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Summary

The purpose of this report is to collect in one publication and fit together work fragments
presented in many conferences in the multi-year time span starting 2002 to the present dealing
with the problem of large pore formation in U-Mo/ Al dispersion fuel plates first observed in
2002. Hence, this report summarizes the excerpts from papers and reports on how we interpreted
the relevant results from out-of-pile and in-pile tests and how this problem was dealt with. This
report also provides a refined view to explain in detail and in a quantitative manner the
underlying mechanism of the role of silicon in improving the irradiation performance of U-
Mo/Al.

This report comprises eight sections. The major contents of each section are as follows:

Section 1: an overall introduction and objectives of the report.

Section 2: description of problems related to interaction layer growth in U-Mo dispersion fuel in
an Al matrix and formation of large scale pores in the interaction layer (IL).

Section 3: explanation of how and why we selected Si addition to solve the problems stated in
Section 2. This section describes the accumulated experimental data and theoretical
predictions to seek a remedy.

Section 4: out-of-pile test results to scan and confirm the predictions, and to supplement the in-
pile tests also.

Section 5: in-pile test design, PIE methods, results from the RERTR test campaigns and some
data from international collaboration are also used.

Section 6: mechanism of the effect of Si addition.

Section 7: alternative element other than Si that has potential to replace Si.

Section 8: conclusions.

Xi



Nomenclature and acronyms

ANL Argonne National Laboratory
AGHCF Alpha Gamma Hot Cell Facility
BU burnup of U-235
BOL beginning of life
EOL end of life
EPMA electron probe micro analysis
FD fission density in fuel particles
FR fission rate in fuel particles
HEU Highly enriched uranium (with enrichment > 20% U-235)
HM heavy metal
IL interaction layer
INL Idaho National Laboratory
KAERI Korea Atomic Energy Research Institue
LEU low enrivhed uranium (with enrichment < 20% U-235)
MFC materials and fuel complex
oM optical microscope
RERTR reduced enrichment for research and test reactors
SEM scanning electron microscopy
TEM tramsmission electron microscopy
Units
LEU equiv. BU U-235 burnup normalized for enrichment of 19.5%
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Section1l Introduction

The need for conversion of HEU-using high-power research reactors that cannot be met with the
use of developed LEU UsSi, resulted in development of U-Mo alloy. Since 1996, the U-Mo
alloys in dispersion form first and monolithic form later have been under development in the
RERTR (Reduced Enrichment for Research and Test Reactors) program in the United Sates and
foreign programs in Argentina, Canada, France, South Korea, and Russia.

U-Mo has predictable stable swelling by fission products at typical operation temperatures of the
reactors (see for example Ref. 1 and references therein). Gas bubble morphology between U;Si,
and U-10Mo is compared in Fig. 1.

(a) UsSi, irradiated to FD=5.1x10% f/cm® (b) U-10Mo irradiated to FD=5.7x10%* f/cm®

Fig. 1 SEM micrographs of fuel particle fracture surface showing fission gas bubble
morphology in irradiated U3Si, and U-10Mo.

However, the formation of an interaction layer between the fuel particles and matrix aluminum
presented a problem in the course of qualification of this fuel. The formation of interaction layers
(ILs) results in a reduction in thermal conductivity of the fueled zone (i.e., fuel meat) because of
the thermal conductivity of the ILs is much lower than that of the matrix Al it is consuming. The
IL growth poses a more serious effect. For some irradiated at a high fission rate and a high fission
density, pores were observed in the thick ILs, much larger than the fission gas bubbles typically
observed in U-Mo. The surface of the pores are generally smooth and round, suggesting the ILs
that surround the pores have low viscosity allowing plastic flow. The shape and extent of pores
implied that strengthening of the ILs is the key to improve the stability of the fuel meat and
prevent connection between the pores that can lead to a potential failure mechanism such as plate
pillowing. Although U-Mo alloy fuel showed stable swelling behavior comparable with the
existing qualified fuel U3Si,, the above mentioned problem had to be solved to allow qualification
of this type of fuel to proceed.



In the RERTR program at ANL, silicon alloying addition in the matrix was proposed as a remedy
to suppress IL growth and increase the IL stability. Titanium and zirconium additions in U-Mo
were also suggested to reduce the amount of Si addition.

Since ANL proposed Si addition to the Al matrix, there have been numerous out-of-pile tests and
in-pile tests to examine the efficacy of the remedy in the US and foreign programs as well. In
general, consistent results have been reported, all of which show beneficial effect of Si addition.
IL growth is indeed drastically reduced and pore formation in the ILs was significantly delayed
from irradiation tests. However, in some cases, there also have been inconsistent results that
confused the fuel developers mostly because of still scarce data and, therefore, limitation in
characterization that hinders thorough interpretation of the available data.

The idea of adding Si is based on ANL’s experience garnered in the development of silicide
dispersion fuel and earlier studies on U-Al fuel [2].

This report carries the record of the multi-year effort to overcome the obstacle caused by
excessive IL growth and pore formation in U-Mo dispersion in Al, designated as U-Mo/Al
hereafter. Some out-of-pile test results mostly obtained at KAERI and CNEA are also used. The
irradiation test results from the RERTR test campaigns are used. The KOMO tests performed at
KAERI were also very significantly used.

From the data available to present, we explain how and why Si addition is effective in solving the
problems, and other remedies are also suggested.



Section2  Interaction layer growth and pore formation in plates
with pure Al matrix

2.1 Observations for U-Mo/Al dispersion

Formation of interaction layers between dispersant fuel particles and the matrix resulting from
fission induced interdiffusion, is a common occurrence. From low temperature (~65 °C) tests,
RERTR-1 and -2, interaction layer (IL) growth of U-Mo dispersion in Al was shown to be
comparable to that of U3Si, compound dispersion in Al as shown in Fig. 2. Based on this
promising result together with stable swelling performance of the fuel, further tests were planned.

30 1 T T T T
O U,Si, (ORR, 100 °C)
25| @ U.Si(ORR, 100 °C) o -
)
Y U,Si, (ATR, 65 °C) i
_ ¥ U-8Mo, U-10Mo (ATR, 65 °C) ./,@
= B U-6Mo (ATR, 65 °C) .
3 15F 00 i
> 0 r
10 f e -
®.- e A
5 I i
o .y v
g
0 L 1 1 1 1
0 1 2 3 4 5 6

FD (10* cm™®)

Fig. 2 Comparison of interaction layer growth of U-Mo alloy particles in Al with U-
silicide dispersion in Al (Redrawn from Ref. 2). Y is the IL thickness in um.

However, from the RERTR-3 test, which was a short but higher temperature test than RERTR-1
and -2, much higher IL growth rate was found at the plate centers where power was highest. The
BOL fuel temperatures of the test plates were designed to be higher than 100 °C (see Table 8 in
Section 5 for the details of in-pile test data). It was the first test that showed such a high rate of IL
growth for this fuel.

At the same location where the thick ILs are found, pores were also observed as shown in Fig. 3.
These pores occur in the ILs and at the IL-Al interface. A more detailed description of the
irradiation tests is given in later section.



(b) Higher magnification of micrograph shown in (a)

Fig. 3 Optical micrographs of test plate R04 from the RERTR-3 test irradiated to a
fission density of 2.9x10% f/cm®. The BOL fuel temperature was 155°C. The
darkest phase is pores, the brightest phase is the aluminum matrix, and the
interaction product surrounds somewhat darker phase fuel particles.

Later the RERTR-5 and -4 experiments tested to higher burnups than the RERTR-3 found similar
results as shown in Fig.4. For these longer tests, the IL growth was extensive. Near complete
consumption of the Al matrix was observed. Large scale pores were prominent. This observation,
particularly, the pore formation phenomenon, was reported by Hofman et al. in 2003 [3] and
became an issue for fuel development in the RERTR community. A high power test by the French
showed inter-connected pore growth that was considered a pre-stage of a pillowing failure [4].
Also a high power Russian test with U-Mo/Al tubular dispersion fuel failed by pillowing.

Regardless of the tests, the pores formed at the interface between the interaction layer and Al
matrix, as shown in Fig. 4. This finding precludes the possibility that the pores are solely due to
agglomeration of fission gas bubbles in the fuel.



(a) Transverse cross section.

Interaction .
zone

(b) Higher magnification of pore formation location shown in (a).

Fig. 4 Optical micrograph of transverse cross section of V6022M irradiated to
5.5x10% f/cm?® (77.8 LEU Equiv BU) from the RERTR-4 test.

The pore morphology was investigated more in detail by SEM. The SEM micrograph shown in
Fig. 5 was taken on a fracture surface of irradiated U-Mo/Al at fission density of 2.2x10** f/cm?®.
As indicated in the image, some fracture surfaces of U-Mo particles are visible together with ILs
on them. The ILs appear to be tightly bonded to the particles. Some areas of the Al matrix were
pulled off and some show relatively ductile fracture surfaces. Some U-Mo particles were pulled
off and rough Al surfaces are exposed. The most interesting feature is the pit-like indentations
marked in the image by 4. These are believed to be the clusters of pores in the ILs on the particle
surfaces. The maximum size of this feature is ~5 um. The size of fission gas bubbles in U-Mo
alloy is about an order of magnitude smaller than this. At higher burnup, these pores will grow to
the larger sized pores shown such as in Fig. 4.



Fig. 5 SEM micrograph of fracture surface of Z03 irradiated to 2.2x10% f/cm® in the
RERTR-3 test. 1=Fuel particle, 2=interaction layer, 3=matrix Al,
4=interaction layer on fuel surface showing pores formed there.

2.2 Cause for the pore formation in ILs
2.2.1 Reaction in UAIx/AI dispersion

Dienst et al. [5] and Hofman [6] showed that the interaction products formed in a UAI/AI
dispersion fuel, where UAIX represents a mixture of two or three uranium aluminides, i.e., UAIy,
UAI3, and UggAly, are very stable in fission gas swelling. There are only three compounds in the
U-Al system. UAI; is formed from liquid; the other two are formed by peritectoid reactions. The
final reaction product is therefore probably UggAlj.

As shown in Fig. 6, the fission gas bubbles (or pores) in the interaction layer (labeled C) are so
small that they are invisible in the SEM. Considering the working resolution (~0.1 um) for SEM
in those days, it is apparent that fission gas bubbles larger than 0.1 um do not form in UAIX to
that high burnup.



Fig. 6 A SEM (BSI) of a 93% enriched UAI/AI dispersion fuel after a 60% U-
235 burnup (or 7.5x10%* ficm®). A is the UAIl,, B is the UAIs, C is the
interaction product.

2.2.2 Al-to-U ratio

Knowledge accumulated regarding the differences between the ILs from out-of-pile and in-pile
tests are summarized in Table 1.

Table 1 Fundamental differences observed between out-of-pile and in-reactor tests
for interaction in U-Mo/Al dispersion

Out-of-pile In-pile
Temperature (°C) ~550 <200
Time (hr) <100 720 - 7200
IL morphology Multi layers [7] Single layer

Crystalline Amorphous

Intermetallic compound
mixtures [7-10]

X (=Al/U ratio) Discrete value in each Variable in the layer and

layer ranging 2 - 7 [11] varies on test condition

ranging 3-7 [11]

Only three compounds exist in the U-Al system, i.e., UAIl,, UAI; and UAIl,. The formation of
reaction products with the Al/(U+Mo) ratio (x) higher than 4 may be therefore promoted by the
presence of Mo in the fuel.

Figure 7 shows the composition data from in-pile tests.
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Fig. 7 Pseudo-ternary diagram of U-Mo-Al-Si showing IL composition data from in-pile
tests with pure Al matrix.

2.2.3 Mo effect

From subsections 2.2.1 and 2.2.2, it is arguable that Mo in fuel promotes the formation of
compounds with a high x in the out-of-pile tests. During irradiation these interaction products
facilitate development of large fission gas pores to the extent that is not observed in UAIX.

The effect of addition of Mo in the fuel was examined thermodynamically [14]. Gibbs free energy
of formation of a compound (AG = AH — TAS) is the measure of the stability of a compound and
spontaneity of the reaction. Since enthalpy is the dominant part of Gibbs free energy at the
relatively low temperatures, knowing enthalpy of formation of a compound provides an
approximate measure of how stable the compound is relative to other comparable compounds.
Although non-equilibrium conditions prevail during irradiation, the thermodynamic analysis is
still a method to predict the real situations.

As can be seen in Fig. 8, the enthalpy of formation (U,Mo)Al; becomes less negative with the Mo
content in the interaction product, suggesting that the interaction product becomes less stable with
the addition of Mo.
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Fig. 8 Heat of formation (A H3,) of (U,Mo)Al; versus Mo/(U+Mo) molar ratio
[15].

2.2.4 Amorphous IL

Ryu et al. [11] showed that the ILs forming in U-Mo/Al are amorphous during irradiation. In two
other papers, experimental confirmation followed that the ILs in U-Mo/Al are indeed amorphous
during irradiation [17,18]. The high fission rate and low temperature irradiation are the
prerequisite for amorphization of the ILs. The higher the Al/U ratio in the IL, the more readily the
IL can be amorphized. In this sense, the presence of Mo in the IL promotes the amorphization of
the ILs in that Mo increases formation of ILs with higher x as discussed in subsection 2.2.2, and
that Mo reduces the stability of the IL products as discussed in subsection 2.2.3. However, U-Mo
fuel and matrix aluminum remain crystalline during irradiation.

A large number and variety of compounds and alloys have been found to become amorphous and
have “glass-like” behavior, when exposed to various types of irradiation (see Ref. 1 and
references therein). In fact, the primary damage to the crystal structure is due to the highly
energetic fission fragments, not by neutrons. Amorphization is clearly a low temperature
phenomenon as amorphized materials devitrify (recrystallize) at the so called glass transition
temperature. Above this temperature, amorphization is not possible and the fuel in question has
the familiar crystalline irradiation behavior. However, the behavior, particularly of fission gases,
can be quite different in amorphized fuels. For example, shown in Fig. 9 are micrographs of two
irradiated compounds, U3Si and UgFe. Uranium compounds such as UsSi, UgFe and UgMn
become amorphous at a relatively low damage dose [19,20].

The fission gas bubble morphology appears to be characteristic of that of alloys at high
temperatures. Yet, these fuels were irradiated at ~100°C. Evidently the fission gas was highly
mobile and the fuel material was easily deformed by the growing gas bubbles. Post-irradiation
hardness tests showed that these fuels had retained their relatively hard and brittle pre-irradiation
properties. The observed fluid-like behavior thus only exists during irradiation. Klaumunzer [21]
has demonstrated this irradiation behavior with heavy ion beam irradiations of borosilicate
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glasses and Pd-Si metallic glasses. He was able to correlate the measured increase in fluidity in
these tests with the excess free-volume that was independently measured on these metallic
glasses. Work on quenched metallic, glasses, has shown that the viscosity, 1, during annealing
tests can be described by the Doolittle equation [22]:

(b) " F .

W e

Fig. 9 Breakaway swelling of amorphous U-compounds. (a) UsSi (8% HM
burnup), (b) UsFe (17% HM burnup).

n=n, exp(A‘V:j o

where C is a constant and AVg is the part of the quenched-in free-volume associated with
structural relaxation that is recovered during annealing of the glass prior to recrystallization.

In the paper given as Ref. 1, we proposed that during continuing irradiation of an amorphized fuel
this excess free-volume is maintained at a value proportional to the damage rate. This results in a
commensurate decrease in viscosity, or increase in fluidity, ¢=n", as long as fission events are
occurring in the fuel. Likewise, the diffusivity in the fuel that is related to the viscosity through
the Nernst-Einstein equation, Do, is enhanced by the magnitude of the fission-induced excess
free-volume.

It is worth noting that U-Mo and Al are crystalline while the ILs between them are amorphous

during irradiation. Therefore, the growth of the more readily flowing ILs between U-Mo and Al
appears to facilitate pore formation with released fission gases.
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Section 3  Remedy for interaction layer growth and pore formation

A remedy to prevent large pore formation in the ILs was sought at ANL. Because a method to
enable a complete prevention of interdiffusion between fuel constituents and matrix Al is
practically non-existent, improving the stability of the ILs is instead aimed. We have focused on
modifying the IL property by alloying additions in the matrix Al. After reviewing the literature,
considering experience obtained from the development of U-Si dispersion fuel in Al, and some
thermodynamic assessment, silicon was selected for the candidate element. This remedy was
presented in two international meetings [23,24]. This section summarizes the above mentioned
presentations.

3.1 Alloying element addition in the matrix

3.1.1 Reaction between U and Al

The addition of Si to Al at the eutectic composition of 12 wt% Si reduced significantly the
diffusion of uranium into aluminum in a U-AISi diffusion couple test in the temperature range of

200 — 300°C [25]. Compared to the data obtained by the same authors using the same
experimental setup but without silicon addition [26], the effect of Si addition is clearly noticeable.

108
10° | ]
g gpw | .
£
&
£ A
I 10m} » 4
——e—— Uinto Al [26]
1022 | : - - U ?nto Al-12Si [25] |
) —4&—— Uinto Al [27]
¢ . A .- Uinto A-12Si [27]
1013 1 1 1 1 1 1 1 1

180 200 220 240 260 280 300 320 340 360

Temperature (°C)

Fig. 10 Comparison of interaction layer growth in U-Al and U-AISi. Al-12Si is an
alloy with 12wt% Si in Al

As shown in Fig. 10, U-Al has a two orders of magnitude larger reaction constant than U-AISi at
200°C, meaning that the time to obtain the same reaction penetration takes about two orders of
magnitude longer for the U-AISi than the U-Al. At temperatures higher than 400°C, however,
diffusion of U into the Al becomes smaller than that of U into the AISIi, suggesting that
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extrapolation to lower temperatures of the results of diffusion studies generally performed at
higher temperatures might be unreliable. In any case, at low temperature applications where U-
Mo/Al is typically used, this information provides favorable prediction for using Si addition.

The effect of Mo in U on diffusion can be assessed from data in the literature. Comparing the
diffusion coefficients at 600°C [29], the diffusivity of U is six orders of magnitude higher than
that of Mo. Extrapolating the equations to the lower temperatures where research reactor fuel is
operating, the difference becomes even larger. This low Mo diffusivity was recognized in early
studies, and DelLuca and Sumsion [27] used Mo as a marker for their U-Al diffusion tests. As
shown in Fig. 11, there was no indication of diffusion of the Mo markers at 400 — 500°C.

Mo marker

B ; _-k;gﬁf_ :f:;v.'\"r,sﬂ,&; 4Bais s i i : :
Fig. 11 U-Al diffusion couple tests with a Mo-marker. (a) Test at 550 °C, (b) test at 400
°C. The Mo-marker bends into the Al. The value x2/x1 is the ratio of the
penetration of U into Al to the penetration of Al into U [27].

The effect of the presence of Mo in U is to decrease the reaction rate between U-Mo and Al from
the reaction between U and Al. Ugajin et al [30] reported that a small amount of Mo (0.5wt%
Mo) in UsSi, was effective to lower the reaction between the UsSi, and Al matrix. This
observation shows that Mo has a synergistic effect when it is present with Si. In addition, it is
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commonly observed from irradiation tests that the presence of Mo in U-Mo reduces reaction in U-
Mo/Al dispersion.

Nevertheless, the harmful role of the presence of Mo to promote the formation of high Al-content
compounds and, more importantly, to enhance pore formation in the ILs overwhelms the slight
benefit in reducing the reaction rate.

3.1.2 Effect of alloy addition in Al to suppress UAI, formation

There have been several studies seeking remedies to reduce UAI, formation, all of these efforts
were focused on alloying of elements such as Si, Ge, Zr, Sn, or Ti into Al.

Thurber and Beaver [31] found that the addition of 3 wt% Si, Ge, Zr, Sn, or Ti in 48 wt% U-Al
alloys (UAIs-Al) completely suppressed UAI, formation. The role of the ternary addition was to
suppress the peritectic reaction UAI;+Al — UAI, and permits UAI; to coexist with Al during
prolonged heating. Thurber and Beaver found that the silicon addition was associated with
aluminum in the UAI; lattice, forming compounds of the U(AI,Si); type in which the lattice
parameters are a function of the silicon content of the alloy. No reversion of UAIl; to UAI,
occurred in the silicon-modified alloy after extensive thermal treatment at 605°C. Exner and
Petzow [32] investigated and proposed similar elements for effective addition.

DeLuca and Sumsion [27] also found that in the U-AISi diffusion couple the formation of UAI,
was supressed. Chakraborty et al. [33] studied the effect of ternary additions on the suppression of
UAI, formation more thoroughly and showed similar results given by Thurber and Beaver. The
ternary additions of Si, Ge, and Zr were effective. A brief summary of their work is given below.

Si

Additions of 4 — 6 wt% Si in UAI3 did inhibit transformation of UAI; to UAI,. Si replaces Al in
UAI3, forming U(AI,Si);. However, 1.5 wt% Si showed UAI, transformation. In this case, Si
migrated from UAIl; to UAI, and replaced Al lattice sites because of the similar atom size
between Si and Al.

Zr

UAI; containing 14wt% Zr coexists with Al in equilibrium and extends down to room
temperature. In addition, Zr did not diffuse into Al and allow Al diffuse into UAI; in a test for two
hours at 610°C. Zr atoms replace U lattice sites forming (U,Zr)Als compound. This is similar to
Mo that also form (U,Mo)Al; compound. Kutty et al. [34] showed that, if the Zr content is small
such as 3 wt%, (U,Zr) Als phase is not stable allowing formation of UAl,.

Ge
Similar to Si, however, a high Ge concentration (4.4 — 6 wt%) in UAIl; was effective in
suppressing UAI, formation.

Sn
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The effect of Sn addition was negligible, which contradicted the results of Thurber and Beaver
[27].

Ti
Titanium was not considered in this study. However, because of its similarity (in its bonding
electron structure to Zr), it is likely to have an effect similar to Zr.

Therefore, Chakraborty [33] and Thurber and Beaver [31] agree on the positive effects of Si, Ge
and Zr. In Table 2, the neutron absorption cross-sections for some elements are given. Si and Zr
have advantageous neutron absorption characteristics, but Ge does not. Using Zr as an addition in
Al, however, has a disadvantage over Si because the addition of Zr in the amount of ~14wt%
reduces the thermal conductivity of the alloy much more than Si.

Table 2 Thermal neutron absorption cross-sections for some elements

Al Si Fe Cu Mn | Cr | Mg Zn | Ge | Sn Zr | Ti

Ga 0.23 |0.16 |255 (379 [133 |3.1(0.063 |11]23|063 |02 |6.1
(barns)

Chiotti and Kateley [35] developed the free energy of formation of UAI; and UAI, and calculated
the concentration of UAI; or the concentration of the ternary addition element necessary to
suppress UAI, formation. For example, at 500°C the mole fraction of UAI3 in U(AI,Si)z necessary
to suppress UAI, formation is 0.82 or the fraction of USi3; 0.18. This corresponds to the data by
Thurber and Beaver [27], where 3 wt% Si suppresses UAIl, formation in the 48 wt% U-Al alloys
(UAI3-Al). Although, at low temperatures, the formation of UAI, becomes more favorable by free
energy calculations, the diffusion and nucleation rates of the reaction are too small to permit a
significant UAI, formation.

In the literature, there has been no attempt to alloy a third element additionally from the
individually beneficial elements. Setting aside other effects, alloying other elements
simultaneously may not produce an advantageous result because thermal conductivity reduction
would be considerable.

3.1.3 BFS atomistic model prediction of IL growth in U-Mo/Al with Si addition

A more sofistigated modeling was commissioned to predict the behavior of Si added to the Al
matrix by using the BFS model [36]. The description of this modeling is available elsewhere [37].
A brief summary for this modeling is given here.

The model is a quantum approximate method that provides an efficient and accurate way to
compute the total energy of arbitrary atomic systems in term of their geometrical configuration,
combining first-principles calculations for its parameterization and Monte Carlo statistical
methods for its implementation to large scale samples. It is built on the basis of completely
transferable parameters and can deal with the complexity of the problem at hand because of its
lack of theoretical constraints regarding the type and number of elements, or on the number or
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type of phases it can handle. In spite of its approximate nature, it has been shown to be equivalent
to first principles methods in its description of multicomponent systems near or at equilibrium.
The modeling work performed dealt with the application of the BFS-based atomistic modeling
software package ADWTOOLS [38], which performs detailed atom-by-atom calculations as well
as large scale atomistic simulations using different statistical methods for performing “computer
experiments,” all using the BFS method for alloys as the engine for the calculation of the
energetics.

Figure 12 shows typical results obtained with the proposed methodology. Visual analysis of the T
= 400 K cells and the corresponding concentration profiles provide valuable information on the
role of each element and the effect of changing concentrations of each element.

The IL is described as a mixture of blue circles (U atoms) and yellow circles (Al atoms) in the
figure. The results can be summarized as follows:
- (a) shows that Si atoms completely absorbed in the U side. Comparing (a) and (d), there
are some Si atoms remain in the Al if the Si concentration is increased from 5% to 10%.
- Comparing (a) and (b), the addition of Si in the Al reduces the IL growth.
- Comparing (a) and (d), the Si content higher than 5% has a nearly neglible additional
reduction power from 5%.
- Comparing (d) and (e), the synergistic role of Mo is suggestive.

In general, the results are consistent with experimental results that showed the effect of Si in the
U/Al system. The presence of Mo does not change the trend of the effect of Si, instead it may
have a positive effect on IL growth. As is discussed later, however, Mo seems to have a
disadvantageous effect by degrading the property of the IL.
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Fig. 12 BFS model prediction of effect of Si addition to Al in U-Mo/Al IL growth. (a)

10Si, (e)

U-5Mo/Al-5Si, (b) U-5Mo/Al, (c) U-10Mo/Al-5Si, (d) U-5Mo/Al

U/AI-10Si, (f) U-10Mo/AlI-10Si. The concentrations are in weight percent.

3.1.4 Si effect on IL growth in U-Mo/Al during irradiation

section view of irradiated fuel of a RERTR-3 test plate is shown Fig. 13. The reaction

layers on the fuel particle surfaces contacting the cladding are thinner than those of fuel particles

A cross

at the interior of the fuel zone (Fig. 13 (a)). The temperature difference between these two

°C because of the short heat transfer path in aluminum and high
The matrix is pure Al while 6061 Al alloy is for cladding. This

locations is probably less than 3
thermal conductivity of Al.

in 6061 alloy reduce interaction layer growth (Fig. 13 (b)). No

suggests that the alloying elements

such effect was observed from the test with Ag3NE alloy cladding used in French tests. The

compositions of 6061 and Ag3NE alloys used in the respective tests are compared in Table 3.

confirming that the

Cu and Cr in 6061,

effect of Mg, Mn and Fe are negligible whereas Si, Cu and Cr may be effective.

Mn and Fe are included in Ag3NE and more Si

More Mg
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(a) Optical micrograph showing interaction layer growth at interface between fuel
zone and cladding. The IL thickness is thinner on the cladding side than on the
fuel meat side.
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(b) Comparison of reaction layer thickness on cladding side and Al matrix. The 6061
cladding contains 0.6% Si and the AG3NET cladding includes 0.2% Si as alloying
element.

Fig. 13 Si effect on IL growth rate observed from irradiation tests.
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It is also noteworthy that Si in Ag3NE has no beneficial effect, probably because of the high
concentration of Mg in Ag3NE depriving the beneficial effect of Si. Mg forms Mg,Si removing
Si from the Al alloy matrix, resulting in Si-free zones around [39]. The Mg content in Ag3NE is
three times greater than that of 6061 whereas the Si content is about one half of 6061. This means
that Si in Ag3NE will be completely consumed by Mg while some of Si will be left free in 6061.
The large amount of Mg in Ag3NE is rather deleterious than beneficial in this regard. Fe also
forms Fe rich phases FesSiAly,, FesSiAlg, and a mixture of the two, depending on the
propositions of Mg, Si and Fe. Cr and Mn stabilize (Fe,Mn,Cr)3SiAly,. Therefore, Fe, Cr and Mn
reduce the effective Si concentration in the alloy matrix.

Table 3 Compositions of two frequently used aluminum cladding alloys

Alloy Test Si Fe | Cu Mn Mg |Cr Zn Al
Al6061 (wt%) | RERTR | 0.6 | 0.5 |0.2 0.1 0.9 0.2 0.1 Balance
AQ3NE (Wt%) | French | 0.2 |11 |0 0.7 2.8 0 0 Balance

Because reprocessing Si-containing dispersion fuel is somewhat troublesome, the amount of Si
addition in Al should be limited to the least amount desirable. At the present time, the necessary
Si amount ranges 4 — 12 wt%. The 12 wt% Si forms a eutectic alloy with Al.

3.1.5 Comparison of reaction layer thicknesses between UAI3/Al and U(Alg 49Sip.11)3s/Al from
irradiated tests

In Table 4, the reaction layer thicknesses from several irradiation tests are compared. The
specimen of the RLB data was fabricated from 48 wt% U + 49 wt% Al + 3 wt% Si alloy,
allowing U(Alo49Sio11)3 to precipitate out during cooling. As a result, the specimen was
composed of U(Aly49Sio11)3 in the Al matrix. It is considered that, during precipitation, the
negligible amount of silicon was included in the Al matrix because the solubility of Si in Al at the
temperature of interest (~300°C) is 0.05 at%.

Table 4 Comparison of reaction layer thicknesses between UAI3/Al and
U(Alo,4gSio_11)3/A| from irradiated tests

RLB data [40] DNT data [41] ANL data
Fuel U(A|0_498i0.11)3 UA|3 (U0.91M00.09)A|3
Matrix Al Al Al
Fuel volume fraction (%) 44 28 30
Irradiation temp (°C) 80 70 65
Enrichment (% U-235) 19.5 93 19.5
Burnup (at% U-235) 73 16 70
Burnup (at% HM) 14.2 14.9 13.7
Fuel particle fission density 1.7 1.8 1.7
(10%* flcm?) *
Interaction layer thickness 5 13 5
(um)

* Based on density of UAI; 6.8 g/cm®, 10% fission by Pu included.
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The DNT specimen consisted of UAI; dispersed in an Al matrix. The ANL data were made with
U-4wt%Mo dispersion in an Al matrix.

As shown in the table, the reaction layer thickness of the RLB test with Si addition is lower than

that of DNT, even with the higher test temperature. The beneficial effect of Mo addition in U can
be seen in the ANL result.

This leads us to a conclusion that Si will also have a beneficial effect on reducing reaction layer
growth in (U-Mo)/All.
3.1.6 Effect of Si content on IL growth in U-Si compound/Al dispersions

In this subsection, the IL growth rates between U3Si/Al, UsSi,/Al and USi/Al are compared to
examine the effect of Si content in U-Si compound fuels.

Si

@ From out-of-pile tests
[p,42,43]

O From in-pile tests [p]

0 Reaction product composition
from in-pile tests [45]

/ USi, 4 From in-pile tests after Al depletion
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N (two-phase mixture) [p]
Y"o USi— p=present work

U(AISi), =}

: AV2 V] (V] V) V) V2 V) v Y
U 20 40 60/ [ 80N Al

UA,  uAl UAI,

Atom % Al —=

Fig. 14 U-Si-Al ternary phase diagram showing reaction products between U, Si, and Al.

UsSi, U3Si, and USi react with Al to form a single intermetallic compound, U(AISi)s, in out-of-
pile tests of which the test temperatures are typically much higher than the in-pile tests [42]. Rhee
et al. [43] reported from out-of-pile U3Si-Al diffusion tests that they observed a thin layer of
U(AISI), at the interface between Al and IL that turned into U(AISi)s. The solubilities of Al in
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UsSi, UsSi; and USi themselves are very small (<<lat%) [44]. U(AISi); has a composition
intermediate between UAI; and USis. These two cubic compounds are mutually soluble. The
Al/Si ratio in the IL is the highest for UsSi-Al, lower for UsSi,-Al and the lowest for USi-Al,
which is approximately proportional to the U/Si ratio in the fuel. The compositions of the
compounds lie on the tielines between the uranium-silicides and Al, as shown in the isothermal
section of the ternary phase diagram (Fig. 14). For all cases, the reaction compounds have a
density of ~7.1 g/cm®, and approximately equal volumes of uranium-silicide and Al are used in its
formation. There is only a small volume change, ~4%, involved in the reaction of uranium-
silicide and Al.

The compositions deviate from the exact stoichiometry, i.e., (Al+Si)/U=3. This indicates that the
reaction products became amorphous during irradiation. The amorphous nature of the ILs in
UsSip-Al dispersion fuels from in-pile tests have been reported previously [10,45]. Since the IL is
amorphous, U, Al, and Si atoms exist in a mixture without crystalline restriction of stoichiometry.

A graph is shown in Fig. 15, where the square of the IL thickness (Y?) divided by the square root
of the fission rate is plotted versus time. Division by the square root of the fission rate is
necessary to remove the difference in the fission rate among the data. U3Si/Al has the fastest IL
growth kinetics, the slower is U3Si,/Al, and the slowest is USi/Al. The Si/U ratio in fuel particles
is preserved in the IL, implying that the higher the Si/U ratio in the IL, the slower is the growth
rate.
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Fig. 15 Y? versus time where Y is the IL thickness. Y? is normalized with the square

of the fission rate \/? , and the IL thickness data are at 100°C. Guided lines are
also shown.

20



3.2 Silicon effect on strengthening of interaction layers

It is reasonable to suppose that the extent of pore formation in the ILs in size and population can
be reduced as IL growth is suppressed. As long as ILs grow, however, a complete prevention is
impossible. The second best solution is naturally strengthening the ILs to prevent pore formation.
The solution lies in the reduction of free volume in the amorphous ILs. This parameter is
primarily dependent on the composition of the IL, in essence, on the strength of the chemical
bonds of the ILs. The theoretical basis of argument is given in the next subsection. The possible
modification would be an appropriate alloy addition.

3.2.1 Effect of silicon content in U-Si intermetallics

It has been shown that the free-volume of an amorphous intermetallic compound is strongly
affected by composition, because short range bonding character of an alloy is maintained in the
glass state. A good example was shown by Komatzu for an intermetallic glass (see for example
Fig. 13 of Ref. 46). For U-Si intermetallic compounds, the relation between the fluidity (typically
measured by sample elongation during ion beam irradiation) and the free volume was correlation
using the so-called Doolittle equation [22], as shown in Fig. 16 [24]. The free volume, and the
resulting fluidity are clearly dependent on the Si content.
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Fig. 16 Elongation of sample by ion irradiation from Klaumunzer [47]. The data
fitting curve with the Doolittle relation ¢=15.4exp(-B/vs) is also included.

The effect of the composition, the Si content in the U-Si compounds, on the pore growth of two
uranium silicide fuels is shown in Fig. 17 [1]. Both U3Si and Us3Si, are amorphized at a low
damage dose [48,49]. Whereas amorphization of UsSi is accompanied by a relatively large
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increase in free volume, the corresponding change for UsSi, was found to be negligibly small.
Apparently the additional Si bonds in U3Si, have an extra benefit by reducing the amount of free-
volume in the glassy state, reducing the fluidity of the fuel - the fission gas diffusivity — and the
resulting swelling behavior. By analogy, this led us to conclude that the higher Si content in a Si-
containing amorphous material should be beneficial in reducing free volume and resulting
fluidity.

T
A s -

e L 2

(@) U3Si with FD=5.2x102! f/cm?3 (b) U5Si, with FD=5.1x10?* f/cm?3

Fig. 17 Fission gas bubble morphology in two U-Si compound fuels with different
Si/U ratios. Notice the difference in magnification, the image in (b) is 10
times higher in magnification.

3.2.2 Strengthening interaction layer

Gibbs free energy formation of a compound (AG = AH — TAS) is the measure of the stability of a
compound and spontaneity of a reaction. Since enthalpy is the dominant part of Gibbs free
energy, particularly at low temperatures, knowing enthalpy of formation of a compound provides
an approximate measure of how stable the compound is relative to other comparable compounds.
In general, the heat of formation of a compound is considered as the bond enthalpy, a measure of
(average) bond strength. The more heat release during a reaction, the larger negative value of the
heat of formation is related. In this regard, examining the change in the heat of formation of a
compound accompanied by an element addition is a convenient method to estimate the effect of
that element addition on the bond strength of the compound. We deduce that a material with a
high (average) bond strength tends to be more stable. By a stable material, we mean that the
viscosity of the material is high.

The Miedema model analytically assesses the enthalpy change during mixing of two elements by

using an empirical correlation [50]. The correlation for the formation enthalpy of an AB binary is
given by
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where AH " is given in kJ/mol of atoms of A and B with concentrations in the mixture, and ca the
concentration of A. fJ is the degree to which A atoms are in contact with B atoms. V is the
atomic volume, nys is the electron density, ¢ is the electronic charge. P, Q and R are constants
fitted to experimental data (see Ref. 47 for more in details).

The data for enthalpy of formation of compounds at 298 K were collected and reviewed. Because
the Miedema model predicts at 0 K, the literature data were to be revised to apply at 0 K.
However, the difference between 0 K and 298 K is around 1 kJ/mole of atoms in compound so
that the data at 298 K can be also applicable to 0 K.

Figure 18 provides a collection of measured data and the prediction results of the Miedema
method. The U-Si and U-Al data generally follow the trend calculated with the Miedema model,
although the Miedema model over predicts. As seen in the figure, the heats of formation of the
compounds decrease, or become more negative, with the increasing Si content. The trend is
reversed for the U-Al compounds, implying that the compound stability decreases with the
increasing Al content. It is also noticeable that the U-Si compounds are more stable than the U-Al
compounds. Comparing between the UAI;, U(AI,Si); and USis, the compound stability increases
with the Si content.
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Fig. 18 Enthalpies of formation of compounds and alloys. Lines: predictions by the
Miedema model, symbols: data in the literature.
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The heat formation of the UAI; type IL was reported [51]. The effect of the presence of Mo on
the stability of the ILs can be examined in Fig. 19. The more Mo added to the UAIy, the less
negative enthalpy of formation the compound becomes, meaning that it becomes less stable. From
these analyses, Mo in the IL appears to decrease the stability of the IL. Conversely, as also shown
in Fig. 19, the addition of Si stabilizes the UAI; compound, which is consistent with the finding in
Fig. 17. A similar trend was also found for the effect of Si addition to (U,Mo)Al; [13,14]. It
should be pointed out that the above reasoning does not account for the amorphous nature of the
material and does not include the effect of high fission damage. It can therefore only serve as a
guide.
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shown in Fig. 7.

Fig. 19 Enthalpies of formation of interaction layers showing the effect of Mo and Si
additions [12].

3.2.3 Minimum Si content in IL

The minimum Si content in the IL for the Si to be effective is estimated in this subsection. This is
a difficult problem requiring a large test matrix. The only literature data [31,33] concern the
amount of Si necessary to prevent the formation of UAIl, from UAI; during annealing at 605°C.
The compositions of the reaction products are in the range U(AlogsSio.14)3 - U(Alg75Si025)3. TO
more accurately find the minimum value, a thermodynamic consideration was given.

A pseudo-ternary diagram shown in Fig. 20(a) provides IL compositions observed from in-pile
tests with pure Al matrixes and out-of-pile tests with addition of Si in the matrixes. The ternary
phase diagram for the U-AI-Si system at 400 °C in Fig. 20(b) shows the phase field of U(AI,Si)3
IL product and UAI,. The Si content necessary to stabilize UAI; and prevent the formation of
UAI, is at 5%. Below this concentration, UAI, is formed. This is applicable only for the out-of-
pile annealing, where the reaction product is crystalline and, therefore, behaves abiding by
thermodynamics. During irradiation, the ILs are amorphous, which may make the minimum Si
concept different. In addition, the in-pile reaction products frequently have the Al/U ratio higher
than 4 because of the presence of Mo as discussed in subsects. 2.2.2 and 2.2.3. However, the
exact value can only be determined by tests.
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(a) Pseudo-ternary diagram of U-Mo-Al-Si showing IL composition data from in-pile
tests with pure Al matrix and out-of-pile tests with Si-added Al.
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(b) U-AI-Si ternary phase diagram at 400 °C.

Fig. 20 Minimum Si content in the IL to avoid the formation of UAl,.
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3.2.4 Prediction model for Si content in IL

A prediction model was developed to calculate the Si content in an IL. The following
assumptions were used in this model: (1) Fuel particles have a uniform size. (2) Si diffusion is
only from the fission fragment recoil zones with width of 13 um. The 13 um recoil zone width is
chosen based on the most energetic fission fragment range in Al. The Si diffusion mechanism and
range are discussed later in section 6. (3) Fission density in the ILs is much smaller than that in
the U-Mo. Hence, no contribution by fissions in the ILs to the recoil range is considered. (4) A
complete depletion of as-fabricated Si contained in the recoil zone is assumed.

The extent of overlapping of recoil zones can be estimated by considering that fuel particles are
positioned in an FCC array. Fig. 21 illustrates the configuration of two neighboring fuel particles
and recoil zones around them. The distance, d, between two neighboring particles from their
surfaces is d =a/~/2 — 2r where a is the unit cell edge length, r is the fuel radius. By definition of
fuel volume fraction in the meat, vi=V¢ V= V¢ @ where Vi=4(4nr’/3) and V,, is the meat
volume. From these relations, d can be found as

d:(iam—”i—z} ©)

Fig. 21 Schematic of modeling fission fragment recoil zone overlapping.

In Fig. 21, the overlapping part of the recoil zone of the right-hand-side fuel particle by the
neighbor particle is a partial sphere with height, h, of which the volume is

V. - %nhz(?;R _h) (10a)

where h=A—-d/2 and R=r + A. Here A is the fission fragment recoil range in aluminum known
as 13 um. When the recoil zone overlaps with neighboring fuel particles, i.e., A is greater than d,
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as shown by the yellow region in Fig. 21, this volume must be subtracted from the large cap
volume given in Eq. (10a). Because there are two symmetric caps, two of these small caps must
be considered.

V, = %nhz(SR -9) (10b)

where g = (A —d)/2.

The recoil zone volume can be calculated considering only one fuel particle surrounded by 12

neighboring ones by

AnR®  A4nr®
=

V, = —12(V, - 2v,) (11)

The recoil zone volume fraction v; in the fuel meat can be calculated by
V,

V. =—"Vv 12

r Vf f ( )
where V; is the recoil zone volume. For the fuel particle size 70 um, the model predicts recoil
zone volume fractions of 53, 47, and 43% for the fuel loadings of 6, 8, and 8.5 gU/cm® in the
meat, respectively. At 6 gU/cm3 fuel loading, the recoil zone volume fractions are 58, 53, and
43% for the fuel particle sizes of 60, 70, and 90 um, respectively. This shows that less Si is
available for ILs as the fuel loading increases, whereas more Si is available as the fuel particle
size increases.

Table 5 shows some examples of predictions for RERTR test plates.

Table 5 Measured IL thickness and predicted Si-concentration in the IL for RERTR-

test plates
Plate ID Test As-fabrication | U-loading | Measured IL Si
Si-content in (gU/cm®) thickness concentration
Al (wt%) (um) in IL (%)

R5R020 RERTR-6 0.2 6 13 0.3
R2R010 RERTR-6 2.0 6 4 7.6
RORO010 RERTR-7 0.0 6 9 0

R2R040 RERTR-7 2.0 6 3 10.6
R2R078 RERTR-9A 2.0 8 6 3.5
R3R108 RERTR-9A 4.8 8 4 13.0
R2R088 RERTR-9B 2.0 8.5 9 1.8
R6R018 RERTR-9B 3.5 8.5 8 2.6

In Figs. 22 — 24, the predicted Si contents in the IL are shown for three U-loadings, or U-densities
in the meat, as a function of IL volume fraction and average IL thickness in the meat. It is
common for all U-loadings that as the amount of the Si addition in the Al increases, the Si
concentration in the IL also increases.
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Fig. 22 Prediction of Si concentration in IL for average fuel particle size of 70 um and
6 gU/cm?® meat U-density for four as-fabrication Si-contents in Al. This
prediction is applicable for RERTR-6 test. This case is approximately
applicable to the RERTR-7 test that has larger particle size but the same
loading.
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Fig. 23 Prediction of Si concentration in IL for average fuel particle size of 70 um and
8 gU/cm?® meat U-density for four as-fabrication Si-contents in Al. This
prediction is applicable for RERTR-9A test.
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Fig. 24 Prediction of Si concentration in IL for average fuel particle size of 70 um and
8.5 gU/cm® meat U-density for four as-fabrication Si-contents in Al. This
prediction is applicable for RERTR-9B test.

3.3 Element addition in U-Mo

In order to reduce the amount of alloying element in the matrix, in particular the addition of Si, a
third element addition in the fuel side was considered. The candidates are transition metal
elements such as Zr, V, Ti and Nb, which suppress the formation of U-Al compounds with a high
Al/U ratio.

Enthalpies of formation of binary alloys with the new element were estimated using the Miedema
method. Since it is to be added in the U-Mo, the desirable element should have property that it
has a high affinity to Si or aluminum and a low affinity to U. The high affinity to Si is beneficial
to enhance the Si diffusion to the IL. Figure 25(a) shows that in contrast to Si and Al, the
transition elements have positive heats of formation with U. Conversely, in Fig. 25(b) all of the
candidate transition elements have negative heats of formation with Si. Al and Si have positive
heat of formation for all concentrations, suggesting no chemical affinity between them. The
ability of the candidate element to stabilize the desirable interaction phase is predicted best if it
has the largest negative enthalpy of formation with Si.
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Fig. 25 Enthalpies of formation of binary alloys.
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This analysis predicts that the candidate elements will diffuse from the fuel side to the matrix
whereas Si diffuses to the fuel side because of the chemical affinities to Si and Al. Zr and Ti have
the strongest affinities to Si. Using this result, a positive effect can be anticipated when a
transition element is added to U-Mo, and Si is added to the Al matrix.

Figure 26 illustrates a schematic of the likely stabilizing action for the case with Si in the Al
matrix and Zr in the U-Mo. Si is attracted to the U-Mo because of its affinity for U and repulsion
by Al while Zr is interacted to the Al by its affinity for Al and Si.

Matrix U-Mo
Al diffusion U-Mo diffusion
—> (—
e Si, Zr o
Si diffusion Zr or Ti diffusion
Si—> Zror Ti

Si precipitate weak

because of small -AH" Zr, Ti precipitate weak

because of small -AHf

Fig. 26 Schematic of design of alloying element additions in U-Mo/All.

Zirconium seems to have the strongest effect and Ti is the next. However, Zr reduces the y-phase
stabilizing power of Mo by forming Mo,Zr as shown in Fig. 27. As seen in the figure, a small
amount of Zr, say 1 wt%, reduces the time of y-to-a phase transformation almost one order of
magnitude. Although it is not shown here, Nb and V have a similar effect. Ti apparently has the
least harmful effect: if the amount is 1 wt%, the effect on the y-stability of U-Mo is negligible.
Considering the higher neutron absorption cross section, Ti is unfavorable. Ti is lighter element
than Zr, so the Ti addition can be a half of Zr amount in weight % to have the similar effect.
Overall, Ti appears to be the best choice. In order not to deleteriously reduce U-loading, the
amount of an element addition to the U-Mo is restricted below approximately 3 wt%.
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Fig. 27 Effect of Zr additions to U-7Mo alloy on isothermal transformation [55]. The
v phase is stable at the left side of each curve while the o+ v’ is stable at the
right side.
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Section 4 Out-of-pile tests

4.1 Interaction between U-Mo and Al-Si

Experimental evidence to support the thermodynamic predictions and deduction from the analogy
of U-Al system to U-Mo dispersion in Al was sought at CNEA and KAERI. Figure 28 shows the
cross section of CNEA diffusion couple specimen annealed at 550°C for two hours. The as-
fabricated Si content in Al4043 alloy was 5.2 wt%. A thick (~50 um) Si-precipitate depleted zone
near the IL was observed, and a high-Si content IL such as (U,Mo)(Alye7Sip33)3 was also
observed. The Si, originally in the form of precipitates in this zone, was believed to have diffused
to the IL to form the preferred UAI; type compound. The significance of this result is that Si
preferentially diffuses to the IL and accumulates there. A high-Al content IL was also suppressed.
The IL growth rate was also reduced in Si-added tests compared to pure Al tests.
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Fig. 28 CNEA diffusion couple test result with U-Mo/Al-Si showing Si-precipitate
depletion zone [56].

A more systematic tests exploring the effects of adding Zr and Ti in U-Mo and adding Si in Al
were conducted at KAERI [57,58]. Major findings from these studies include: 1) Zr and Ti are
effective suppressing IL growth, 2) Ti is less harmful than Zr in terms of deteriorating y-stability
of U-Mo during annealing tests, 3) Ti is more effective in reducing IL growth than Zr at the
addition of the same atomic %, 4) The (Al+Si)/(U+Mo+Ti) ratios were less than 4 in the ILs, 5)
Ti and Zr addition has a synergistic effect when Si is concomitantly added in the Al.

Figure 29 shows an example of the test results. It is noticeable that the IL thickness decreases as

Si in the Al and Zr in the UMo contents increase. Although not shown here, the similar trend has
been observed for the tests with Ti addition to U-Mo and Si addition to Al.
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Fig. 29 Diffusion couple tests with U-Mo-xZr versus Al-ySi at 600 °C for three hours,
where x and y are concentrations in weight % [53].

In order to estimate the possible extent of the Si diffusion that is applicable to hot-rolling
fabrication, we can make use of a well controlled diffusion couple test between U-7wt%Mo and
Al-7wt% Si, for example, references such as [54,56]. From these references, Fig. 30 includes
information of the rate of formation of both the IL and the adjacent zone depleted of Si

precipitates.
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Fig. 30 Interaction layer growth kinetics [56,57] and precipitate-free-zone (PFZ)
growth Kinetics from Mirandou tests [56].

The out-of-pile tests, because they are typically at high temperatures, a slight difference in test
temperature may result in considerable difference in the transformation of the metastable y phase
i.e., y=>a+y’. Therefore, because of faster Al diffusion in the o-U phase, different IL growth for
each test is measured.

4.2 Effect of Zr or Ti addition in U-Mo

Out-of-pile tests of Zr addition to U-7Mo were performed [57], and found that it reduced the -
phase stability of the U-Mo alloy and the rate of y > o + y’ transformation increased as the Zr
content increased beyond 2 wt%, with progressively finer lamellar 2-phase microstructure. The
diffusion couple tests showed that a Zr addition to U-7wt%Mo reduced the IL growth rates
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progressively with the Zr content until a Zr content of 4% and increased the temperature
dependence. If Si was simultaneously added in the matrix while Zr was added in the U-Mo, the Zr
addition effect was the strongest in reducing the IL growth. The interaction product formed in a
U-Mo-2Zr vs. Al-5Si diffusion couple showed the Al/(U+Mo) ratio of ~2.

Compared to Zr addition in U-Mo, the Ti addition in U-Mo showed a similar y-phase stability of
the U-Mo alloy as the Ti content increased to 3 wt%. The apparent solubility of Ti in ternary U-
7Mo-xTi alloy seems to have a limit of ~1 wt%. The U-Mo-Ti vs. Al-Si diffusion couple showed
a much thinner IL than the U-Mo-Zr vs. Al-Si diffusion couple [58]. The effectiveness of Ti
addition in U-7Mo for suppressing IL growth appears to saturate at 1 wt%. Like Zr when added in
U-Mo, Ti demonstrated to be another strong agent to suppress IL growth in combination with Si
added to Al. Although Ti addition is 1 wt%, the U-7Mo-1Ti vs. Al-2Si diffusion couple showed
that the interaction product formed near the U-Mo-Ti/IL interface had the Al/(U+Mo) ratio less
than 2. Moreover, Ti addition to U-7Mo is more effective in reducing the Al/(U+Mo) atomic ratio
than Zr.
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Section5 In-pile test

5.1 Test plate fabrication for RERTR tests

Fuel plates are fabricated by hot-rolling. A blister annealing test is performed. The parameters for
the process are given in Table 6.

Table 6 Hot rolling parameters used for test plate fabrication

Test Rolling Blister anneal Additional heating

RERTR-3, -4, -5, ~1.5 hours at 500°C 1 hour at 485°C None
-6

RERTR-7 ~1.5 hours at 500°C 1 hour at 485°C None
RERTR-8 ~1.5 hours at 500°C 1 hour at 485°C None

RERTR-9A ~1.5 hours at 500°C 0.5 hour at 485°C Hipped for 30 min

at 500°C
under 103 MPa

RERTR-9B ~1.5 hours at 500°C 0.5 hour at 485°C None

Pre-heating during the hot rolling is executed for 45 minutes at 500°C. The first re-heating is
performed after the first rolling pass, and the second re-heating is done after the second rolling
pass. Each re-heating takes 10 minutes at 500°C. Supplemental re-heats are performed ~5 minutes
at 500°C.

Complete bonding is achieved at about the end of the third pass. IL growth during pre-heat and
first re-heat (total heating of ~50 minutes at 500°C) is negligible because of poor contact between
the fuel particles and matrix. Most IL thickness grows during the blister annealing and additional
heating done as for the RERTR-9A.

For a reasonable time at 500°C of 1 hr the IL thickness will be 2.8 um and the precipitated free
zone 16 um (see Fig. 30).

As shown in Fig. 31, the metastable y phase begins to transform to the equilibrium o + y’ phases
during the approximately 1.5 hrs at 500°C. The transformation is rather localized at first and
forms areas at the fuel particle surface where Al diffusion into the a-U phase, which is faster than

the y-U phase, takes place during fabrication. These areas of high Al and low Si content may
explain the irregular interaction layers found after irradiation as discussed below. IL thicknesses

and times of y=>a+y’ transformation for typical working temperatures are given in Table 7.
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Fig. 31 Time to start y=>o+y’ transformation. Although the nominal Mo content is
7wt%, R2R010 and R2R020 have 8.2 wt% Mo whereas R3R030 has 6.8 wt%
Mo. An IRIS-3 test plate is shown for comparison that uses a lower hot rolling
temperature than RERTR plates.

Table 7 IL thickness and time of a+y’ transformation

o IL growth (um) Time (h) to y2o+y'
7O Iy 3h
425 1 2 6
450 2 4
500 5* 8 1

* Based on INL data, probably factor of two higher.

5.2 Irradiation test description

In this section, the RERTR irradiation test campaigns used in this report are described. The
RERTR-1 and -2 were scoping tests to select the most promising fuel alloy that has a combination
of high U-density and good irradiation behavior. Based on the results, U-Mo alloy was selected.

The identification of the problem of IL growth and pore formation in the ILs in U-Mo/Al
dispersion fuels, and the tests for examining the efficacy of the remedy were related to the
RERTR-3, -4, -5, -6, -7, -8, and -9 tests.

5.2.1 RERTR-3 test
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The RERTR-3 irradiation test began on October 7, 1999 in the ATR (Advanced Test Reactor) and
ended after 48 effective full power days (EFPD) over two reactor cycles. The main purpose of
this test was to investigate the critical issues of U-Mo alloy dispersion fuel at high power and
temperature.

Various Mo compositions were tested in the range of 6 - 10 wt%. Atomized U-Mo powder plates,
provided from KAERI, were first tested together with ground powder plates. The average fuel
particle diameter of the atomized fuel powders was 65 um. The ground powders were supplied
from AECL. Fuel enrichment was 19.5 %. The nominal meat U-density was 8 gU/cm?®, with 6
gU/cm? for UsSi, fuel plates and U-Mo fuel plates with a Mg matrix. Except for the Mg matrix
plates, all other plates have a pure Al matrix.

The test vehicle (called a basket) comprises 6 capsules, and each capsule contains 8 test plates in
tow rows. Coolant flows through the test basket from the top and to the bottom.

The plates were 41.1 mm x 10.0 mm x 1.52 mm in size and contained approximately 0.6 grams of
U-Mo in the meat having 22.0 mm x 4.7 mm x 0.75 mm in size. Because of this small size, the
RERTR-3 plates are called as ‘nanoplates.’

The sizes between nanoplates used for the RERTR-3 and miniplates used for the RERTR-4, -5, -
6, -7, -8 and -9 are compared in Fig. 32.

| ~ Claddin
lcm y 9
—
Meat
Nanoplate for Miniplate for
RERTR-3 RERTR-4, -5, -6, -7, -8, -9

Fig. 32 Comparison of nanoplate and miniplate sizes.

5.22 RERTR-4 and 5
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The RERTR-4 and 5 tests were designed with larger plates than the RERTR-3 test. The plate
dimensions are 100 mm x 25 mm x 1.40 mm, which are more prototypic of full-size test reactor
fuel plates and allow for more accurate postirradiation measurements. Specifically, irradiation
tests were designed to obtain intermediate temperature irradiation performance information on a
variety of high density dispersion fuels, most of which were previously irradiated at lower
temperature in experiments the RERTR-1 and 2 tests and higher temperature in the RERTR-3
test. The meat size of the RERTR is 81.3 mm x 18.5 mm x 0.64 mm.

The RERTR-4 and 5 plates are called as ‘miniplates.” The nominal uranium loading was 6 or 8
gU/cm? in the meat, depending upon the fuel volume. The miniplates contained either atomized
fuel particles from the same powder used for the RERTR-3 supplied by KAERI, or machined fuel
particles supplied by AECL. Like the RERTR-3 test, the matrix was made of pure Al. Four
capsules, each with 8 plates in two rows, were loaded in the test basket as shown in Fig. 33.

A schematic illustrating the miniplate test loadings is given in Fig. 32. The burnup and coolant
temperature profiles over the test vehicle are also schematically shown. The bottom row B plates
and the top row C plates achieve the highest burnups. Coolant flows downward in the ATR, so
coolant temperature reaches maximum at the bottom D plates.

Coolant
flow

!

AL || A2 [] a3 || Aa ]
Capsule A - - - -
A5 || A6 || A7 || A8
B1 || B2 || B3 || B4 [
Capsule B — — — — =
@D
B5 || B6 || B7 || B8 Core @ 2
— —oegmm-Soo————— = axial 3 3
CiL|| c2||Cc3|| c4 mid-plane 5 8
Capsule C - - = = %
cs || ce|| c7 || cs
p1 || p2[] o3 [] pa [
Capsule D — — — —
D5 || D6 || D7 || D8

Fig. 33 Schematic of test plate loading scheme used for RERTR-4, -5, -6, -7, -8 and
-9 tests.

The RERTR-4 and 5 are sibling tests; they have the same fabrication processes and similar power

histories. The irradiation of these tests started in August 2000 in the ATR. The RERTR-5 test was
irradiated for 116 EFPD to a peak burnup of 52% U-235 LEU Equivalent and the RERTR-4 test
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was continued for 257 EFPD with ~80% U-235 LEU Equivalent burnup. The test locations in the
ATR are shown in Fig. 34.

The test vehicle was loaded in the way that one of the thin sides faces the ATR core center. This
loading scheme imposes non-uniform neutron flux across the plate width; the neutron flux and,
therefore, the higher fission density at the end closer to the ATR core center is higher than the
other end (see Fig. 35). The ratio of the fission density at the end closer to the ATR core center to
that at the other end is about 2. Because of self-shielding, the ratio is higher for the internal plates
than the external plates, where for example, A2 and A3 are called internal plates while A1 and A4
are external plates. The higher the enrichment, the higher the ratio the plates experience also.

ATR core center

(c) Test basket cross section in B-11

(b) Quarter core including B-11 hole

Fig. 34 ATR core diagram showing the locations of RERTR-4 (B-11) and -5 (B-12)
irradiation and plate loading direction in the test vehicle. (a) ATR core
diagram, (b) Detailed description of the quarter core and neutron flux
contours. (c) Test basket B-11 showing plate loading direction. In B-12 hole
for RERTR-5, the basket is turned 90°.
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In order to have more uniform fission across the plate width, the test basket was flipped
horizontally to switch sides for every irradiation cycle. Fig. 35 is a schematic to illustrate the
change of plate loading direction and the neutron flux distribution across the meat width.

<«— Center of ATR core

Cycle 1 Cycle 2

v

Power peaking factor

Distance from meat end

Fig. 35 Changes in plate direction and power peaking factors across the plate width
by flipping of basket between cycles (RERTR-4 and -5).

5.2.3 RERTR-6, -7, -8, -9
The RERTR-6, -7, -8, and -9 tests are tests using miniplates with the same design used for the

RERTR-4 and -5. The fabrication process is basically the same for all these tests. The differences
in irradiation and basic fabrication parameters are summarized in Table 8.
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Table 8 Summary of irradiation test data for plates of RERTR-3, -4, -5, -6, -7, -8,
-9A, and -9B tests

Test |Plate ID| Pos. Fuel/matrix NominallEnrich.| Time JAverage| FD * | FR# | FD *| FR # | BOL
composition | Meat U|U-235|EFPD |particle| ficm® [flcm3-s| at | at [Temp

density | % size |(x10%)[(x10*)| meat | meat | °C

gu/cm® um [atmeat| at |[cold|cold| §

hot | Meat | side | side
side | hot
side

RERTR-3| V07 A7 | U-10Mo/Al 8.5 19.5 48 65 2.2 52 | 22 | 5.2 | 122
Nanoplate| RO04 C2 | U-7TMo/Al 8.5 19.5 48 65 2.9 69 | 29 | 6.9 | 155
S03 C8 | U-6Mo/Al 8.5 19.5 48 65 3.0 72 | 3.0 | 7.2 | 158
RERTR-4|V6001M[ Al | U-10Mo/Al 6 195 | 257 65 49 22 | 49 | 2.2 | 100
Miniplate |R6003F| B5 [ U-7Mo/Al 6 195 | 257 65 6.2 28 | 6.2 | 28 | 135
V8006B| C2 | U-10Mo/Al 8 195 | 257 65 5.7 26 | 5.7 | 2.6 | 157

S6004C| C6 | U-6Mo/Al 6 195 | 257 65 6.3 28 | 6.3 | 2.8 | 137

V6015G| C8 | U-10Mo/Al 6 195 | 257 65 5.8 26 | 58 | 2.6 | 143

S6006C| D2 | U-6Mo/Al 6 195 | 257 65 6.0 27 | 6.0 | 2.7 | 132

\V6022M| D4 | U-10Mo/Al 6 19.5 | 257 65 55 25 | 55| 25 | 137
RERTR-5|V6018G| A4 | U-10Mo/Al 6 19.5 | 116 65 2.4 24 | 24 | 24 | 90
Miniplate|V6019G| B4 | U-10Mo/Al 6 19.5 | 116 65 3.1 31 ] 31311111
S8007L| B6 | U-6Mo/Al 8 19.5 | 116 65 3.2 32 | 32| 32| 120

R8002E| B7 | U-7Mo/Al 8 195 | 116 65 3.0 30 | 3.0 | 3.0 | 126

S6010D| C6 | U-6Mo/Al 6 195 | 116 65 3.5 35 | 35| 35| 119

V8005B| D8 | U-10Mo/Al 8 195 | 116 65 2.5 25 | 25| 25 | 120
RERTR-6|R1R010| A2 | U-7Mo/Al-0.9Si 6 195 | 135 65 3.4 29 | 24 | 20 | 101
Miniplate [R2R020| B2 | U-7Mo/Al-2Si 6 194 | 135 65 3.9 33 | 26| 22 | 110
R3R030| B5 | U-7Mo/Al-5Si 6 19.1 | 135 65 3.8 33 | 26 | 23 | 118

R2R010| C3 | U-7Mo/Al-2Si 6 194 | 135 65 4.0 34 | 27 | 23 | 116

R5R020| C5 | U-7Mo/Al-0.2Si 6 19.1 | 135 65 3.9 33 | 27 | 23| 124

V1R010( D3 | U-10Mo/Al-0.9Si 6 19.2 | 135 65 3.7 32 | 25| 22 | 124
RERTR-7|R3R040| A5 | U-7Mo/Al-5Si 6 58.3 90 80 5.7 73 | 3.8 | 49 | 145
Miniplate [R2R040| B2 | U-7Mo/Al-2Si 6 58.2 90 75 5.8 75 | 34 | 4.4 | 140
ROR010| B3 | U-7Mo/Al 6 58.1 90 140 5.7 73 | 33| 42 | 141

V5R050| B6 | U-10Mo/Al-0.2Si 6 58.0 90 90 5.7 73 | 34 | 43 | 150

R3R050| C7 | U-7TMo/Al-5Si 6 58.2 90 135 5.9 76 | 34 | 44 | 149

ROR020| D3 | U-7Mo/Al 6 58.1 90 135 7.2 93 | 47 | 6.1 | 176

R2R050| D8 | U-7Mo/Al-2Si 6 58.2 | 90 90 53 6.8 | 3.4 | 44 | 149
RERTR-8|D3R030| C5 [U-7Mo-1Ti/Al-5Si 6 58.1 | 105 80 6.9 76 | 45| 50 | 164
Miniplate|F3R040| C8 [U-7Mo-2Zr/Al-5Si 6 58.1 | 105 80 6.7 74 | 43 | 4.7 | 163
RERTR-9|R2R088| B6 | U-7Mo/Al-2Si 8.5 58.1 | 115 50 8.2 83 | 48 | 49 | 155
Miniplate[R6R018| B7 | U-7Mo/Al-3.5Si 8.5 58.1 | 115 50 8.3 84 | 49 | 50 | 157
R3R108| C2 | U-7TMo/Al-5Si 8 44.4 98 50 55 55 | 31| 3.1 130

R2R078| C3 | U-7TMo/Al-2Si 8 44.4 98 50 5.4 54 |1 32| 32 | 131

R4R018| C7 | U-7Mo/Al-2Si 8 44.4 98 50 5.2 53 | 31 | 3.2 | 132

* In fuel particles
# In fuel particles averaged over life, including fission by Pu.
§ At plate center

1 In hot-side region
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The test basket was not flipped between cycles for the RERTR-6, -7, -8 and -9, so the meat end
closer to the ATR core center achieved considerably higher burnup than the other end. The EOL
burnup distributions across the plate width are compared between the tests in Fig. 36. The
RERTR-3 has the most uniform burnup because of its smallest size although the plates were not
flipped. The RERTR-4 and -5, with flipped sides, have relatively uniform burnup distributions.
Among the tests with no flipping, the RERTR-6 (LEU fuel) has less non-uniformity than the
RERTR-7, -8, and -9 (HEU fuel), because of less self-shielding.
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Fig. 36 EOL burnup distributions across the meat width for RERTR-3, -4, -5, -6, -7,
-8, and -9.

The RERTR-6 test is the first in-pile test of plates with silicon additions. The fabrication process,
plate (meat) size, powder were the same as those for the RERTR-4 and 5. The matrixes with
various Si concentrations were tried.

The RERTR-7 test is a designed to obtain higher burnup than the RERTR-6 in a short irradiation
time; hence, higher enrichment and fission rates were adopted.

Powders used for the test were fabricated in INL using a rotating electrode method. The U-Mo is
instantaneously heated to melting and the particles are cooled while flying. The fuel melt does not
reach a super heat state. In contrast, the KAERI method uses a super heated melt poured on a
rotating disk, which probably provides more homogeneous alloy particles. The INL equipment is
smaller than the KAERI facility, so a shorter cooling time during particle flying. This results in
slightly a different microstructure in fuel particles from the KAERI powder. For example,
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columnar grain structures, typical in KAERI powders, are not observed in the INL powders. The
INL powders were used for the RERTR-8 and -9 also.

The RERTR-8 is the test included plates with Ti or Zr addition in the fuel particles and
simultaneously with Si-added matrixes.

The RERTR-9 is the highest burnup test of all the RERTR tests. The high power locations in
some plates achieved burnups beyond 100% U-235 LEU equivalent. The effect of silicon addition
was systematically tested with side-by-side plates with different Si contents.

The fission rate histories of plates of the RERTR tests are compared in Fig. 37.

—+— RERTR-3 (C2-R04) 1
8 '-1 —o— RERTR-4 (C2-V8006B) |
A

—— RERTR-5 (C2-V8003B)

‘ . —=— RERTR-6 (C3-R2R010)
: M —— RERTR-7 (C7-R3R050)

6 - R L — —=— RERTR-8 (C5-D3R030)

| —— RERTR-9A (C2-R3R108)

5 - I:q, —«— RERTR-9B (B7-R6R018) |-

Fission rate (10 f/cm®-s)
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Time (d)

Fig. 37 Fission rate histories (meat average in the fuel particles) of RERTR-3, -4, -5, -
6, -7, -8 and -9 tests. Fission by Pu not included.

5.3 Test plate PIE method

Some plates from each irradiation test were metallographically examined. From the view point of
IL growth and pore formation in the IL, optical micrography served as a major method. The test
plate is cut on the axial mid-plane. One of the exposed cross section, i.e., a transverse cross
section, was metallographed. Three locations, hot side, cold side and middle, on the transverse
cross section were examined. On the higher power side that was closer to the ATR core center,
for RERTR-6, -7, -8, and -9, the location is designated as ‘hot side,” for the other side it is called
‘cold side.” These locations are equidistance, 5.1 mm, from the plate transverse center as shown
in Fig. 38. For the plates irradiated in the RERTR-3, -4, and -5, only two locations, plate middle
and location 5.1 mm apart from the center, are examined.
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For the RERTR-3 having nanoplates, optical micrography was performed at the transverse center.

r» Axial direction
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(b) Typical metallography locations on transverse cross section of miniplates.

Fig. 38 Schematic diagrams showing PIE locations for miniplates.

5.3.1 Optical Microscopy

The samples are mounted in electrically conductive mounts and then prepared by grinding and
polished using procedures for aluminum clad dispersion fuels. Micrographs are made at
magnification 50x, 100x, 200x, and 500x. Micrographs taken at ~500x is to show the relative
areal fraction of the fuel, interaction zones and matrix.
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5.3.1.1 Interaction layer thickness measurement

From an optical microscopy photo, several interaction layer thicknesses are measured and the
average value is used as the nominal value. The method to obtain the true interaction layer
thickness is illustrated in Fig. 39.

For the cut surface A, L1 is not the true interaction layer thickness. If B is the cut surface, L2 is
the correct interaction layer thickness. Generally, on a metallographic picture, the thinnest
interaction layer in a spot is more likely to give the true interaction layer thickness because it is
more likely to be on the equator of the fuel particle.

—>‘ r— L1

A

Fuel

Interaction
layer

Fig. 39 Schematic of metallographic surface to obtain interaction layer thickness. A
and B are cutting planes.

5.3.1.2 Interaction layer volume measurement

The IL volume fraction is obtained manually by using the point counting method [60]. The IL
volume fraction is obtained by counting the number of grid points lying on the ILs from
transparent square grids superimposed on the micrograph and dividing the number by the total
number of grids. A simple example of the point counting method is shown in Fig. 40. The number
of grids enclosed by the ILs is 6 and the total number of meshes of the grid is 49. Therefore, the
volume fraction of the ILs is 6/49=0.12. The accuracy of the method increases if the grid gets
finer.
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Fig. 40 Schematic of an optical micrograph with superimposed grids.

A commercially available computer software Image Pro Plus™ is sometimes used to obtain more
accurate results. However, the point counting method serves as a reliable base with reasonable
accuracy.

5.3.2 SEM and TEM

Post-irradiation examination also includes scanning electron microscopy. The sample for SEM is
punched out of the plate for a 1.6 mm diameter disk, sandwiched by Al cladding, and then split in
half to expose the fuel zone.

The SEM work performed at the ANL AGHCF for RERTR-3, -4 and -5. MFC INL started to
SEM on the RERTR-6, and TEM work also.

5.4 In-pile Test Results
5.4.1 IL thickness reduction

The first PIE results examining the effect of Si addition on IL thickness reduction and pore
formation during irradiation was reported for the RERTR-6 test in the 2006 RERTR meeting
[61,62]. The confirmation of the positive effect of Si addition was reported when the PIE of the
higher burnup test REERTR-7 was available than the RERTR-6 [63]. A side-by-side test plate
comparison was shown later in RRFM 2009 based on populated data including a variety of Si
content from the RERTR-6, -7, and -9 [64].

The effect of the Si addition to the matrix for suppressing IL growth is clearly distinguishable
when the pairs of side-by-side test plates are juxtaposed. Figures 41 — 44 are optical micrographs
comparing the IL thicknesses of the plates irradiated side-by-side (see the schematic diagram
shown in Fig. 38 for the cold and hot side locations). The plate pairs from each test have similar
irradiation conditions, so comparable.
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In the figures, the right-hand side plate is higher in Si concentration than the left-hand side plate.
The IL thickness in the right-hand side plate is always thinner than the left-hand side plate.

The ILs of Si-added plates are commonly uneven and the thicknesses are different among
neighboring particles. This is due to the local difference of the IL growth rate caused by the non-
uniform Si diffusion and consequently non-uniform Si concentration in the IL. Furthermore, for
the fuel particles in densely populated regions, the available amount of Si is effectively restricted
by the region enclosed by the fuel particles. This is also a cause for local heterogeneity in IL
thickness.

U-7Mo/Al-0.2Si U-7Mo/Al-2Si
R5R020 (C5) R2R010 (C3)
BU=40% BU=38%
Cold side Cold side

U-7Mo/Al-0.2Si U-7Mo/Al-2Si

R5R020 (C5) R2R010 (C3)
BU=60% BU=57%
Hot side Hot side

Fig. 41 Optical micrographs of test plates from RERTR-6. IL is IL thickness. The number in
front of Si represents Si concentration in weight %. BU is given LEU Equiv.
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U-7Mo/Al-0.1Si U-7Mo/Al-2Si

ROR010 (B3) R2R040 (B2)
BU=52% BU=52%
Cold side Cold side

U-7Mo/Al-0.1Si U-7Mo/Al-2Si
RORO010 (B3) R2R040 (B2)
BU=86% BU=86%
Hot side Hot side

Fig. 42 Optical micrographs of test plates from RERTR-7. BU is U-235 LEU
equivalent burnup. IL is IL thickness. The number in front of Si represents Si
concentration in weight %. BU is given LEU Equiv.
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U-7Mo/Al-2Si U-7Mo/AI-5Si

R2R078 (C3) R3R108 (C2)
BU=45% BU=45%
Cold side Cold side

U-7Mo/Al-2Si U-7Mo/Al-5Si
R2R078 (C3) R3R108 (C2)
BU=78% BU=78%
Hot side Hot side

Fig. 43 Optical micrographs of test plates from RERTR-9A. BU is U-235 LEU
equivalent burnup. IL is IL thickness. The number in front of Si represents Si
concentration in weight %. BU is given LEU Equiv.
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U-7Mo/Al-3.5Si

R2R088 (B6) R6R018 (B7)
BU=69% BU=69%
Cold side Cold side

U-7Mo/Al-2Si U-7Mo/Al-3.5Si
R2R088 (B6) R6R018 (B7)
BU=119% BU=119%

Hot side Hot side

Fig. 44 OM taken from the cold side of test plates from RERTR-9B. BU is U-235
LEU equivalent burnup. IL is IL thickness. The number in front of Si
represents Si concentration in weight %. BU is given LEU Equiv.
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The Si effect on the IL thickness reduction was quantized using the RERTR-6 test plates with the
Si concentration range of 0.1 to 4.8wt% [62]. Figure 45 shows the fission rate histories,
temperature histories, and the corresponding reduction factors of IL thickness by Si addition. The
‘reduction factors’ is defined as the ratio of measured IL thickness for a Si-added plate to IL
thickness calculated for the pure-Al plate at the same irradiation condition. For calculation of the
IL thickness for the pure Al plates, the ANL IL growth correlation [62,65] is used. In the
calculation, we do not remove the temperature effect; however, the Si effect in Fig. 45(c) is
clearly shown.

3.8

3.6 > —o— C5-R5R020
—— A2-R1R010

3.4 O——2

—0— B2-R2R020
—a— C3-R2R010
—v— B5-R3R030

w
N
]

3.0

2.8
2.6
2.4

Fission rate (10™* ficm?®-s)

| I T T N

2.2

2.0 1

1.8 rrtrfrrrrfrrrrrrrrrrrrrrrrrrrrrrrr 111

0 20 40 60 80 100 120 140 160
Time (d)
(a) Meat-average fission rate histories in fuel particles

140 —=— R5R020
—e— R1R010
—A—R2R020
—v— R2R010
. —o—R3R030
i —y _—
< Yy — —% ]
y — V— —y .
5 - N vv—y —n
© - ) Y—v
5 _ —
£ 100 | — -
el A
. _
‘_‘_$ °
s e
80 1 1 1 1 1 1 1 1 1 1 1 1

0O 20 40 60 8 100 120 140
EFPD (d)
(b) Temperature at plate center

Fig. 45 Effect of Si addition on IL thickness for RERTR-6 plates.
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Fig. 45 Effect of Si addition on IL thickness for RERTR-6 plates (continued).

The Si-added plates have generally thinner ILs than the pure-Al plates. However, it is also
noticeable that the Si-added plates have irregular ILs. In particular, some ILs are locally
extremely thin. The IL thickness in this case is virtually invariant from that formed during
fabrication (see section 4 and subsection 5.1). Van den Berghe et al. observed that the thin ILs,
compared to other thick ILs around, were frequently observed near a Si precipitate [66]. This
evidently tells that the Si added IL is an effective barrier against Al diffusion, and that Si
diffusion is localized. According to Jue and Keiser [67], the IL formed during fabrication also
showed identical behavior. The ILs formed during fabrication of the French test that Van den
Berghe reported are thinner because of lower fabrication temperature than the RERTR test.

5.4.2 Delayed pore formation in IL in U-Mo/Al-Si

The benefit of Si addition is also observed in pore formation. Pore formation in ILs was delayed
considerable duration in burnup in Si added plates. As shown in Fig. 46, pore formation in ILs is
delayed substantially when 2 wt% Si is added. Compared to the image of R5R020 on the hot side
from the RERTR-6 shown in Fig. 41 and V6022M from the RERTR-4 shown in Fig. 4, the delay
of pore formation in R2R040 on the hot side is remarkable up to such a high burnup (~90 LEU
Equiv. BU). The reduced IL thickness and increase in IL stability are believed to be the
contributors for the improvement.
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The in-pile test of Si-added plates showed that the break-away fission gas pore formation (Type
A) in ILs (see Fig. 4) solved. Instead, it appears that another kind fission gas bubble formation
has surfaced. Large bubbles formed (Type B) in the U-Mo fuel itself at the periphery of the fuel
particles (Fig. 47(b)), contrarily to the interaction layer (Fig. 47(a)). Accelerated growth and
interlinking of these pores appear to yield large pores at the fuel periphery, still different from the
pores in the ILs. At burnup values of 100% LEU equivalent BU, both type pores formed (Fig.
47(c)). Type B pores are confined locally and therefore they provide less potential for fuel failure
than Type A pores. Furthermore, they do not form until full LEU burnup. Type B pores appear,
therefore, not to present an obvious performance issue as LEU fuel is not driven to such high
fission densities. However, at very high burnup, Type A pores also form as the Si concentration
generally decreases below the Si deficient state in the ILs.

U-7Mo/Al-2Si
R2R010 (C3)
RERTR-6
BU=57%

Hot side

Large bubble 3
in fuel

U-7Mo/Al-2Si
R2R040 (B2)
RERTR-7
BU=86%

Hot side

Large bubble
in fuel

Pore in IL .
U-7Mo/Al-2Si

R2R088 (B6)
RERTR-9B
BU=119%
Hot side

Fig. 46 Optical micrographs showing fuel microstructures.
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Fig. 47 Comparison of pore morphology in dispersion plates at different burnups.

The fission yield of transition metals is substantial that could change the chemistry of the fuel
alloy at high burnup. The most likely one, in terms of yield (0.32 per U-235 fission) and its
known destabilizing effect on the U-Mo y phase stability, is Zr. Zr is known to reduce the vy
stabilizing power of Mo by forming ZrMo; [56]. This effect is shown in the TTT diagrams in Fig.
26 and can be expressed in terms of the Zr/Mo ratio in the alloy. Because of the higher fission
yield of Zr compared to Mo, this ratio increases with burnup. This is shown in Fig. 47 for U-Mo
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and U-Mo-2Zr together with the y 2 a+y' transformation time derived from the TTT diagram
shown in Fig. 27. The TTT curves do not extend to the lower temperatures prevailing in the
irradiation, and do not include the stabilizing effects of the high fission rate in the fuel. However,
they illustrate the dramatic effect of the Zr/Mo ratio on the metastability of the U-Mo alloy.

As far as the appearance of gas bubbles at the fuel particle periphery is concerned, it has been
shown by electron microprobe examination that the fission product Zr migrates to the fuel particle
surface during irradiation [68-70]. Therefore, a high Zr/Mo ratio may occur initially at the fuel
particle periphery.
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Fig. 48 Change in Zr/Mo ratio as a function of burnup and time of y>a+ vy’
transformation for U-7Mo and U-7Mo-2Zr alloys at 450°C. (No irradiation
effects considered.)

5.4.3 Effect of Ti and Zr addition in U-Mo

The effect of Ti or Zr addition in U-Mo dispersion in an Al-5Si matrix was in-pile tested in the
RERTR-8, of which the PIE analysis results were reported previously [71]. Micrographs taken at
two locations, one on the higher-power side and the other on the lower-power side, indicated in
Fig. 38 are shown in Fig. 49. For comparison, micrographs of R3R050 from the RERTR-7 test,
which was irradiated at similar condition, is also shown.

The additions of Ti and Zr in combination with Si added to the matrix Al had been shown, in ex-
reactor diffusion couple tests [53,58,59], to reduce the extent of fuel-matrix interdiffusion more
than with Si alone. As indicated in Fig. 49, there appears to be a beneficial effect of adding Ti and
Zr also from the irradiation, albeit small in absolute terms, because of the overwhelming

57



reduction in interaction due to Si alone. It remains to be seen if the effect of Ti or Zr is more
pronounced at lower Si additions.

Of the three miniplates shown in Fig. 49, F3R040 containing U-7Mo-2Zr is the only plate
showing large fission gas bubbles in the interior regions of the fuel particles, presumably because
of its initial high Zr/Mo ratio (see the discussion in the previous subsection for the
disadvantageous effect of Zr contained in U-Mo). Plate D3R030 containing Ti has a similar
peripheral porosity as the U-7Mo plate without Ti. This appears consistent with the negligible
fission yield of Ti and its lack of effect on the vy stability of U-Mo [72].

As the above discussion is merely a hypothesis, only detailed micro-chemical analysis can
improve our understanding of the metallurgy underlying this fission gas bubble phenomenon. In
addition, future tests with monolithic miniplates containing various barrier layers between U-Mo
foils and Al cladding, viz., Zr, Nb and Mo, should provide important clues. In the interim, based
on the above discussion, starting with as high a Mo content as practicable, i.e., 10 or 12 wt% as a
means of maintaining a low Zr/Mo ratio is recommended.

Cold side Hot side

R3R050
U-7Mo/Al-5Si
RERTR7
FD=3.4 FD=5.9
IL=2 um IL=3 pm
D3R030
U-7Mo-1Ti/Al-5Si
RERTR-8 :
FD=4.5 FD=6.9
IL=1 um IL=2 um
F3R040 !
U-7Mo-2Zr/Al-5Si ‘i“'
RERTR-8
FD=4.3 FD=6.7
IL=1 um IL=2 um

Fig. 49 Comparison of post-irradiation microstructures in U-7Mo/Al-5Si, U-7Mo-
1Ti/Al-5Si and U-7Mo-2Zr/Al-5Si. FD is the fission density in 10°* f/lcm?® fuel
particle.
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5.4.4 Si diffusion to IL during irradiation

Si diffusion to IL under thermal annealing is clearly shown in section 4; the result is the Si-
precipitate denuded zone formed near the IL. At the irradiation temperature of ~100 °C, however,
thermally driven Si diffusion is negligible. Only possible source of energy that can be provided to
activate Si diffusion is by fission product recoil from the fuel particles.

Figure 50 is an image showing fuel cross section of R3R030 irradiated from the RERTR-6 test, in
which Si-precipitates are scarcely populated near fuel particles. However, since all RERTR test
plates undergo heat processes during fabrication (see subsection 5.1), it is not clear whether this

occurs during fabrication or during irradiation.
' Guide line showing

Si precipitate
depletion zone
S ‘?): around fuel particle

..‘

vg Si precipitate

Fig. 50 Precipitate free zones observed in R3R030 from RERTR-6.

X-ray mapping of a typical as-fabricated plate, shown in Fig. 51, also indicates that substantial Si
diffusion occurred during fabrication; a Si-enriched band is formed around the fuel particles in Si-
mapping. Some Si precipitates still remain around the fuel particles, different observation from
the out-of-pile annealing tests reported by Mirandou [57], suggesting that Si-precipitate
dissolution and Si diffusion during fabrication were not complete.

Comparing Figs. 50 and 51, although it is not comparable to that in the heat processes during

fabrication, Si diffusion during irradiation also occurs. The Si precipitates should be dissolved in
Al to diffuse. Precipitate dissolution during irradiation was well documented by Russell [73].
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Fig. 51 Si X-ray map of as-fabricated U-7Mo/Al-3.5Si used for RERTR-9B [67]. The
right side image is for Si.

5.4.5 KOMO test results from KAERI

The KOMO-4 test samples from KAERI showed removal of the Si precipitates from the recoil
zone. The Si X-ray mappings are shown in Figs. 52 — 55 for U-7Mo/U-2Si, U-7Mo/Al-5Si, U-
7Mo/Al-8Si and U-7Mo/Al-5Si with heating before irradiation, respectively. The sample with
8wt% Si, shown in Fig. 54, however, does not show a clear Si depleted zone maybe because of
the overwhelm amount of Si available around. The sample shown in Fig. 55 underwent pre-
heating before irradiation (at 580 °C for 1 hour), which provided a Si-rich interaction layer of ~5
um. This sample was subsequently irradiated like other samples. The depletion of the Si
precipitates of this sample is believed to have happened during the pre-heating. The as-heated
concentration profiles are given in Fig. 56.

The other samples were fabricated at low temperatures so that the thickness of as-fabrication ILs
is virtually negligible. Therefore, this result confirmed that the removal of the Si precipitates
occurred during irradiation. A more detailed description is given in Table 9 for irradiation
condition.

60



Si-precipitate

| Al-2Si matrix “

£ . o»

- ]

Si depleted zone
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Fig. 52 U-7Mo/Al-2Si irradiated to 3.7x10% f/cm® (51% LEU equiv burnup) at
195 °C for 132 EFPD in the HANARO [74].

Si-precipitate

Si depleted [
zone

band

Fig. 53 U-7Mo/Al-5Si irradiated to 3.6x10%* f/lcm® (49% LEU equiv burnup) at
190 °C for 132 EFPD in the HANARO [74].

61
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Si-precipitate

Fig. 54 U-7Mo/Al-8Si irradiated to 3.5x10%* f/lcm® (48% LEU equiv burnup) at
190 °C for 132 EFPD in the HANARO [74].

¥3.6.1 Image Pad 1 Current,,

Si-enriched
band

Al-5Si matrix

Si depleted
zone

Fig. 55 U-7Mo/Al-5Si with heating before irradiation (for Lhour at 580 °C) and
subsequently irradiated to 4.0x10%* f/cm® (54% LEU equiv burnup) at 190 °C
for 132 EFPD in the HANARO [74].
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Fig. 56 Concentration profiles of pre-heated U-7Mo/Al-5Si sample before irradiation.

EPMA also revealed that Si diffusion occurs during irradiation as shown in Fig. 57 [75].
However, unlike the out-of pile tests results shown in Fig. 51, Si accumulation in the ILs is weak
in regions at a low fission rate and non-uniform throughout the ILs occurring only near the IL-
matrix interface (see Fig. 57(b)). Ryu et al. [75] also reported that Si diffusion during irradiation
is small when the low fission rate and, hence, typically the temperature is low. These observations
suggest that the energy for Si diffusion to the ILs is primarily supplied by thermal activation, and
that irradiation enhanced diffusion is small. The low temperature behavior observed in the
KOMO test is assumed applicable for the RERTR test plates.

Another important finding from Fig. 57 (b) is that the low Si content in the IL (~4%) played as an
effective barrier against Al diffusion. The Si concentration is not homogeneous throughout the IL.
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Fig. 57 EPMA data showing composition in IL from KOMO-3 irradiation test of U-
7Mo/Al-2Si in a fuel rod [75].
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The concentration profiles of Al, Si, U, and Mo in the ILs measured for the KOMO-4 test
samples are given in Figs. 58 — 61. The Al concentration data for the Al-2Si, Al-5Si, Al-8Si, and
Al-5Si with pre-formed IL before irradiation were used to calculate the interdiffusion fluxes and
effective diffusivities of Al in the ILs. The modified Boltzmann-Matano method was used for the
calculations [76]. Derivation of the necessary equations is given in Appendix A. The calculated
Al fluxes are also shown in Figs. 58 — 61.
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Fig. 58 Concentration profiles and Al flux in the IL calculated for the U-7Mo/Al-2Si

sample described in Fig. 52, irradiated to 3.7x10%* flcm® (51% LEU equiv
burnup) at 195 °C for 132 EFPD in the HANARO.
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sample described in Fig. 53, irradiated to 3.6x10%! flcm® (49% LEU equiv
burnup) at 195 °C for 132 EFPD in the HANARO.
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60 Concentration profiles and Al flux in the IL calculated for the U-7Mo/Al-8Si
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Fig. 61 Concentration profiles and Al flux in the IL calculated for the U-7Mo/Al-5Si
sample with pre-heating before irradiation described in Fig. 55, irradiated to
4.0x10% f/cm® (54% LEU equiv burnup) at 190 °C for 132 EFPD in the
HANARO.

The total Al atoms included in the IL are calculated and given in Table 9. The effective
interdiffusion coefficients are also calculated and given in Table 9.

The ratio of the total atoms of Si to Al in the IL is calculated and also given in Table 9. The ratio
is a linear function of the as-fabricated Si concentration in the matrix, but higher than the as-
fabricated Si content in the IL as shown in Fig. 62.

The effective diffusion coefficient of Al decreases with the as-fabricated Si concentration in the

matrix, showing that the more the Si amount addition in the matrix, the larger the effect of the Si
addition reducing IL growth.
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Table 9 Total amount of Al and Si in the IL and average effective interdiffusion

coefficient of Al in the IL after 132 days of irradiation in HANARO

Irradiation | Average Al Si Si/Al Deff
data IL concentration | concentration | ratio in (10-14
Matrix thickness in the IL in the IL the IL cmzls)*
type BU (%U- (um) (10 (10 (%)
235 LEU mol/cm?) mol/cm?®)
equiv)
Temp (°C)
Al-0Si 55 25 6.2 0 0 2
180
Al-2Si 51 18 5.6 0.23 4 0.47
195
Al-5Si 49 9 5.1 0.31 6 0.036
190
Al-8Si 48 7 4.3 0.56 13 0.0074
190
Al-5Si 55 13 5.6 0.71 13 0.73
with pre- 190
heating
*x
Al-5Si NA 5 3.4 1.9 54 4.9
pre-
heated
archive #

* Defined as D" = ijm (r)dr /[C(r,)—-C(x,)], where J,,(r) is the Al

i}

interdiffusion flux at r in the IL, and ry and r; are the radii at IL
boundaries (see Appendix A for the derivation of J,,(r)). Details of this
definition can be found in Ref. 76.

** Pre-heated at 580 °C for an hour before irradiation to give an IL

thickness of ~5 um.
# An archive sample after pre-heated at 580 °C for an hour.
NA: Not applicable
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Fig. 62 Si/Al ratio in the IL versus as-fabricated Si/Al ratio in the matrix.
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Section 6  Si effect on performance of U-Mo/Al

6.1 Mechanism of Si effect on IL reduction

The KOMO-4 test result showed that as the Si content in the matrix increases, the IL thickness
decreases as given in Table 9, consistent with the observation from the RERTR test results shown
in Fig. 45. As the Si content in the matrix increases, the Al interdiffusion flux decreases in the IL.
This is also consistent with the theoretical prediction and out-of-pile test results. As given in
Table 9, the Al diffusivity decreases as the Si concentration in the matrix increases.

It is also noticeable that the accumulation of Si at the IL-matrix interface, although not uniformly
distributed in the IL and lower than out-of-pile test results, is effective in reduction of IL growth.
KOMO-4 test results also revealed that Si accumulation occurs only at the IL close to the matrix
and Al diffusion in the IL is higher than that of Si. The accumulation of Si at the IL occurs only
near the IL-matrix interface, implying that the Si migrates in the IL at a slower rate than Al. This
observation is the opposite of the out-of-pile test data, suggesting that extrapolation of the out-of-
pile data to the low temperature regime is inappropriate. To have this result, Al is more readily
activated than Si in radiation enhanced diffusion (RED) at low temperatures of interest. Referring
to the data reported by Rossi et al. [77], this phenomenon can be explained. Rossi claimed that
above the critical temperature (~100 °C for Ar ion mixing), the mixing rate depends on
temperature with an Arrhenius form. At 150 °C by Ar irradiation, the ion mixing rate (in the unit
of cm*) of U/Al is ~6 times larger than that of U/Si.

However, the atom ratio of Si to Al in the IL is slightly higher than that in the matrix (see Fig.
62). This implies that the Si diffusion in the Al matrix was still higher than Al. The slower
diffusion in the IL and higher diffusion in the matrix of Si than Al results in the accumulation of
Si at the IL-matrix interface.

Akdeniz et al. [78] explained that the influence of Si addition in Al on the reduction in IL growth
between Fe and Al is the result of the reduction in the activity coefficient of Al. The physical
interpretation of their explanation is that since the term activity is defined as the measure of
‘effective concentration’ of the element of interest, the added Si reduces the effective population
of Al atoms and therefore reduces interdiffusion layer formation. While Si reduces the activity
coefficient of Al, for example, Zn does the opposite. Although this result is applicable for the
reaction between Fe and Al, the product of which is crystalline, an analogous effect of Si addition
in Al should be applicable for the interdiffusion between U(Mo) and Al during irradiation, the
product of which is amorphous. Specifically, the presence of Si in Al at the interface between U
and Al is more effective in reducing the activity coefficient of Al since the interdiffusion of Al
and U is the main mechanism for IL growth. The effect of Si concentration can be explained by
the same token; as the Si content increases, the activity of Al decreases further.

Al diffusion in the sample with pre-heating shows a larger Al flux profile than the sample without
pre-heating, and the IL thickness of the pre-heated sample is larger than that of the sample
without pre-heating (see Table 9). They are similar if the IL thickness formed during pre-heating
IS subtracted (see Table 9). The Si accumulation in the IL occurred during pre-heating does not
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appear to be more effective than the small accumulation at the IL-matrix interface and Si
precipitates in the matrix. This suggests that the presence of high Si content in the IL is not the
pre-requisite for Si addition to be effective in reducing IL growth. The high as-heated Si
accumulation approximately ~50 at% in the IL (see Fig. 56) does not effectively stop Al diffusion
through the IL. Instead the Si concentration is reduced to about 15 at% redistributed evenly in the
IL. Since Si was depleted from the zone around the U-Mo particle during the pre-heating, neither
additional Si migration to the IL could occur nor Si accumulation at the IL-matrix interface. A
comparison between the Si amounts in the ILs of the last two rows shows that the Si amount did
not increase from the as-heated during irradiation. The Si concentration was diluted as the IL
grew.

The minimum Si content model applicable for crystalline out-of-pile ILs (see section 3) should be
modified in order to be applicable for amorphous in-pile ILs because the amorphous ILs behave
differently. Since the ILs are amorphous, there is no stoichiometry constraint in the ILs. The U,
Mo, Al and Si atoms then mix together without any phase constraint [11]. Hence, the minimum Si
amount to form a certain phase, such as UAl3, is not required. Therefore, the presence of Si in the
IL, regardless of the amount, has an effect on reducing IL growth.

In addition, as discussed above, the existence of Si at the IL-matrix interface is more effective,
where the reaction between U and Al occurs. IL growth is probably composed of two reactions;
diffusion through the IL and reaction at interface. The observation from KOMO-4 indicates that
the latter is significant to determine the overall rate. As discussed in subsection 5.4.2, some ILs in
the Si added plates are locally extremely thin; in some cases they are so thin that the thickness is
virtually negligible in an OM image. Van den Berghe et al. [66] observed that the thin ILs,
contrarily to thick ILs, were frequently observed near a Si precipitate. Because the IL thickness is
so small, it is impossible to discern whether the location of the Si precipitate is in the IL or in the
matrix that contacts the IL surface. It is reasonable that the effectiveness of Si, as a diffusion
barrier to Al diffusion, is the strongest when it is present at interface between U and Al. This also
implies that the reaction at the IL-matrix interface, and probably diffusion near the matrix that
contacts the IL, is important in the IL growth.

6.2 Mechanism of Si effect on pore formation in IL

From the composition of the dominant region of ILs observed from the KOMO-4 test, for all
three samples with a Si addition (Al-2Si, Al-5Si and Al-8Si samples given in Table 9), the ratio
(U+Mo)/(AI+Si) is about 3. This low ratio is a sign of formation of a stable IL in terms of pore
formation in the IL.

The tenuous Si content near the U-Mo particle surface, particularly for the Al-2Si case with a low
Si addition, can establish a Si deficient condition there. As a result, the IL stability decreases
below such a level that the pores form.

The stability of the amorphous ILs is a function of the Si content (see subsection 3.2). Therefore,

a higher Si content in the IL is beneficial although a low Si content is still effective for low IL
growth.
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From the U-Si intermetallic fuel data [48,49], the higher the Si content in the amorphous material,
the material has less free volume and as a result more resistant to plastic flow. This is consistent
with the observation in Fig. 63, where pores form at the IL-matrix interface in the lower Si plate
whereas they form at the U-Mo particle surface in the higher Si plate. In the latter (R3R050), the
pores form at the fuel particle surfaces where the Si concentration is probably the lowest in the IL
although the ILs are negligibly thin. As discussed in subsection 5.4.3, the concentration of fission
products is higher in the ILs because of fission product migration. The high fission product
concentration may be deleterious for the IL strength.

In Table 10, a summary of fuel pore locations and fuel particle microstructures is given. Fuel pore
formation, in general fuel swelling, depends on external stress. In order for a complete
interpretation of pore formation data, mechanical analysis is required.

(a) R5R020 from RERTR-6 (b) R3R050 from RERTR-7

Fig. 63 Microstructures of R5R020 (Al-0.2Si) irradiated in the RERTR-6 test and
R3R050 (Al-4.8Si) irradiated in RERTR-7. See table 9 for irradiation
conditions.
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Table 10 Post-irradiation fuel microstructure data for RERTR tests

Ve /vy ¢ [x/t(mm)| Particle
Test Plate ID Fuel/matrix Calculated| (%) at max |transverse Pore
composition fuel at high- plate |elongation| Particle | formation Pores Pores
swelling | power |thickness| at meat [sintering] in fuel inIL in L
(AVIV,)s | meat end | location | end # n periphery on hot on cold side
% region side t
RERTR-3| V07 U-10Mo/Al 12 45/23 - No No No Initial state
Nanoplate RO4 U-7Mo/Al 15 49 /45 - No No No Yes
S03 U-6Mo/Al 16 49743 - No No No No
RERTR-4| V6001M | U-10Mo/Al 28 38/42 - No No No Initial state | Initial State
Miniplate | R6003F | U-7Mo/Al 38 27/60 | 2.6/1.55 No No Yes Yes Yes
V8006B | U-10Mo/Al 34 40/59 | 3.8/1.54 No Rare Yes Yes Yes
S6004C | U-6Mo/Al 39 40/54 |2.9/1.56 No Rare Yes Yes Yes
V6015G | U-10Mo/Al 35 32/60 | 2.9/1.54 No No Yes Yes Yes
S6006C | U-6Mo/Al 37 31/57 |2.8/151 No No Yes Yes Yes
V6022M | U-10Mo/Al 33 32 /57 |2.7/1.56 No Rare No Yes Yes
RERTR-5( V6018G | U-10Mo/Al 13 44122 - No No No No No
Miniplate | V6019G | U-10Mo/Al 16 33/34 | 3.7/1.53 No No No Yes Yes
S8007L | U-6Mo/Al 17 45/44 | 3.4/1.55 No No No Yes Yes
R8002E | U-7Mo/Al 16 40/48 |29/1.61 No No No Yes Yes
S6010D | U-6Mo/Al 19 28/57 |29/154 No No No Yes Yes
V80058 | U-10Mo/Al 13 38/60 | 3.5/151 No No No Yes Yes
RERTR-6 R1R010 | U-7Mo/Al-0.9Si 18 50/14 - No No No No No
Miniplate | R2R020 | U-7Mo/Al-2Si 21 52/13 | 1.7/1.51 No No No No No
R3R030 | U-7Mo/Al-5Si 21 41/10 |1.8/1.48 No No No No No
R2R010 | U-7Mo/Al-2Si 22 55/10 - No No No No No
R5R020 | U-7Mo/Al-0.2Si 21 32/45 | 3.1/1.57 No Rare No Yes No
V1R010 | U-10Mo/Al-0.9Si 20 33/28 | 1.7/151 No No No Initial state No
RERTR-7| R3R040 | U-7Mo/Al-5Si 34 55/7 - No No Yes No
Miniplate | R2R040 | U-7Mo/Al-2Si 35 55/7 ] 1.6/1.65 No Rare Yes No
ROR010 | U-7Mo/Al 34 66/14 - No Yes No No
V5R050 | U-10Mo/Al-0.2Si 34 53/14 | 2.2/]154 Yes Yes No No
R3R050 | U-7Mo/Al-5Si 36 60/13 | 1.5/1.66 Yes Yes Yes
ROR020 | U-7Mo/Al 47 70/30 | 2.8/1.69 Yes Yes No Yes
R2R050 | U-7Mo/Al-2Si 31 42/29 |1.6/1.68 No Yes No Yes No
RERTR-8| D3R030 [U-7Mo-1Ti/Al-5Si 47 61/20 - Yes Yes Yes Yes Initial state
Miniplate | F3R040 |U-7Mo-2Zr/Al-5Si 48 61/20 - Yes Yes Yes Yes Initial state
RERTR-9| R2R088 | U-7Mo/Al-2Si 57 54717 - Yes Yes Yes Yes Yes
Miniplate| R6R018 | U-7Mo/Al-3.5Si 58 56 /16 - Yes Yes Yes Yes Yes
R3R108 | U-7Mo/Al-5Si 33 55/15 | 1.5/1.66 No Rare Yes Yes Yes
R2R078 | U-7Mo/Al-2Si 32 54 /40 |2.9/1.65 Yes Yes Yes Yes
R4R018 | U-7Mo/Al-2Si 30 53/38 - Yes Yes Yes Yes No

¢ : v¢ is the fuel volume fraction , and v, is the IL volume fraction.
#: Particle extrusion in the width direction from the plate transverse end region to the

center region.

A Particle sinters in the plate transverse end region.
t: at plate center for RERTR-3 test plates

x: distance from the meat transverse end.
t: plate thickness
*: pores mostly observed at fuel-IL interface
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6.3 Interaction layer growth correlation for U-Mo/Al-Si plates

The IL growth correlation applicable during irradiation is a modified Arrhenius equation, and an
additional term with fission rate is multiplied to account for fission-enhanced-diffusion:

Y? = AfP exp(— %jt (13)

where f is the fission rate, A and q are empirical constants. The power, p, for the fission rate was
empirically determined as p=0.5 [62]. Eqg. (62) is applicable for plates with a pure Al matrix.
There have been several papers that take a similar equation to Eq. (13) with slightly different
fitting constants [62,64,65,79,80]. In order to fit both the RERTR and KOMO data, the fitting
constants were slightly changed from those of Refs. 79 and 80. The best fit was obtained with
A=2.6x10"® and q=3.85x10° K. Therefore, the correlation for the samples with a pure Al matrix
is:

Y,? =2.6x107°f%° exp(— ?’i_jjt (14)

where Y isin um, f in flcm®s, Tin K, and tins.

The addition of Si in the Al matrix results in an exponential reduction of IL thickness that varies
with the Si content, and this effect depends on temperature. For the low-temperature RERTR-6
test, the Si effect is stronger and the IL reduction effect by Si additions is virtually saturated at 2
wt.% Si (see Fig. 45). However, the high-temperature KOMO-4 test showed that the IL reduction
effect continues up to 8 wt.% Si without showing saturation. Fig. 64 shows a comparison of IL
reduction versus the Si content for two different temperature regimes and data fit results given in
Egs. (15) and (16).

In order to model the Si effect, a hyperbolic decay function with the Si content is considered. Two
different sets of constants were fitted for two temperature regimes as follows:

veoyz— 1 frT<120°C, (15)
1+ 4.89W

vioy? 1 forT>120°C. (16)
1+1.51W,

where Yy is the IL thickness for pure-Al-matrix cases obtained in Eq. (15) and Ws; in wt.% is the
Si content in Al. Using Egs. (14), (15), and (16), the correlations for the Si-added samples are:

Y?=2.6x108f%° exp[— 3850jt L , for T < 120 °C, (17)
T 1+ 4.89W,

Y2 =26x107°f%° exp(— 3850} 1 , for T > 120 °C. (18)
T 1+1.51W,

where again Y is in um, f isin f/cm®s, T in K, tins and Wy in wt.%.

The correlations given in Egs. (17) and (18) are for the regime where the Si addition is effective
in reducing the IL growth rates.
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Fig. 64 Comparison of IL reduction factors obtained for the low-temperature
RERTR-6 test and the high-temperature KOMO-4 test, where IL reduction
factor is defined as the square of IL thickness divided by the square of IL
thickness for pure Al matrix at the same irradiation condition.

Egs. (17) and (18) are applicable for U-7Mo fuel particle dispersions. For other cases, a Mo
content factor is considered. In the current PLATE modeling [81], the effect of the Mo content in
fuel particles is considered such that the IL decreases linearly with the Mo content in the range of
6 — 10 wt.%. A similar factor is used for the current modeling. Prediction for the samples using
other than U-7Mo should be adjusted by multiplying the following factor to Egs. (17) and (18):

fy, =1.35-0.05W,,, (19)

where Wy, is the Mo content in fuel particles in wt.%.

Other parameters such as fuel loading and particle size are also important, but they are considered
implicitly in fuel temperature. Therefore, these parameters do not appear as variables in the
modeling.
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Section 7 Remedy with other element than silicon

As Si has some reprocessing problem, other element that can be added in the Al matrix have been
sought. In the literature [82,83], Bi and Be received some studies to reduce Al diffusion in U and
Fe. Both appear to be promising. However, these two have very limited solubility in Al for the
fuel operation temperature range.

Heats of formation of binary alloys were estimated with the Miedema model and the results are
shown in Fig. 65. Be and Bi have large negative heats of solution with U. A slight difference
between Bi and Be is that Be has very smaller positive heats of solution with Al than Bi does.
This indicates that Bi is less soluble in Al than Be. In fact, the phase diagrams show that both are
almost insoluble in Al. From this thermodynamic assessment, it appears that Be is a good
candidate for an alternative element to Si.

Diffusion coefficients taken from Ref. 82, compared between U/Al, U/AISi and U/AIBe in Fig.
66, show that the Al-Be alloy has lower reaction with U than Al-Si does with U. This is a
promising result from out of pile tests; however, a real efficacy should be examined only by an
irradiation test.

60 T T T T
»
&
=) —a— U-Al
E —v— Mo-Al
S —o— U-Si
g —0— AI-Si
= —v— Mo-Si
= —m— U-Bi
T —e— Al-Bi
< —v— Mo-Bi
—— U-Be
-100 t+ {4 —©— Al-Be
—v— Mo-Be

_120 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Second element concentration, atom fraction

Fig. 65 Comparison of heats of formation of binary alloys of candidate elements
with U, Mo, and Al.
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Fig. 66 Comparison of diffusion coefficients of U/Al, U/AI-Si and U/Al-Be diffusion
couples.

At ANL, the effectiveness of Be addition in Al was heating tested. Several plates of U-
7Mo dispersion in Al-xBe (x=2 - 8wt%) were tested. However, because of the
segregation of Be from Al, a definite conclusion could not be drawn. A modified test
using an Al-Be alloy powder instead of mixing two element powders is planned. In
addition, an analysis of the preliminary test to quantify the effectiveness of the Be addition
is underway.

Jungwirth et al. [84] tested the effectiveness of Bi addition in Al. A U-Mo dispersion in
Al-Bi was irradiated with heavy ion beam. However, they observed an inconclusive result.
The high oxygen affinity of Bi caused the improper contact between the fuel particles and
matrix.
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10.

Section 8 Conclusions

Out-of-pile tests revealed that the Si addition in the Al matrix reduced the IL
(interaction layer) growth and also reduced the (Al+Si)/(U+Mo) ratio, showing a
promising effect of Si addition. The higher the Si content in the matrix, the
stronger the effect was observed.

Out-of-pile tests also showed that the lower (Al+Si)/(U+Mo) ratio, in other words
a denser IL, was the key in reducing the IL growth. Higher diffusion of Si than Al
occurred during heating as predicted theoretically that resulted in Si accumulation
in the IL and a Si depleted zone.

Out-of-pile tests of Zr or Ti addition in the U-Mo showed that the addition is
commonly effective in reducing IL growth, but Zr addition increased instability of
the meta-stabilized y-phase of the U-Mo whereas Ti addition did not seem to
decrease the y-phase of the fuel.

Like the out-of-pile tests, in-pile tests of Si addition in the matrix also showed
drastic effectiveness by decreasing the IL growth. Like the out-of-pile tests, the IL
growth was progressively reduced as the Si addition content increased.

Si diffuses in the IL with a slower rate than Al. This is attributed to the slower
activation of Si by fission fragments than Al. However, Si diffusion to the IL-
matrix interface was higher than that of Al. This resulted in a Si accumulation at
the IL-matrix interface.

The effect of Si addition appears to take place by reducing the activity of Al (the
effective concentration) at the IL-matrix interface where the U-Al reaction occurs.

The presence of high Si content in the IL is not the pre-requisite for Si addition to
be effective. Since Si was depleted from the zone around the U-Mo particle during
the pre-heating, additional Si migration to the IL could not occur during irradiation
and the Si concentration was diluted as the IL grows.

The addition of Si in the matrix also showed that it delayed the formation and
development of pores in the IL. However, a different kind of pores formed at the
fuel periphery. At higher burnup close to full LEU burnup, pores started to form in
the ILs.

The tenuous Si content near the U-Mo particle surface appears to establish a Si
deficient condition. As a result, the IL stability decreases below such a level that
the pores form.

Be and Bi have been studied to explore their effectiveness to suppress IL growth.

An analysis of the preliminary test to quantify the effectiveness of the Be addition
showed that Be is slightly better than Si. However, a further examination is
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necessary to confirm the effectiveness. A German study found an inconclusive
result to decide the effectiveness of Bi. The difficulty regarding the test with Be
and Bi lies in the limited solubility of these elements in Al.
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Appendix
The one-dimensional continuity equation for Al diffusion for the spherical coordinates is

oc 102y
a e (ar Ay

where C is the Al concentration and J is the Al flux. If we assume the Boltzmann parameter,
A=r/At, is applicable, the variables in Eq. (A.1) can be transformed by

dt = —¥dx (A2)

dr = /tdx (A.3)
If Eq. (A.2) and (A.3) are substituted in Eqg.(A.1), we obtain

dc 1 d(r23)
B (A4)
2
—t\r/fdx r? td)

which leads to

r* dc  d(r?J) (A5)

2tdn d
Dropping dA from both sides and integrating Eq.(A.5) gives

25 1 3
[alr J):Ejr dc (A.6)

~

By noticing J =0 at r=R where R=average radius of the U-Mo particles, Eq.(A.6) can be
rearranged as

j_1

1 1 C(R+r)
R R} [ (r—r,)’dC (A7)

C(R)or C(R+Y)

where t is the test life, Y is the IL thickness, and ry is the radius at the Matano surface location, at
which the total Al amount on both sides is equal. r varies in the range of 0<r<Y. For
convenience of calculation, R=125 um is taken from powder fabrication data.

Note that the Al flux calculated by Eq. (A.7) is a life-averaged value.
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The effective interdiffusion coefficient of Al is defined as

NS jjAl (r)dr /[C(r,)-C(r,)], where J,,(r) is the Al interdiffusion flux at r in the IL,
and ry and r, are the radii at IL boundaries Detailed discussion of this formula can be
found in Ref. 76.
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