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The silicide fuel fabricated by B&W (one T/C) and that fabricated by CERCA (no
T/C) was pulsed with the reactivity of 1.43 dollar ($). The energy deposition was 115
cal/g - fuel plate for the former and 98 cal/g - fuel plate for the latter. In-core transient
fuel performance of the two was directly compared, using the data obtained from
4.8g/cc silicide fuels as the references. (1)The onset of DNB temperature for the B&W
fuel was 154 deg. C, which was the lowest among the references having DNB of
182+18 deg. C. (2) During the quenching, the B&W fuel had 269 deg. C for the
temperature difference AT (>94 deg. C for failure) and 0.079s for the time to quench tq
(<0.13s for failure). This situation brought the quench failure to the fuel. The failure
mode was the through-plate cracking occurred near the T/C#1 and the incipient
cracking occurred near the fuel top region. The CERCA fuel did not fail not telling the
details due to the no in-core instrument (3) The B&W fuel bowed to the magnitude of
34%, enhanced by the high PSCT by 391 deg. C. The CERCA fuel bowed to the
magnitude of only 6%, perhaps associated with the comparative low PCST. (4) The
residual strain for the both cases was in the range of +5%, showing the similarity to
that of the references. (5) As the typical abnormality, the B&W fuel caused the local
hot spot and the pitting in the Al-3wt% Mg cladding.

Keywords: Silicide Fuel, Failure Threshold, Failure Mechanism, Departure from the
Nucleate Boiling (DNB), Time to Quench, Temperature Difference, Through-plate

Cracking, Bow, Residual Strain
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1 Introduction

1 the failure threshold of the un-irradiated silicide

In the author’s previous studies !
mini-plate fuel (4.8g/cc) was discussed and decided experimentally. The failure would
occur, when the fuel had the low time to quench (<0.13s) and the high temperature
drop (>94 deg. C). The thermal stress was the principal mechanism led by the uneven
temperature profiles across the fuel plate. In the present study, the 12907030 specimen
fabricated by the B&W and the CS514836 specimen fabricated by the CERCA were
prepared for the pulsed irradiation of Ex.508-13 and that of Ex. 508-11. In order to
make a direct comparison between the two, the same reactivity of 1.43 dollar was
designed to give to each, the reactivity was corresponded to the energy deposition of
94 cal/g = fuel plate where the quench failure occurred usually . One of the unique
features used in the study was the number of T/C, hence, the B&W fuel had only one
T/C spot welded to the Al-cladding and the CERCA fuel had no T/C. The data points

1]

of the 4.8g/cc silicide fuels obtained from the previous studies ' were used as the

references since they had six to nine T/C’s.
2 Experiment

2.1 Characteristics of the test specimen

(1) Dimension

The test mini-plate fuels or the test specimens used in the present study were designed
by the Japan Atomic Energy Research Institute (JAERI). A schematic of the 12907030
specimen with one T/C is shown in Fig. 1. It was fabricated by the B&W in Virginia,
the U.S. Another CS514836 specimen with no T/C was fabricated by the CERCA in
Romans, France. They consisted of the fuel core (25mm widthx70mm lengthx0.51mm
thickness) sandwiched by the Al-3wt%Mg alloy based cladding (35mm widthx135mm
lengthx1.27mm thickness, hereinafter abbreviated Al-cladding). A dimensional
comparison of the test specimen with the Japan Materials Testing Reactor (JMTR)
full-scale plate fuel showed that the core and the plate sizes of the former are 1/5-1/2 of
the latter except for the thickness. The situation is almost the same as those of the
JRR-3 full-scale plate fuels.
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Figure 1: The schematic presentation of the 4.8g/cc silicide mini-plate fuel, having one
T/C at the #1 location. The 12907030 specimen having the enrichment by 19.76 wt%
#3U was fabricated by the B&W and used in the experiment 508-13

(2) Fuel characteristics

The major characteristics of the test specimen are summarized in Table 1. The test
specimens had uranium (U) density by 4.8g/cc, the same as those of the references. In
the study, the total of 12 references was prepared. Details of the references were
described elsewhere (. Additionally, the experimental number and the deposited

energy of the references were described in the Table 2 shown in the later on.
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Table 1 Characteristics of the test specimen used in the present study

1. Silicide core  (U-21wt%Al-7.5wt%Si)

(6) Fuel composition
(7) Matrix

Test specimen CS514836 12907030
Experiment 508-11 508-13
Thermocouple (T/C) No One
(1) Dimension (mm) 70 (length) x25 (width) x0.51 (thickness)
(2) Enrichment  (wt%) 19.95 | 19.76
(4) U density (gl/cc) 4.8
(3)Si (wt%) 7.5 7.7
(5) Void fraction (%) 5 6.3

U3Si2+USi, U3Si2 density :12g/ c.c., U3Si2 > 97wt%

ASNE (A0.3wt%Fe) | AB0B1-0

. Aluminum alloy cladding

(1) Dimension (mm)
(2) Composition
(3) Density (g/c.c.)

(6) Elongation (%)
(7) Blister test

130 (length) x35 (width) x1.27 (thickness)

A-2.8Wt%Mg (AG3NE) [Al-1.0wt%Mg (A6061-0)

(4) Tensile strength (MPa)
(5) 0.2% proof strength (MPa)

2.67
240 114
130 62
25 29

No blister at annealing temperature of 475°C, >1h

2.2 Instrumentation and irradiation capsule

The in-core instrumentation was Pt/Pt-13%Rh bare wire thermocouples (0.2mm outer
diameter) , hereinafter abbreviated as “T/C’s” with a melting point of 1,780 deg. C. As
shown in Fig. 1, it was directly spot welded to the external surface of the Al-3wt%Mg

cladding at the T/C#1 location in the experiment 508-13 (B&W fuel). However, no

T/C was welded in the experiment 508-11(CERCA fuel). The references had the T/C’s

up to 9, in which T/C#8 was welded in a no-fuel region. At the assembling stage, the

test specimen was attached to the supporting jig with electric cables and was loaded

into an irradiation capsules as shown schematically in Fig. 2. The irradiation test with

this instrumentation was conducted in the stagnant water at room temperature of about

20 deg. C and one atmospheric pressure inside the sealed irradiation capsule.
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Figure 2: A schematic drawing of the NSRR irradiation capsule designed for the

in-core power transient test

2.3 Pulse history

(1) Pulse history

All tests including the test specimens were conducted with a single plate configuration.
Generally, the half-width power of the Nuclear Safety Research Reactor (NSRR) pulse
irradiation is a minimum of about 4.4ms at a maximum integral power of 110MW -s.
The value of this width varies from 4.4 to 20ms depending on the magnitude of the
inserted reactivity.

(2) Power skew

The power profile of the test specimen was almost flat in the two directions except at

the end, where the power was about 8% higher than average. The power profile at each
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T/C in the test specimen was uniform at the post-irradiation examination (PIE), but
might be not during irradiation. As will be mentioned below, the temperature
distribution across the fuel plate should be uneven. This will accompany the irregular
shape of the quench front during the course of temperature quenching. The local sharp
peaks at the end of the fuel core were principally due to the boundary existing between
the enriched and non-enriched fuel core regions and occasionally due to the uneven
shape of the core tail, which occurred during the rolling process when the fuel plate
was fabricated.

(3) Transient temperature

The transient temperature is the common to all test specimens and the references. In
Fig. 3, as an example, a typical transient temperature obtained from one of the
references (T/C #4, experiment 508-8) that received an energy deposition of 97 cal/g*
fuel plates is shown with the pulse power as indicated by the dotted line. The fuel
temperature behaved as follows. The cladding surface temperature (CST) exceeded the
boiling temperature, T; (154 deg. C), beyond the saturation temperature, Tg, (100
deg. C), due to the pulse irradiation. The commencement of the coolant boiling at the
temperature T; was determined by the data obtained from a capsule water level sensor.
Namely, the timing of the coolant boiling was detected by the movement of water free
surface, and the timing of water free surface movement was detected by the floating
buoy having a magnetic sensor inside. The CST continued to increase to an overshoot
temperature, T,y (203 deg. C). It then decreased to 194 deg. C and remained <10ms.
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Figure 3: Typical example of cladding surface temperature (solid line )and reactor
power (dotted line) , showing boiling temperature (T;), DNB temperature (Tpng),
maximum overshoot temperature (T,,), peak cladding surface temperature (Tpay),
quench temperature (T,), temperature drop (AT), and time to quench (t;). These
are from T/C #4 of the mini-plate fuel used in experiment 508-8 (97 cal/g-fuel plate,
failure) . The location of the TC is schematically shown in the top right.

This CST was thought to be the commencement of the film boiling. The author
denoted it as Tpnp and denoted here as the (onset of) DNB temperature. A signal of the
DNB temperature can be detected from a temperature plateau that should appear after
Tov. The value of the onset of the DNB obtained from the test specimen was 182+15
deg. C from the average of 53 data points. Above the Tpng, the increase in the CST
terminated at the Tpax (244 deg. C) or the peak cladding surface temperature (PCST).
The CST was then quenched to temperature T, (116 deg. C) during the interval of tg
(0.135s). The magnitude of the temperature difference given by AT=Tmax-T, is
denoted here as the “temperature drop AT(128 deg. C for this case)”. Note that
PCST measured during the course of the experiments is almost above Tpng.

(4) Fin effect of T/C

In two experiments (Ex.508-4 and Ex.508-5) done by the references, all the PCSTs
further exceeded the melting point of the Al cladding. Figure 4 shows the typical
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transient temperature around the melting point observed in the Ex.508-4. The
measured melting point of the Al cladding was found to be 579+36 deg. C, an average
from 10 T/C’s. It was lower than that (573~640 deg. C) given by the binary phase
diagram, due to the fin effect of the T/C’s. As can be seen here, the magnitude of the
fin effect was about 61+£36deg C. It is important for the quench failure mechanism
whether or not the fin effect could be assisted a formation of the uneven temperature
profiles across the test fuel plate. The principal aim of the B&W fuel (one T/C) and
CERCA fuel (no T/C) was addressed to this matter. Then, the author put the same
reactivity of 1.4$ to them, however, this intention was in failure because the resultant
energy deposition was 115 cal/g = fuel plate for the former and 98 cal/g - fuel plate for
the latter.

=
=
=

T T T T T T T o T

Ex.508-4

[ [154 calig-fuel
Errich.=1989 wio 20

- | Density=4.8 glice. P

L= g
[ %\L&EN;JZUEUEUE R HE;
(573C~6407T) ;

FUEL PLATE TEMPERATURE('C)

0.3z

Figure 4 The solidus-liquidus transformation temperatures of the Al-3wt%Mg alloy
(AG3NE) observed in the experiment 508-4. The measurement was carried out by the
T/C’s welded directly to the Al cladding surface. The physical solidus-liquidus
transformation temperatures cited from a binary phase diagram of the Al-3wt%Mg

alloy are shown by the hatched area.
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3 Results and Discussion

In Table 2, for the reader’s convenience all data obtained from the in-core
measurements and the PIE is summarized. In addition to the experiments (Ex.) 508-13
and 508-11, a total of 11 experiments obtained from the references were included. In
the subsequent sections, the discussion will be made according to numerals taken from
this table.

3.1 The deposited energy

As seen in the Table2, the four reference fuels, that is, CS514831 (Ex.508-6),
12907010 (Ex.508-7), CS514832 (Ex.508-8) and CS514834 (Ex.508-9) were pulsed
with the reactivity of 1.43, 1.43, 1.43 and 1.49 dollar ($) in order to study the failure
threshold and the failure mechanism. The deposited energy of those was respectively
96, 94, 97 and 95 cal/g = fuel plate, where all the fuels failed. Taking this fact into
consideration, the author prepared the CS514836 (Ex.508-11, CERCA, no T/C) and
12907030 (Ex.508-13, B&W, one T/C) to give the same reactivity by 1.43$. The
deposited energy after burn-up analysis, however, was 98 cal/g * fuel plate for the
former and 115 cal/g = fuel plate for the latter. Despite the same reactivity insertion, the
resultant energy deposited to the test specimen was different. However, this confliction
was not the first case. In the aforementioned test done by CS514834 (Ex.508-9), the
energy deposition of the 95 cal/g * fuel plate was produced by the reactivity of 1.498.
The author did not understand whether or not the use of the silicide fuel from the
different vendors was the main cause of this confliction. Another surprise was that the
CS514836 (no T/C) at 98 cal/g* fuel plate did not fail, though the value was higher than
that of the failure threshold of 94 cal/g * fuel plate, though it was also not the first case.
Not described detail in this paper, CS514009 silicide specimen having 4.0g/cc was
pulsed with 106 cal/g fuel plate but did not fail. At that case the specimen had 9 T/C’s.
It should be said that the energy deposition is not the deterministic factor for the
quench failure. Due to the reason, the author would prefer to use the temperature
difference AT and the time to quench tq as the important parameters for the quench

failure mechanism, as described in the subsequent sections.

3.2 The visual inspection of the test specimen
After dismantling the test specimens from the irradiation capsule and jig, the author

made the visual inspections to confirm the integrity of the test specimens. In Photo.1,
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an overview of the test specimen used for Ex.508-11 (no T/C) and that used for
Ex.508-13 (one T/C) are shown. For the former, there existed no abnormalities except
for the water crud, deposited when the test specimen was cooled in the fuel pit for one
month. For the latter, the author observed two abnormalities, one was the though-plate
cracking located near the T/C#1 and the other was the incipient cracking located at the
fuel top region. Hence, the test specimen without T/C did not fail but the test specimen
with one T/C failed.

FROMT

B(b)

I

Nt
NoTIC 98 caligtuel

BOTTOM \ ToP

. i (b)

Photo.1 An overview of the test specimen; (top) no T/C fuel plate used in Ex.508-11
and (bottom) one T/C fuel plate used in Ex.508-13, where the T/C#1 was spot welded
to the fuel active (enriched) core region in the Al-3wt%Mg cladding and two T/C’s

were spot welded in the non-fuel (cold) region to have a referential data.
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3.3 In-core behavior

The in-core behavior of the B&W fuel (one T/C) was the main subject of the
discussion.

(1) The onset of the DNB versus the deposited energy

The onset of the DNB, namely the initiation of the film boiling should be important
parameter affecting the occurrence of the quench failure. After the DNB, the fuel plate
was rapidly heated due to a poor heat conductance from the Al-cladding surface to the
coolant. At a local point, the Al-cladding was covered with a vapor due to the high
temperature and the vaporized hydrogen could start to interact with the components
(AL, Mg) of the Al-cladding. If the hydrogen precipitated into the Al- cladding matrix,
the hardening of the cladding would occur. In Fig. 5, the onset of the DNB in the
B&W fuel is shown as a function of deposited energy. The references are also included.
It is interested in mentioning that the DNB did not occur below the energy deposition
around 50 cal/g - fuel plate. Above the level but not specified, the DNB should occur
irrespective to the fuel failure. The DNB temperature from the references was about
18215 deg. C. At the energy deposition of 115 cal/g = fuel, the B&W fuel had the
DNB at 154 deg. C, the lowest value among the references. This difference however
might be not significant. In the figure, two data points having no DNB are shown. First
was the reference used in Ex. 508-12 (32cal/g * fuel plate), where the test specimen had
the PCST of 137+3deg. C. The second was the reference used in Ex. 508-14(191
cal/g=fuel plate), where the test specimen had PCST of 90+9 deg. C. As to the case, the
specimen could not have the DNB because of the heat up rate having the magnitude of
0.0141 deg. C/ms, 1/500 times slower than others (7 deg. C/ms). It is worth to
mentioning that all fuels having DNB failed above the 94 cal/g = fuel plate.

(2) The onset of the DNB versus the PCST

As shown in Fig.6, the onset of the DNB is plotted to the PCST. After DNB, the DNB
temperature of each specimen was almost the constant. The B&W fuel had the lowest

level among the fuels having DNB.
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Fig. 5 The onset of the DNB temperature as a function of deposited energy
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Fig. 6 The onset of the DNB temperatures as a function of the PCST
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(3) The PSCT versus the energy deposition

In Fig.7, the B&W fuel and the CERCA (no T/C) fuel are plotted together with the
references. The deposited energy for the B&W fuel was 115 cal/g = fuel plate and that
for the CERCA fuel was 98 cal/g = fuel plate. The data point of the CERCA was put on
the horizontal line due to no T/C. In order to understand the mechanism of the quench
failure, the energy deposition should not take an important role because the quench
failure was strongly attributed to the time to quench tq and the temperature difference
AT. This kind of the plotting is very convenient to prepare a tentative failure map but

not practical for considering the mechanism of the failure.

1,000
- Legend: $
| ONO_Fa“ure‘ @ Failure o ————— ; °
900 | cladding melt s

5 800 r °
€ 700 _ _ °
® L Failed fuel plate with ° °
5 TIC
S 600 one i Melting point (573-640°C) &
e - I R S
§ 500 | . Through-
= L . plate crack
(73] H H

L o}
o 400 2
3| 5
S 300 =
3 B -
o200 po S L S TDNB:183°C

i e No-failure fuel plate

100 r without T/C
0 I Xw I I
50 70 90 110 130 150 170

Deposited Energy (cal/g-fuel plate)

Fig.7 The PCST as a function of the deposited energy. The test specimen with one T/C
and that with no T/C are shown by the symbol (*). The latter case showed only the

energy deposition due to no T/C.

(4) The temperature drop versus the PCST

The temperature drop AT or simply AT is one of the important parameters related to
the quench failure mechanism, because the thermal stress is given by axXEXAT, where
a is the thermal expansion coefficient , E the Young’s modulus and AT the

temperature drop. As shown in Fig. 8, AT is revealed to have a linear relationship to
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the PCST except for the Ex.508-14, trapezoidal pulse'. The reason for the linearity is

that AT is given by PCST-Tp (quench temperature) and Tp is, as shown in Fig.9

almost the constant (1092 10deg. C from the average of 52 data points), therefore the
AT has a linear relationship to the PCST. This fact implies us that when the PCST

distributes with the uneven temperature profiles, the AT (that is, the thermal tensile

stress) will be straightforwardly projected the profiles.

1000
900
800
700

Legend

Open mark Intact
| Full mark Failure

600
500

400

300

Temperature Drop AT (deg.C)

200 |Trapezoidal

100 \WLM&W

100 200 300 400 500 600 700 800 900 1000
Peak Cladding Surface Temperature (deg.C)

Fig.8 The temperature drop AT as a function of the PCST

" During the trapezoidal pulse in Ex.508-14, the 4.8g/cc test specimen had the PCST of 111+4
deg. C (no DNB) and quenched to Tp of 27+3deg.C. The small magnitude of the Tp was due to
very slow quench by 15+1s. Usually the time to quench was <Is.
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Fig.9 Quench temperature Tp as a function of the PCST. Almost the data, except for
the trapezoidal and melt data points, were quenched from the PCST to around the
saturation temperature (Tsat, 100deg.C). Experimentally Tp was 109+ 10deg. C,

estimated from the average of 52 data points.

3.4 Failure threshold

In the previous section, the author stressed the point that the linearity existed between
the AT and the PCST. This fact is not new because the author reported this
phenomenon in the previous report (. In that case, the existence of the uneven
temperature profiles was estimated well by the readings from the individual T/C’s.
However, it was hard to do so by the present B&W fuel because of one T/C. For the
reader’s more understanding, the author will show the transient temperature in the
B&W fuel in Fig. 10. In Ex.508-13, the test specimen at the T/C#1 was locally heated
from 16deg. C to DNB (154deg. C), and the specimen was continuously heated to the
PCST by 391 deg. C. Then, it received the quenching to 122deg. C. Observed AT was
269deg. C and tq was 0.079s.
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TEST NO. : NP92111281 cER-13  1.43$
——— ADR-17 : CLADDING SURFACE TEMPERATURE (/g #1 )
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Fig.10 The cladding surface temperature obtained from the T/C#1(solid line) as a
function of time; The temperature of the test specimen studied in experiment
508-13(115 cal/g = fuel plate). The test specimen failed.

The two parameters should not be separated because the thermal tensile stress was
changed depending on the time-dependent physical factors such as the stress relaxation
and the stress recovery. The temperature drop AT and tq are therefore simultaneously
plotted in Fig.11. Here, the author added the data from the low density fuels (<4.8g/cc)
@ Tt is clear that the quench failure can occur under the high temperature drop (AT
>94deg. C) , combined to the low time to quench (tq<0.13s). The fuel failure occurred
in the B&W test specimen would follow the mechanism well.
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Fig.11 The temperature drop AT as a function of the time to quench. Two data failed
by the cladding melt are omitted due to the difficulty to find the tq. Test specimen
having the high temperature drop (A T>94deg. C) and that having the low time to

quench (tq<0.13s), failed by the through-plate or the incipient cracking. The B&W fuel
(Ex.508-13) also included the failure region.

3.5 Dimensional stability

During the course of the PIE, the plate bow was determined by the thickness gauge,
inserted into the gap between the test specimen and the molding board. The plate
thickness and the thickness of Al-3wt%Mg cladding were determined by the enlarged
microphotographs cut from the test specimens.

(1) Fuel bow

The magnitude of the plate bow, namely the closure rate of the coolant gap is shown in
Fig. 12. The maximum (or the worst) and minimum bows per fuel plate are plotted as a
function of the PCST, because the bow was usually attributed to the uneven
temperature profiles that occurred across the fuel plate. The bow during fabrication
was negligible, that is, almost zero. All data points are increased linearly with an
increase in the PCST.
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From the licensing point of view, the channel gap of the JRR-3 was designed to be
2.38mm (@ in the figure) and was recommended to operate with a coolant temperature
below 228 deg. C (). Within the experimental scope, the worst bow below 228 deg. C
was 15% (0.4mm); however, almost all the data was within 4% (0.1mm). For the
B&W fuel, the worst bow was 34% at the elevated temperature of 391 deg. C (>228
deg. C). Not shown in the figure, the worst bow of the CERCA fuel was 6%.

The bow at the elevated temperature was of course significant. As important criteria
for the safety licensing was the blistering temperature, that is, 400 deg. C for
engineering blistering and 520 deg. C for physical blistering. The experimental showed
that the bow was 86% (2.1mm at 492 deg. C) for the former and 110% (2.6mm at 553
deg. C) for the latter. Namely, the coolant channel was closed completely at the
temperature level of the latter. This is the main reason why JRR-3 or JMTR core must
be operated under the coolant temperature below 228 deg. C. Hypothetically when the
cladding was melt, the value was worst at the magnitude of 200% (6.58mm at 999 deg.

C). The numeral is not the realistic case.
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Legend
All data : 4.8g/cc A: Channel width (2.38mm) of JRR-3

6 L Openmark; min.bow = B:228°C for licensing limit of JRR-3 water
[ Full mark; max. bow channel closure
- C: Physical solidus-liquidus region (573~
5 L BowofthenoT/C 640°C)
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E 4 closure) X
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g |
@3 [
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Fig.12 The bow for the test specimens and 4.8g/cc references. The maximum bow in
the fuel plate is shown by the solid (full) symbol and the minimum bow is shown by
the open symbol. As important indices, the channel width of JRR-3 fuel (2.38mm, @),
the licensing limit temperature (228 deg. C, ), and the melting regions (573~ 640 deg.
C, ) are shown. All test specimens, if they exceeded about 182+ 15deg. C, had a
DNB.

(2) Residual strain

The residual strain was obtained from the metallographic pictures cut from the test
specimen. Looking over the picture, the maximum and the minimum thickness part

was chosen. The data was repeatedly sampled from the different T/C locations. When
the measured value was larger or smaller than that of the original, the author denoted it
as the swelling or the shrinkage. The value tended to have a significant error band
when the place had a large bow. Fig.13 shows the residual strain for the plate thickness.
It is important to say that almost all the data prior to the blistering temperature was
shrunk having the error band within £5%. At the elevated temperature (>400 deg. C),
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the CS514819 specimen (Ex. 508-3, failure) had the high value of about 30%. The
residual strain for the B&W fuel was 1.5% for the maximum and -1.7% for the
minimum. It was the small in the magnitude but swelled partly and shrunk partly. The
residual strain for CERCA fuel was -0.2% for the maximum and -1.8% for the
minimum. It was also the small in the magnitude but shrunk by the action of the
thermal tensile stress. To make the data plotting possible, the author assumed the
PCST of CERCA fuel as 350 deg. C. There is no realistic reason to that assumption.

20

s [ Initial plate thickness:1.27mm
<z I Two data poins failed by cladding melt were excluded

n 15 L F: Failure by through plate or incipient cracking -

N
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£ 10 —
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= . 30813 Plate Min

@ 5 r 12907030 ||
‘_g_ H one T/C fuel 508-13 Max
= r 9 £ 508-13 A\'/e

= 0 F = = 508-13 Min ||
9 L ! 3 I I * g

= B F

S 5 [ - F

S i 1 No T/C fuel

£ r )| assuming the mﬁ?ﬁi

..3 -10 L hypothetical OO

= r temperature as F

._5 15 2 350 deg. C

$ L .

1_20 Coov v v e e
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PCST (deg. C)

Fig. 13 The residual strain determined by the plate thickness. The nominal initial
thickness of the fuel plate was 1.27mm. All data consisted of 4.8g/cc silicide fuel. The
fuels failed by the quench are denoted by the symbol F. Tentatively, the residual strain

of the CERCA fuel was plotted at the PCST of 350 deg. C.

3.6 The microstructure of the B&W fuel

The B&W fuel was cut in longitudinal direction or in cross sectional one along the T/C.
This cutting was aimed at associating the fuel microstructure with the local
temperature. After the cutting, the epoxy resin was mounted to the cut specimen for the
polishing. The sound papers up to #1000 were continuously used at time interval from
20 to 30 min. each. In the last stage a buff polishing for 30 minutes was added. The

fuel microstructure was examined first under as-polished condition. Subsequently the
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cut specimen was immersed into the chemical solution made of 1 volumetric percent
(vol. %) of HF, 9 vol. % of HNOj3 and pure water for time about 5-10s.This preparation

was for examining the grain structure, and so on.

Two typical fuel microstructures were prepared from the B&W fuel. First is shown in
Photo.2. The upper part of the photograph was taken from the T/C#1 (391 deg. C),
showing the several through-plates cracking. Despite the high temperature, no
interaction occurred between the dispersed U;Si, core and the Al-0.3%Fe matrix. Note
that the interaction was typical at the elevated temperature after fuel melting !'"),
Boundary between the fuel core and the Al-3wt%Mg cladding was smooth. A grain
size of the Al-cladding was the same as that of fabrication (15um). As-fabricated pores
did not agglomerate. The lower part of the Photo.2 was taken from the top part of the
fuel plate, where the incipient cracking occurred at the no T/C region. Second is shown
in Photo 3. From the upper part, the occurrence of the hot spot near the T/C#1 is seen.
It was usually isolated from the normal quench front and kept the temperature at the
local place very hot. The place was markedly annealed and made the cladding very soft.
From the bottom part, the significant pitting is seen, which covered the Al-3wt%Mg
cladding as well as Al-0.3wt%Fe core matrix to the some extent. The place was around
the center part of the fuel plate. It implied that there occurred significant interaction

between the Al-cladding and the certain corrosive elements, like hydrogen.
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EX.508-13 Specimen 1

12907030 BACK
AS-POLISHED :

12907030
AS-POLISHED

BACK

Photo.2 (Top); as-polished microstructure of the B&W fuel (12907030, 4.8g/cc) used
in experiment 508-13. The sample was cut from the cross sectional location along the
T/C#1 (391 deg. C). Several through-plates cracking are seen at the place,
accompanying with a little bow of the plate thickness. (Bottom); as-polished
microstructure of the B&W (or one T/C fuel) cut from the fuel top region, where no
T/C was spot welded. Several through-plates and incipient cracks were propagated
from the Al-cladding outside to the backside.
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EX508-13

12907030
AS-POLISHED

Specimen 3

MAGNIFICATION [E]

Photo. 3 (Top): the sample was cut from the cross sectional location along the T/C#1
(391 deg. C) of the B&W fuel used in the experiment 508-13. A hot spot indicated by

an arrow was observed. (Bottom); many pitting were appeared in the area of the

Al-cladding and the Al matrix. The location was the center part of the fuel plate.
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4 Conclusions

The in-core integrity of the 4.8g/cc silicide fuel fabricated by B&W and that fabricated
by CERCA was studied. The inserted reactivity to both fuels was the same as 1.43
dollar, but the resultant deposited energy was 115 cal/.g = fuel plate for the former and
98 cal/.g = fuel plate for the latter. Concluding remarks are as follows.

(1) The onset of the DNB for the B&W fuel was 154 deg. C, which was slightly
lower than that of the references (182+18deg. C), but the difference was not
significant. The transient temperature observed in the B&W fuel was the
similar to that of the references having DNB.

(2) According to the references, the 4.8g/cc silicide fuel caused the quench failure
under the high temperature drop (A T>94 deg. C), and the low time to quench
(tq<0.13s). The B&W fuel had 269 deg. C for AT and 0.079s for tq, and
failed by the through-plate cracking. On the other hand, CERCA fuel did not
fail, masking the details due to no in-core instrument.

(3) The magnitude of the bow for the B&W fuel was 34%. This value was due to
the high PSCT of 391 deg. C. The magnitude of the bow for the CERCA fuel
was 6%. Taking into consideration that the magnitude of bow had a linear
relationship to PCST, the PCST of the CERCA fuel might be lower than that
of the B&W fuel.

(4) The residual strain was determined by the change of plate thickness. For the
B&W fuel it was ranged from 1.5% to -1.7%. The fuel plate swelled partly and
shrunk partly. For the CERCA fuel it was ranged from -0.2% to -1.8%. The
fuel plate was shrunk Almost all the data including the B&W and the CERCA
showed that the residual strain was in the range within *5%.

(5) As the typical damage observed in the B&W fuel was the hot spot near the
T/C#1 and a lot of pitting near the center part.
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