRR) at
the Japan Atomic Energy Research Institute (JAERI). Emphasis was made on
understanding the interaction mechanism of aluminum cladding with UsSi=
particles over the melting point of aluminum. For this purpose, a scanning
electron microscope (SEM) combined with X-ray microalalyzer (XMA) was

utilized.
2. Experiment

2.1 Test Fuel Plate

The test fuel plates used in this study, shown in Fig. 1, were designed
by JAERI and fabricated by CERCA in Romans, France. Untilization of the
similar fuel plates is planned for the cores of JMTR and JRR-3. The
tabrication processes for these test fuel plates are described
elsewhere™ ',

A test fuel plate consists of the fuel core {25x 70X 0.51m) sandwiched
by Al-3 w/o Mg based alloy cladding (35 X 135 x 0.38 mm ), hereafter
abbreviated as "Al cladding”. As the fuel core was sandwiched tightly by Al
cladding with a volume ratio of fuel core to fuel plate of 38%, the thermal
expansion of the fuel core would seem to be limited significantly.

Characteristics of the test fuel plate are summarized in Table 1.
According to the U-Si binary phase diagram®'®’, the melting point of a fuel
core consisting of UsSi= + US1 (U-8 w/o Si) is about 1,570°C. While the melting
" point of Al cladding (Al-3 w/o Mg) is 640°C.

A photomicrograph of an as-fabricated cross section of the fuel core
{or meat) is shown in Fig. 2, where the average U=Siz particle size measured
by two dimensional intercept method is about 20 x m. As seen from this
figure, UsSi= fuel particles are almost uniformity dispersed in the aluminum
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matrix together with voids. Void fractions measured by water immersion

method are about 3%.

2.2 Instrumentations and Irradiation Capsule

In-core instrumentation attached to the silicide fuel plate was five
Pt/Pt-13%Rh thermocouples (hereinafter abbreviated T/C's), of which melting
point was 1780° C. These were, as shown in Fig. 1, spot welded directly to the
front surface of the plate fuel at five different locations. After assembling
the fuel plate in the supporting jig with electric cables, it was loaded into
the irradiation capsule as shown schematically in Fig. 3. The T/C No.5
(abbreviated #3) of the plate fuel in the capsule was positioned at the NSRER
core midplane. An alumel-chromel T/C is set to monitor the coolant (water)
temperature at about 10mm from the fuel surface on the reverse side of T/C
#5.

In addition, the pressure sensors were provided at top plenum end and
at bottom end of the capsule to measure the pressure pulse generated upon
fuel plate fragmentation. A water level sensor was also installed to measure
the movement of the top front of the water slug ejected upwards by the
steam explosion.

All the irradiation tests with these instruments were conducted in
stagnant water at room temperature (about 20 C) and 1 atmospheric pressure

o=

inside the sealed irradiation capsule .

2.3 Pulse History

The half-width of power of NSRR pulse irradiation is a minimum of about
4.4ms at a maximum integral power of 110 MWs. The value of this width varies
from 4.4 to 20ms depending on the magnitude of inserted reactively. The
effect of pulse width variation in this experiment is, however, negligible
since the pulse-width is below the thermal time constant of the fuel plate
(approximately 0.1s). A typical history of power pulse in NSRR was described
in detail elsewhere‘ ®.

The integral value of the reactor power P (MW-s) measured by micro
fission chambers was used to estimate deposited energy Eg (cal/g-fuel} in
each test fuel plate. Hence, Eg=kg x P, where the power conversion ratio kg
(cal/g fuel per MWs) is the ratio of fuel plate power to reactor power. This
power conversion ratio was determined through fuel burn-up analysis''®
taking the radial and axial power skew into consideration.

Figure 4 shows the longitudinal (left) and transversal (right) power
profile of the fuel plate shown by nuclides of “ENL'? | These profiles were
relatively flat, although locally sharp peaks with about 15% ~ 28% higher

than the average were revealed at both ends of the fuel plate. It is worthy

— 7 —
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of mentioning that power profiles at T/C's were almost unity.
3. Results and Discussion

3.1 Transient Temperature

In Table 2 a summary of fuel behavior derived from in-core
measurements and postpulse-irradiation examination (PIE) is shown. In Fig. 5,
a typical transient temperature measured by T/C #4 at energy deposition of
97 cal/g - fuel is shown with the pulse power, indicated by the dotted line. It
can be seen from the figure that the cladding surface temperature
(hereinafter abbreviated CST) exceeded the boiling temperature, Ti (154°C),
bevond the saturation temperature, Tsat (100 °C ), due to the pulse
irradiation. Commencement of coolant boiling at temperature Ti was
confirmed by the movement of water column which was detectable by the
installed water level sensor. Details of the water level sensor were
described elsewhere'®. The CST continued to increase to an overshoot
temperature, Tov (203°C ). It then decreased to 194°C where it remained for
about 10 ms. This CST was thought to be the commencement of the film
boiling. We signify it as Tcmez and denote here as the departure from
nucleate boiling (DNB) temperature. The DNB value was found to be 174 = 6°C
from the average of thirty-one data points. The temperature rise rate from
room temperature, T=, to T-. was found to be approximately 3.34 X lQE°C /s.

The increase in CST beyond Towne terminated at temperature Trax (244
°C). The temperature rise rate between Tons and Tmex Was found to be 2.80X
10°°C /s. The quench occurred at temperature Te (116°C) during an interval
of 0.135 s. The magnitude of the temperature difference s given by AT =
Tase - T=. Note that peak CSTs measured are all above Towne.

In experiments 508-4 and 508-5, all peak CSTs exceeded the melting
point (m. p.) of Al cladding. Figure & shows transient temperature of
experiment 508-4 at interval of 0.05s around melting point. [t can be
revealed from this that measured solidus-liquidus temperatures ranged from
531° C to 612 C. Measured melting point of the Al cladding was found to be
579 + 36°C, an average obtained from ten T/C's. On the other hand, physical
solidus-liquidus temperatures according to the phase diagram are between
573°C and 640°C. Consequently, the measured melting point was lower than
that given by the binary phase diagram. This difference might be attributed
to the fin effect of welded T/C's‘'®. Since measured temperature is always
lower (81' C in maximum) than realistic plate temperature, meaning that
evaluations on fuel behavior according to the unmodified temperature are
addressed more safety side. '

As shown in Fig. 7, the ligquidus-solidus phase transformation during

— 3 —
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of mentioning that power profiles at T/C's were almost unity.
3. Results and Discussion

3.1 Transient Temperature

In Table 2, a summary of fuel behavior derived from in-core
measurements and postpulse-irradiation examination (PIE) is shown. In Fig. 5,
a typical transient temperature measured by T/C #4 at energy deposition of
97 cal/g - fuel is shown with the pulse power, indicated by the dotted line. It
can be seen from the figure that the cladding surface temperature
(hereinafter abbreviated CST) exceeded the bolling temperature, Ti (154°C),
beyond the saturation temperature, Tsat (100 °C ), due to the pulse
irradiation. Commencement of coolant boiling at temperature Ti was
confirmed by the movement of water column which was detectabie by the
installed water level sensor. Details of the water level sensor were
described elsewhere'®. The CST continued to Increase to an overshoot
temperature, Tov (203°C). It then decreased to 194°C where it remained for
about 10 ms. This CST was thought to be the commencenent of the film
boiling. We signify it as Towe and denote here as the departure from
nucleate boiling (DNB) temperature. The DNB value was found to be 174 % 8°C
from the average of thirty-one data points. The temperature rise rate from
room temperature, T=, to T.. was found to be approximately 3.34 x 103"0 /s.

The increase in CST beyond Tone terminated at temperature Tmasx (244
°C). The temperature rise rate between Tone and Twmax Was found to be 2.80x
10°°C /s. The quench occurred at temperature Te (116°C )} during an interval
of 0.135 s. The magnitude of the temperature difference is given by AT =
Twaw - Te. Note that peak CSTs measured are all above Tons.

In experiments 508-4 and 508-5, all peak CSTs exceeded the melting
point (m. p.) of Al cladding. Figure 6 shows transient temperature of
experiment 508-4 at interval of 0.05s around melting point. It can be
revealed from this that measured solidus-liquidus temperatures ranged from
531° C to 612 C. Measured melting point of the Al cladding was found to be
579+ 38°C, an average obtained from ten T/C's. On the other hand, physical
solidus-liquidus temperatures according to the phase diagram are between
573°C and 640°C. Consegquently, the measured melting point was lower than
_ that given by the binary phase diagram. This difference might be attributed
to the fin effect of welded T/C's‘'®. Since measured temperature is always
lower (61°C in maximum) than realistic plate temperature, meaning that
evaluations on fuel behavior according to the unmodified temperature are
addressed more safety side.

As shown in Fig. 7, the liquidus-solidus phase transformation during

_8_
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quench occurred repeatedly. It occurred similarly to that of temperature
rise. In the experiments, this phase transformation only lasted toc 0.02s.

Figure 8 summarizes the relation between the measured peak CST and the
given deposited energy. Peak ST increases with increasingr energy
deposition. The maximum was 971°C at 154 cal/g- fuel recorded in experiment
508-4. At temperatures beyond the Al cladding melt (579°C), the test fuel
plates used in experiment 508-4 and 508-5 were damaged with accompanying
significant molten aluminum holes and agglomeration, fuel core separation,
and through-plate cracking*'®’. The locations of these damages are
identified from .PIE as shown schematically in Fig. 9. It is worthy of
mentioning that not only Al cladding but also matrix aluminum was melt
completely except the fuel core edge.

In-core data are shown in Fig. 10, where (a) is the data from experiment
508-6 (96 cal/g-fuel) performed without cladding melt and (b) is the data
from experiment 508-5 (164 cal/g-fuel) performed with cladding melt. In both
cases, neither increase of capsule pressure nor movement of water column
was detected. Hence, in spite of the occurrence of Al cladding melt, there
was no evidence to show the release of mechanical energy from interaction
between molten aluminum and coolant.

The overview and X-ray of the specimen with Al cladding melt at 164
cal/g-fuel is shown in Fig. 11. The fuel plate was deformed significantly
without fragmentation. Elapsed time above melting temperature ranged from
(.08 to 0.73s. Average was 0.40s.

3.2 Reaction of molten aluminum with U=Si=

In spite of a very short temperature excursion over melting point of Al
cladding (<0.7s), Al cladding and matrix aluminum were reacted with silicide
particles consisted of UzSi= and USi compounds.

To confirm this clearly, a study by SEM/XMA was made. In this study,
longitudinal and transverse section were made near T/Cs. The specimens cut
from Ex. 508-4 (154 cal/g fuel), Ex. 508-5 (164 cal/g-fuel) and Ex. 508-6 (96
cal/g-fuel) were polished and etched by 70%HC1 + 25%HNO= + S%HF.

SEM/XMA photograph of T/C #3 (peak CST >746°C) obtained from Ex. 508-5
and that of T/C #1 (peak CST <270°C) obtained from Ex. 508-6 are shown in
Photo. 1 for comparison. An original particle diameter measured by two
dimensional intercept method is 82 4 m for the former and 47 z m for the
latter. '

A relative magnitude of Al (aluminum), Si (silicon) and U (uranium)
elements along the detection line 2 was studied. For the case (a) of no
melt, no trace of reaction between aluminum matrix and silicide particle is
observed. Namely more than 97 w/o U=Siz remained as it was.

_4_.



JAERI-M 93--129

For the case (b) of melt, there is a trace of reaction between aluminum
matrix and silicide particles. This resulted in the formation of two
additional phases (@ and @) at outermost of the silicide particles. The
point analysis at selected places made by characterized X-ray revealed that
the outermost region (@) roughly consists of 77 w/o U + 5 w/o Si + 18 w/0 Al,
that is, Al rich (U, Si)Al compounds. The thickness was about 10 4 m at
maximum. The subsegequent phase (@) roughly consists of 8 w/o U + 11 w/0
Si + 3 w/o Al, that is, Si rich (U, Si) Al compounds. Magnitude of aluminum
element content decreased gradually. The thickness was about 5 x4 m at
maximum. The last largest phase consists of original compounds, that is, 92
w/o U + 8 w/o Si.

Reaction of molten aluminum with small-sized particle (<20 u m) at
temperature 918 °C is shown in FPhoto. 2. The outermost phase roughly
consists of 78 w/o U + 6 w/o Si + 16 w/o Al, while the subsequent phase
consists of 78 w/o U + 14 w/o Si + 8 w/o Al, This shows that at higher
temperature molten aluminum reacted with U=Si= significantly. Reaction
products such as UAls (m.p. 1350°C) at outermost region from Al rich (U, Si)
Al compounds may reduce the melting point of original (U, Si) particles.

From macroscopic observation on Ex. 508-5 (184 cal/g- fuel) as shown in
Photo. 3, it was revealed that many island type precipitates existed within
the original particles. The precipitates such as U=8i {m. p. 985°C) might have
been formed from the eutectic reaction between U and Si element.

3.3 Dimensional Stability

Dimensional stability was studied using data obtained from PIE. Taking
data obtained from prepulse-irradiation stage into consideration, changes of
thickness in fuel meat and cladding as well as magnitude of bowing were
determined by the specimens cut either longitudinally or transversally from
pulsed fuel plate. Data summary Iis shown in Table 2. In the PIE, either
longitudinal or transversal cutting of the tested silicide plate was
performed along the T/C's in order that, a dimensional stability of the plate
could directly be related to the measured local temperatures.

In Fig. 12, a maximum bowing of the fuel plate as a function of peak CST
is shown, where data from reference'® are included. As the fuel plate
temperature was below 400°C, the bowing was negligible. When the
- temperature exceeded 400" C, however, the bowing became greater. The
bowing was enhanced significantly by necking, that is, a significant thinning
of plate wall thickness at end peak locations where melting of Al cladding
and fuel separation occurred simuitaneously.

Photograph 4 shows the conditions of the fuel plate after transient
used in Ex. 508-4 (154 cal/g-fuel). As seen from (a), the fuel meat was

— 5 —
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deformed greatly. Fuel meat separation at end peak location and plate wavy
deformation are apparent in (b). In cross section of (A)-(A) in the
macrophoto. (c), the bowing, the fuel separation, the necking, the
denudation of meat and the molten aluminum are shown. With respect to the
bowing, it is worthy of mentioning that the maximum channel flow width in
existing research reactors is to be designed between 2.7 and 3mm. So, care
must be taken not increasing the fuel plate temperature above 400" C so as

not to cause the channel closure.
4 . Conclusions

The conclusions reached in the present experiments are summarized as
follows:
(1) Melting point of Al-3 w/o Mg cladding measured was 579+ 36°C. The value
was lower (61°C in maximum) than that of Al-Mg binary phase diagram due to
the fin effect of welded T/C's. The cladding melt occurred at energy
deposition of. 154 cal/g- fuel.
(2) Above energy deposition of 154 cal/g-fuel, the tested silicide plate was
severely damaged resulting in causing melten aluminum holes and
agglomeration, fuel core separation, and through-plate cracking. Neither
fuel plate fragmentation nor mechanical energy release occurred in the
present experiments.
(3) Reaction between molten aluminum and U=Si= fuel particles occurred
resulting in producing two different metallurgical phases at the outermost
of the original UsSi:z particles. The concentration of U, Si and Al elements
among the phases changed. The observed eutectic reaction have a potential
to lower the melting point of the original UsSi= particles due to the new
phases such as UsSi {m. p. 985°C) precipitated in the original matrix. The
smaller the U=Siz particle size, the greater the magnitude of eutectic
reaction.
(4) Dimensional stability of silicide plate was degraded much as a result of
interaction between molten aluminum and fuel core.

Acknowledgments _
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smaller the U=zSiz particle size, the greater the magnitude of eutectic
reaction.
(4) Dimensional stability of silicide plate was degraded much as a resuit of

interaction between molten aluminum and fuel core.
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deformed greatly. Fuel meat separation at end peak location and plate wavy
deformation are apparent in (b). In cross section of (A)-(A) in the
macrophoto. - {cJ, thé bowing, the fuel separation, the necking, the
denudation of meat and the molten aluminum are shown. With respect to the
bowing, it is worthy of mentioning that the maximum channel flow width in
existing research reactors is to be designed between 2.7 and 3mm. So, care
must be taken not increasing the fuel plate temperature above 400" C so as

not to cause the channel closure.
4 . Conclusions

The conclusions reached in the present experiments are summarized as
follows:
(1) Melting point of Al-3 w/o Mg cladding measured was 579+ 36°C. The value
was lower (61°C in maximum) than that of Al-Mg binary phase diagram due to
the fin effect of welded T/C's. The cladding melt occurred at energy
deposition of. 154 cal/g- fuel.
(2) Above energy deposition of 154 cal/g-fuel, the tested silicide plate was
severely damaged resulting in causing molten aluminum holes and
agglomeration, fuel core separation, and through-plate cracking. Neither
fuel plate fragmentation nor mechanical energy release occurred in the
present experiments.
(3) Reaction between molten aluminum and UsSi= fuel particles ccecurred
resulting in producing two different metallurgical phases at the outermost
of the original UsSi= particles. The concentration of U, Si and Al elements
among the phases changed. The observed eutectic reaction have a potential
to lower the melting point of the original UzSiz particles due to the new
phases such as UsSi (m. p. 985°C) precipitated in the original matrix. The
smaller the UzSiz particle size, the greater the magnitude of eutectic
reaction.
(4) Dimensional stability of silicide plate was degraded much as a result of
interaction between molten aluminum and fuel core.
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Table 1 Physical and mechanical parameters of the silicide
plate-type miniature fuel

1. Silicide core : {U-21w/o Al-T7.5w/c §i)

(1) Dimension (mm)

(2) Enrichment {w/0)

(3) Element : Si {(w/o)
U {w/o)

(4) Composition : Fuel

: Matrix

70(L)x 25(W)x 0.51(¢)‘"’
19.89 (0.84~0.86g U-235 per plate)
7.5
92.3, U density=4.8g/cn?
Void fraction=5.0%0.9
UsSi2+USi, UaSiz density=12g/caf,
Us8i2>9Tw/0
ASNE™* ™’

2. Atuminum altloy cladding

(1) Dimension (mm)

(2) Composition

(3) Density (g/cn?)

(4) Mechanical properties
at room temperature
Tensile stress (MPa)
0.2% proof stress {MPa)
Elongation (%)

130(L)x 35(W)x 0.38(t) in both sides
Al-2. 8w/oMg~0. 04w/oMn-0. 01w/oCr (AG3NE)
2.617

240
130
25

(5) No blister at annealing temperature of 475°C, > 1hr

Note : {(+) L=Length, ¥=Width and t=thickness
{++) Industrial standard od France
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LIQUIDUS - S0LI0US
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Ex.508-4
154 callg.fuel

<1
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|

500 \ A

CLADDING SURFACE TEMPERATURE(°C)

[ i\ AN
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Fig. 7 Solidus-liquidus phase transformation of silicide plate

fuel observed about 500°C in ex. 508~4 (154cal/g-fuel)

(a) Transient temperature profile measured by T/C #5 of
which location is shown in inset

(b) "Point A" correponded to solidus-liquidus transformation
occurred during temperature rise

(¢) "Point B" correponded to liquidus-solidus transformation
occurred during quench
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where a slight variation of data in capsule
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11 (TOP) overview of tested
fuel plate pulsed at 1lé6cal/
g+fuel, peak CST of 918°C in
ex. 508-5, (bottom) X-rav of
the fuel plate after pulse
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Fig.

12 Observed maximum bowing of
gilicide plate-type fuel from
PIE, where five cuttings a
plate fuel were made either of
longitudinal (T/C #5) or of
transversal sections (T/C #1-4)
resulting in at least one T/C
in a specimen
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