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Previous knowledge states that (U,Zr)Al3 and U(Al,Si)3 phases with Zr and Si content higher than 6 at.%
(7.7 wt%) and 4 at.% (1.4 wt%), respectively, does not partially transform to UAl4 at 600 �C. In this work,
four alloys within the quaternary system U–Al–Si–Zr were made with a fixed nominal 0.18 at.%
(0.1 wt%) Si content in order to assess the synergetic effect of both Zr and Si alloying elements to the ther-
modynamic stability of the (U,Zr)(Al,Si)3 phase. Heat treatments at 600 �C were undertaken and samples
were analyzed by means of XRD, EPMA and EDS techniques. A remarkable conclusion is that addition of
0.3 at.% Si in the (U,Zr)(Al,Si)3 phase reduces in 2.7 at.% the necessary Zr content to inhibit its transforma-
tion to U(Al,Si)4.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In the frame of RERTR Program (Reduced Enrichment for
Research and Test Reactors) a high density uranium based fuel that
could remain stable in the body cubic centered (bcc) phase during
fabrication and irradiation in the reactor is being developed.
Research is focused in a U–Mo alloy dispersed fuel in the alumi-
num matrix [1]. Although it meets most of the fuel requirements,
further development of this fuel has been delayed due to an unac-
ceptable volume expansion caused by (U–Mo)–Al interaction layer
(IL) formation and a subsequent gross pore formation at the inter-
face between U–Mo and matrix Al [2].

It has been suggested that the IL is amorphized during irradia-
tion and the structural instability of the IL is due to its amorphous
character [3]. The same authors remark that in–pile test show that
an IL with a high Al-content tends to be amorphized more easily.
Maintaining the interaction layer of U–Mo/Al dispersion fuel as a
stable low-Al content compound such as (U–Mo)Al3 appears to
be the key to avoiding massive pore formation. In brief, it has been
proposed that the (U,Mo)Al3 compound (cP4, space group 221)
should be stabilized against formation of compounds with a higher
aluminum content, such as UAl4 (oI20, space group 74).

Previous studies have tried the Si-modification of the UAl3 fuel
in the UAl3–Al dispersion fuel to suppress UAl4 formation during
the high-temperature fabrication process [4–7]. On an analogous
base, the Si-modification of the Al matrix in the U–Mo/Al dispersion
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fuel has been recently proposed to solve the stability of the IL [8].
Out-of-pile diffusion studies have shown that Si indeed accumu-
lates in the IL between U–Mo and Al–Si [9,10]. In-pile tests have
also shown the positive effect of Si: the IL thickness was much thin-
ner than in the fuel plates using a pure Al matrix, and no porosity
was formed [11,12].

It was also noticed that minor silicon quantities would be
required to solve the stability of the IL if a fourth element is present
[8]. The early U–Al fuel developers have also tried the Zr-modifica-
tion of the UAl3 fuel [7]. The experimental evidence showed that
the addition of 14 wt% zirconium as a third element is enough to
inhibit UAl4 formation.

In a recent publication [13], the results of diffusion-couple tests
between U–Mo–xZr and Al–ySi alloys with various contents of Zr
and Si were reported. The interaction product formed in a
U–Mo–2Zr vs. Al–5Si (wt%) diffusion couple tested at 580 �C
showed that the composition of the IL goes from U(Al,Si)2 on the
U–Mo–Zr side to U(Al,Si)3 on the Al–Si side, which indicates an
increased chemical potential gradient for Si with the presence of
Zr in the U–Mo alloy.

Modification of the UAl3 phase by means of simultaneous addi-
tion of silicon and zirconium in order to suppress UAl4 formation
has not been reported. We have thus decided to determine UAl3

phase stability in U–Al–Zr–Si alloys containing 50–47 wt% ura-
nium, 49.9–46.9 wt% aluminum, 0–6 wt% zirconium and 0.1 wt%
silicon.

2. Experimental techniques

Four alloys were made from uranium 99.975%, aluminum
99.99%, silicon 99.999% and zirconium 99.7% (alloys labeled 0, 1,
3 and 6 in Table 1). Special attention was paid to the silicon and
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Table 1
Alloys compositions.

Sample U (wt%/at.%) Al (wt%/at.%) Si (wt%/at.%) Zr (wt%/at.%)

0 50.00/10.18 49.90/89.65 0.1/0.17 0/0.00
1 49.47/10.12 49.43/89.18 0.1/0.17 1/0.53
3 48.48/10.01 48.42/88.20 0.1/0.18 3/1.62
6 47.00/9.85 46.90/86.69 0.1/0.18 6/3.28
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zirconium content in raw materials as minor quantities of these
two elements could influence the results of the present work. High
purity aluminum and silicon were used. Thus, only zirconium and
uranium were inspected for impurities (see Appendix A for details
of composition). Si content in Zr is <0.001 wt% (10 wt ppm) as indi-
cated by chemical analysis. Si content in uranium was measured as
0.0024 wt% (24 wt ppm). No zirconium content was evident in the
uranium analysis. Total silicon or zirconium content as impurity
was thus negligible when compared with the desired content
0.1 wt% Si and 0, 1, 3, 6 wt% Zr in the alloys.

Alloys compositions were designed taking into account the liq-
uidus projection into the ternary U–Al–Zr system [14] as a basis for
the estimation of the solidification path in the quaternary U–Al–
Zr–Si system. In this way, we aimed for UAl3 as primary phase
avoiding the formation of UAl2. Then, the range 35–56 wt% U and
0–9 wt% Zr was identified. After Boucher’s work [4] it is known that
a content of 0.1 till 0.6 wt% Si in a U–Al alloy with 35 wt% U is not
enough to inhibit UAl4 formation from U(Al,Si)3 at 600 �C, though
time required for transformation increases with silicon content.
In order to test increasing amounts of Zr addition to suppress the
reaction between Al and primary (U,Zr)(Al,Si)3 to form UAl4 after
solidification, the silicon content has to be the smallest possible
compatible with a measurable treatment time. From these consid-
erations 0.1 wt% Si content was chosen for all the alloys in this
study.

A non-consumable tungsten electrode arc furnace was em-
ployed to melt the pure components and produce the alloys under
Fig. 1. Optical micrographs of as-cast alloys. (a) Samp
a controlled argon atmosphere using a water-refrigerated copper
crucible and an oxygen titanium getter. The alloys were melted
and remelted at least four times to ensure homogeneity.

Heat treatments at 600 �C were made during 1000 h. The heat-
treated specimens were wrapped in tantalum foils and sealed in
silica tubes under argon atmosphere to protect them from contam-
ination during the heat treatments. Finally, they were water-
quenched to room temperature without breaking the containers.

Metallographic techniques and composition measurements
were employed to identify the different phases. Microstructural
analysis using a PHILIPS PSEM-500 scanning electron microscope
(SEM) was performed and both secondary and backscattered elec-
tron images were taken. Elemental compositions were obtained
with Energy Dispersive Spectroscopy (EDS) in the same device. Lo-
cal concentrations of aluminum, uranium and zirconium were
determined with electron-probe microanalysis (EPMA) in a Came-
ca SX50 device fitted with a wavelength-dispersive spectrometer.

X-ray diffraction (XRD) techniques in a PW3710 BASED PHILIPS
device employing Cu-Ka1 and Ka2 radiation at room temperature
were used to study the stability of the (U,Zr)(Al,Si)3 phase after
the annealing test. A scan of the various diffraction peaks in the
10–120� (2h) range was recorded to determine the lattice parame-
ters of the phases involved in this work. The used step size was
0.03� (2h), measuring a total of 10 s per step. All possible reflec-
tions for a given lattice dimension and symmetry were generated
for each probable phase in the specimen using the PowderCell
2.4 software [15]. This list of possible reflections was compared
to the observed peak positions in the experimental profile and
those with a high intensity peak to background ratio were identi-
fied with a phase and reflection plane. The final lattice parameters
of a phase and its errors were then calculated, using the mean
square method, from the d-spacing of identified peaks in the exper-
imental profile.

Prior to metallographic observations, the samples were
grounded on silicon carbide paper, polished with diamond paste
(1 lm) and electrolytically polished at 20 V during 10 s using a
le 0, (b) sample 1, (c) sample 3 and (d) sample 6.



Fig. 2. Secondary electron images of the as-cast: (a) sample 1, (b) sample 3 and (c) sample 6 alloy microstructures. Presence of primary phase and eutectic-type zones is
evident.
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solution of phosphoric acid, ethylic alcohol, distilled water and 2-n-
butoxiethanol at volume ratio 54:21.6:2.8:21.6. XRD samples were
free from electrolytic polishing in order to exhibit a plane surface.

3. Results and discussion

3.1. As-cast alloys

Metallographic examination of as-cast alloys revealed a primary
phase surrounded by a eutectic-type component. The dendrite
Fig. 3. X-ray diffraction patterns of as-cast alloys.
morphology of the primary phase is observed in Fig. 1 while the
eutectic morphology is clearly shown by the SEM secondary elec-
tron images of Fig. 2.

Elemental composition obtained by EDS confirms that the pri-
mary phase contains Zr, but this is not detected in the eutectic even
if a 5 � 5 lm area were used for an integrated measurement.

The XRD patterns of as-cast alloys (Fig. 3) show the UAl3, UAl4

and Al phases; in the alloy 6 no UAl4 could be detected. The lattice
parameter of UAl3 phase shows a tendency to diminish with
increasing zirconium content, while lattice parameters belonging
to UAl4 and Al phase are invariant (Table 2). These facts are seen
as an evidence of Zr solubility in the UAl3 phase and not in UAl4.
Based on interpolation of lattice parameter of U(Al,Si)3 measure-
ments reported by Dwight [16], a negligible variation of the UAl3

lattice parameter with the addition of a small quantity of silicon
can be expected. This could lead to an estimation for zirconium
Table 2
Lattice parameters of observed phases and zirconium content in (U,Zr)(Al,Si)3 phase
calculated from experimental X-rays diffraction patterns in as-cast alloys.

Sample Lattice parameter (nm) (±5 � 10(�4) nm) Zr content (at.%)

UAl3 UAl4 Al

0 0.427 a = 0.440 0.405 0
b = 0.625
c = 1.373

1 0.426 a = 0.440 0.405 (1.4 ± 0.7)
b = 0.625
c = 1.373

3 0.425 a = 0.440 0.405 (2.8 ± 0.7)
b = 0.625
c = 1.373

6 0.422 – 0.405 (6.9 ± 0.7)



Fig. 4. Lattice constant of the (U,Zr)Al3 phase with increasing Zr content. Close
symbols indicate measurements on single phases samples from reference [14]. The
solid line is a mean square linear fit between 0 and 15 at.% Zr. Open symbols are the
predicted Zr content of our XRD results in Tables 2 and 3. Dashed lines enclose the
confidence limit for the Zr content in the (U,Zr)Al3 phase as obtained from the errors
in their measured lattice constants.

Fig. 5. Schematic solidification path for alloy 3 drawn on partial liquidus projection
from Ref. [14]. Primary solidification phases are shown. (a) 0 < at.% U < 25. The circle
denotes the global alloy composition. (b) 0 < at.% U < 3, 0 < at.% Zr < 1.
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content in the (U,Zr)(Al,Si)3 phase by means of our XRD results and
the calibration curve shown in Fig. 4 (also see Table 2).

We have used the ternary U–Al–Zr liquidus diagram of Ref. [14]
and SEM images of as-cast alloys (Fig. 2) as a basis for the analysis
of the solidification path in the quaternary U–Al–Zr–Si [17]. Solid-
ification path is schematically shown in Fig. 5(a) and (b). In all al-
loys, the content of Zr in the primary phase is high and has a
similar increasing trend as the Zr content in the global composition
of the alloys. Liquid becomes poorer in U and Zr till it reaches the
univariant reaction Liquid ? Al(Si) + (U,Zr)(Al,Si)3. A eutectic type
structure of both phases Al(Si) + (U,Zr)(Al,Si)3 is precipitated as
the liquid reaches the eutectic invariant point (E) Liquid ? Al
(Si) + (U,Zr)(Al,Si)3 + U(Al,Si)4. Fig. 6(a) and (b) clearly shows the
three stages of solidification. The two-phase eutectic-type Al
(Si) + (U,Zr)(Al,Si)3 coexists with the primary phase. Some precipi-
tates evidence continuity with the primary phase and can be iden-
tified as the same structure. The final three-phase eutectic is
distinguished as a finer structure. The conodal connecting the esti-
mated (U,Zr)Al3 phase composition and the global composition of
the alloy in the liquidus diagram of Ref [14] (see also Fig. 5) pre-
dicts a zirconium content of about 0.3 at.% for the eutectic compo-
nent in all analyzed alloys.
Fig. 6. Secondary electron images of the eutectic-type areas into the as-cast: (a) sample 1
univariant eutectic-type zone (U,Zr)(Al,Si)3 + Al and C is the final eutectic (U,Zr)(Al,Si)3 +
In conclusion, the as-cast alloys in this work show a solidifica-
tion microstructure comprising a primary phase (U,Zr)(Al,Si)3, a
eutectic two-phase component Al(Si) + (U,Zr)(Al,Si)3 and a eutectic
three-phase component Al(Si) + (U,Zr)(Al,Si)3 + U(Al,Si)4. In the last
two components, the amount of Zr involved is less than 0.3 at.%
and then not detectable by EDS.

3.2. Annealed alloys

After the heat treatment, the sharp corners of the primary phase
were rounded off. This effect on the lamellar structure of eutectic
components forms small spheroid precipitates (Fig. 7).

All the heat treated samples showed the presence of U(Al,Si)4 in
the XRD pattern, decreasing in amount with increasing zirconium
content (Fig. 8) and being hardly noticeable in sample 6. In Table 3
we summarize the lattice parameters of the phases. The lattice
parameter of the (U,Zr)(Al,Si)3 phase diminished after the anneal-
and (b) sample 3 alloy microstructures. A is the (U,Zr)(Al,Si)3 primary phase, B is the
Al(Si) + U(Al,Si)4.



Fig. 7. Secondary electron images of the annealed: (a) sample 1, (b) sample 3 and (c) sample 6 alloy microstructures. The darkest regions contain Al(Si) and
Al(Si) + (U,Zr)(Al,Si)3 + U(Al,Si)4 eutectic. The brightest contrast phases are (U,Zr)(Al,Si)3. The lamellar structure of eutectic components is transforming into small spheroid
precipitates.
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ing in samples 1 and 3 while it remained constant in sample 6. The
lattice parameters belonging to the U(Al,Si)4 and Al(Si) phases are
invariant during the annealing.

Zirconium content is not detectable in the small spheroid pre-
cipitates within the eutectic zone by EDS composition
measurements.

EPMA measurements were performed over the heat treated
samples. The procedure consisted in obtaining one punctual mea-
Fig. 8. X-ray diffraction patterns of annealed alloys.
surement every 2 lm along a 100 lm line across dendritic arms of
the primary phase and the matrix including the small spheroid
precipitates (Fig. 7). Thus, a dispersion of data is obtained since
measurements involve phases as well as interphases. The complete
set of composition values obtained was renormalized so as to con-
sider only the U, Al and Zr content and plotted in Fig. 9 on the ter-
nary phase diagram U–Al–Zr from Ref. [14] at 600 �C. In the same
diagram two-phase and three-phase fields involving Al(Si),
U(Al,Si)4 and (U,Zr)(Al,Si)3 are depicted according to compositions
from Ref [14]. We consider the U–Al–Zr phase diagram to be rep-
resentative of the quaternary diagram as all samples have the same
Si content, which is small enough to consider that the quaternary
diagram will exhibit the same phases that appear in the ternary
diagram though with slights changes in composition.

Measurements on alloy 3 (Fig. 9(b)) give values for composi-
tions of the three phases Al(Si), U(Al,Si)4 and (U,Zr)(Al,Si)3. More-
over, there are measurements involving the three possible
interphases, being Al(Si)/U(Al,Si)4; U(Al,Si)4/(U,Zr)(Al,Si)3 and
Al(Si)/(U,Zr)(Al,Si)3. Scheme in Fig. 10(a) depicts the morphology
of the phases structure according to these results. The (U,Zr)(Al,Si)3

primary phase transforms to U(Al,Si)4 throughout its periphery,
while the (U,Zr)(Al,Si)3 precipitates emerging from the univariant
reaction do not transform due to their higher Zr content. Disper-
sion of measurements thus results in a delimitation of the three-
phase region Al(Si) + U(Al,Si)4 + (U,Zr)(Al,Si)3.

Keeping this analysis in mind, results from measurements on
alloy 1 (Fig. 9(a)) can be understood as depicted in Fig. 10(b). The
interphase Al(Si)/(U,Zr)(Al,Si)3 is not found since the (U,Zr)(Al,Si)3

precipitates formed during the univariant reaction transform to
U(Al,Si)4 throughout its periphery so abundantly that the
(U,Zr)(Al,Si)3 phase cannot be measured alone.
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Measurements trends in alloy 6 (Fig. 9(c)) fail to exhibit the
interphase (U,Zr)(Al,Si)3/U(Al,Si)4. This is because the primary
phase (U,Zr)(Al,Si)3 as well as the (U,Zr)(Al,Si)3 precipitates formed
during the univariant reaction have already a Zr content close to
the equilibrium one and does not transform to U(Al,Si)4. The
U(Al,Si)4 measured in this sample comes from the precipitates in-
volved in the final eutectic three-phase component.

Finally, two-phase and three-phase fields are established in the
equilibrium phase diagram. Measurements in the heat treated
samples from alloys 1 and 3 lie within the three-phase region Al(-
Si) + U(Al,Si)4 + (U,Zr)(Al,Si)3, while the heat treated sample from
alloy 6 belongs to the two-phase region Al(Si) + (U,Zr)(Al,Si)3.

We can now account for the silicon contents in the various
phases. A plot of zirconium and silicon content in heat treated sam-
Table 3
Lattice parameters of observed phases and (U,Zr)Al3 composition in annealed alloys. EPMA

Sample Lattice parameter (nm) (±5 � 10(�4) nm)

(U,Zr)(Al,Si)3 U(Al,Si)4

1 0.424 a = 0.440
b = 0.625
c = 1.373

3 0.424

6 0.422

Fig. 9. Composition measurements (EPMA) in the heat treated alloys: (a) sample 1,
superimposed in the aluminum rich corner of the ternary Al–Zr–U equilibrium phase di
UAl3.
ples 1, 3 and 6 versus distance along a line across the dendritic
arms and the matrix can be found in Fig. 11(a)–(c). It can be noted
that the compositional profile of both elements shows an oscilla-
tion along the line, increasing or lowering its respective content
values in phase. Since zirconium was mainly found in the
(U,Zr)(Al,Si)3 phase, as it was concluded from the analysis of the
pseudo-ternary equilibria of Fig. 9, this effect can be seen as an evi-
dence of mutual solubility of Si and Zr in the (U,Zr)(Al,Si)3 phase.

This analysis is in keeping with the results from XRD shown
in Table 3, where it can be observed that the estimation for zir-
conium content in the (U,Zr)(Al,Si)3 phase by means of our XRD
results and the calibration curve (Fig. 4) compare well with
those of the composition measurements by EPMA. An agreement
within experimental uncertainty is found. Estimations from XRD
and XRD measurements.

(U,Zr)(Al,Si)3

Al(Si) XRD EPMA
Zr content (at.%) Composition (at.%)

0.405 (4.2 ± 0.7) –
(4.2 ± 0.7) (74.9 ± 0.7)Al

(21.5 ± 0.6)U
(3.3 ± 0.4)Zr
(0.30 ± 0.01)Si

(6.9 ± 0.7) (76.1 ± 0.2)Al
(16.9 ± 0.9)U
(6.8 ± 0.9)Zr
(0.20 ± 0.08)Si

(b) sample 3 and (c) sample 6. Quaternary compositions are renormalized to be
agram at 600 �C from Ref. [14]. (U,Zr)(Al,Si)3 is denoted as its terminal phase name



Fig. 10. Schematic depiction of phase’s morphology in the heat treated alloys showing the diameter of the electron beam (dark circle) in relation to the size of phases and
interphases. (a) Sample 3 and (b) sample 1.

Fig. 11. Zirconium and silicon composition profile along a line across the dendritic arms and the matrix in the heat treated alloys. (a) Sample 1, (b) sample 3 and (c) sample 6.

Table A1
Impurity content of Zr (wt ppm) by chemical analysis.

Al B C Ca Cd Cl Co Cr Cu Fe H Hf

<20 <0.25 27–34 <10 <0.25 <5 <10 <50 <10 105–170 <3 69–105

Mg Mn Mo N Na Nb Ni O P Pb Si Sn

<10 <25 <10 <20 <5 <50 <35 400–440 <3 <25 <10 <10

Ta Ti U V W

<50 <25 <1 <25 <25
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Table A2
Impurity content of U (wt ppm) by spectrographic analysis.

Al Mn Cr Fe Mo Mg Cu Si Ti Co Ni Ca

<10 12 <4 27 <3 60 6 24 <4 <3 <6 100
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confirm thermal stability of the primary phase (U,Zr)(Al,Si)3 in
alloy 6 with the same 7 at.% Zr content in as-cast and heat trea-
ted samples, while the (U,Zr)(Al,Si)3 composition in alloys 1 and
3 evolves towards equilibrium with the heat treatment, increas-
ing Zr content. Since the (U,Zr)(Al,Si)3 phase is surrounded by
the Al matrix with negligible Zr and Si content, the increment
in the Zr and Si concentration is only possible by a migration
of the Zr and Si atoms from the periphery towards the inner
zones of the primary phase. The loss of mass is compensated
by the movement of Al atoms, which causes the formation of
UAl4 in the periphery.

In order to examine the synergetic effect of both Zr and Si alloy-
ing elements on the thermodynamic stability of the UAl3 phase, we
state the following hypothesis: the enthalpy of mixing for the qua-
ternary phase (U,Zr)(Al,Si)3 in the three-phase equilibrium field
Al + U(Al,Si)4 + (U,Zr)(Al,Si)3 can be estimated, at first approxima-
tion, as the composition-weighed average of the end members
(U,Zr)Al3 and U(Al,Si)3 in the same three-phase equilibrium field.
Petzow [14] reported the composition (19U 6Zr 75Al) for the
(U,Zr)Al3 phase in the three-phase field Al + UAl4 + (U,Zr)Al3 and
Dwight [16] reported the composition (25U 71Al 4Si) for the
U(Al,Si)3 phase in the three-phase field Al + UAl4 + U(Al,Si)3, both
at 600 �C. Then, formation energy EF of a quaternary (U,Zr)(Al,Si)3

intermediate compound should be such that:

EFðCUU CZrZr CAlAl CSiSiÞ ¼ t EFð19U 6Zr 75AlÞ
þ ð1� tÞEFð25U 71Al 4SiÞ;

where Cx stands for composition of element X and 0 < t < 1.
Solving this equation for the silicon and zirconium composi-

tions in at.%, CSi and CZr, we have:

CSi ¼ 4� 2
3

CZr:

Our result of (74.9Al 21.5U 3.3Zr 0.3Si) for the (U,Zr)(Al,Si)3 in
the three-phase field Al(Si) + U(Al,Si)4 + (U,Zr)(Al,Si)3 gives
CSi ¼ 0:3hh4� 2

3 3:3 ¼ 1:8: This means that a lower content of silicon
than the one predicted in the interpolation is needed to stabilize
(U,Zr)(Al,SI)3 against the U(Al,Si)4 compound. The Zr and Si bonds
thus play a significant role in the reduction of the enthalpy of mix-
ing in the compound (U,Zr)(Al,Si)3. This finding is also in agreement
with the presence of several line compounds in the binary Zr–Si
phase diagram [18].

4. Conclusions

According to previous knowledge the ternary (U,Zr)Al3 and
U(Al,Si)3 phases do not partially transform to UAl4 at 600 �C when
Zr and Si content is higher than 6 at.% (7.7 wt%) and 4 at.%
(1.4 wt%), respectively. Our analysis of samples of the quaternary
U–Al–Zr–Si alloys stabilized for 1000 h at 600 �C reveals that the
necessary Zr and Si content to inhibit the transformation of the
quaternary (U,Zr)(Al,Si)3 to UAl4 can be reached with the combina-
tion of 3.3 at.% Zr and 0.3 at.% Si. This pair of values does not com-
ply with the relationship CSi ¼ 4� 2

3 CZr predicted for the ideal
mixing of the (U,Zr)Al3 and U(Al,Si)3 phases, thus showing that
the Zr and Si bonds play a significant role in the reduction of the
enthalpy of mixing in the compound (U,Zr)(Al,Si)3.
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Appendix A

See Tables A1 and A2.
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