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h i g h l i g h t s
� Formation energies of eight point defects in the four sublattices were calculated.
� Point defect concentrations were calculated as function of temperature and stoichiometry.
� The aluminum antisite is the constitutional point defect on the Al-rich side.
� On the Al-rich side, the dominant thermal defect is an interbranch defect.
� On the Al-rich side, Al atoms probably diffuse by the antisite bridge mechanism.
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a b s t r a c t

The point defect structure of intermetallic compound oI20 UAl4 is investigated using a combination of
the statistical mechanical WagnereSchottky model and first-principles calculations within a projector
augmented wave pseudopotential method in conjunction with the generalized gradient approximation.
The formation energies of eight point defects were calculated taking into account the four sublattices.
The point defect concentrations are calculated as function of temperature and deviation from stoichi-
ometry. Our results show that the aluminum antisite is the constitutional point defect on the Al-rich side.
At this off-stoichiometric side the dominant thermal defect is an interbranch defect where four
constitutional antisite aluminum atoms are replaced by five uranium vacancies. The point defect effective
formation energies are obtained and these results allow us to identify the antistructure bridge mecha-
nism as the most probable for the diffusion for Al atoms in the Al-rich UAl4 intermetallic compound.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Fuel cores for nuclear research and test reactors are aluminum
matrix composites constituted of uranium alloys such as UAlx
(mainly UAl3) or U3Si2 dispersed in aluminum powder [1,2]. g-
U(Mo) alloys are now considered as the most promising candidates
for the fuel core conversion of those research and test reactors
currently using highly-enriched uranium (HEU) to low-enriched
uranium (LEU) [3,4]. Therefore, reactions between U alloys and Al
alloys are of great technical interest. The U-Al binary system has
been extensively studied; it comprises three intermetallic com-
pounds, viz. UAl2, UAl3, and UAl4 ([5] and references therein).

In a previous work [6] we have satisfactorily simulated the
misi�on Nacional de Energía
uenos Aires, Argentina.
).
growth of UAl4 phase in an UAl3/Al diffusion couple. We built a
thermodynamic database using data from the literature and a ki-
netic database by adjusting parameters from reported experi-
mental growth of the UAl4 phase at different temperatures.
Thermodynamic and kinetic databases were constructed that could
be read with ThermoCalc [7] and DICTRA [8] packages. The UAl4
compound was treated as a phase with solubility and assessed with
a two-sublattice model where one sublattice is occupied by the Al
atoms and the other by U atoms and Al antisites, no vacancies were
considered. However, there is a controversy concerning the struc-
ture of point defects in the UAl4 compound. To further improve our
simulation, we have decided to clear this matter up.

Borie [9] has determined the crystallography of UAl4 as body-
centered orthorhombic, space group I2ma or Imma, from the
analysis of X-ray diffraction patterns (XRD) and he obtained
composition values in this phase between 81.8 and 83.1 at.% Al by
chemical analysis. He also reported a density value for the
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compound of (5.7 ± 0.3) g/cm3, while a perfect crystal should give a
value of 6.1 g/cm3. On this basis he postulated the existence of
constitutional defects, U vacancies or Al substitutionals at U sites.

Some years later, Runnalls and Boucher [10] extended the
research on the defect structure of the compound. They measured a
density of (5.6 ± 0.1) g/cm3. This low value was explained by the
argument that some uranium sites are unoccupied. They also
pointed out the occurrence of a transformation by nucleation and
growth mechanism at 646 �C from their thermal analysis. It was
attributed to a rearrangement or clustering of vacancies, trans-
forming the high temperature b phase where the vacancies are
randomly distributed into the a phase. The authors commented
that little or no shift in uranium atom positions accompanied the
transformation, but a movement of vacancies from aluminum to
uranium sites could occur, since diffraction method was insensitive
to aluminum positions.

Afterwards, Zenou et al. [11] analyzed powder XRD data of a
UAl4 sample with Rietveld refinement finding a good agreement
when U occupancy is 90%, the amount of U vacancies was also
confirmed by standard energy dispersive spectroscopy
(81.5 ± 0.5 at % Al) and density (5.6 g/cm3) measurements. How-
ever, Tougait and No€el [12] reported a similar work with the
conclusion that the compound has a fully stoichiometric formation.

UAl4 is finally assessed as an aluminum enriched compound
with a homogeneity range between 80 and 82.8 at% Al which forms
by a peritectic reaction between UAl3 and liquid Al at 732 �C and a
composition of 81.8 at% Al [13], and orthorhombic D1b structure
(oI20, space group 74) exhibiting a polymorphic transformation
Ub 4 Ua at 646 �C [14].

To our best knowledge neither experimental nor theoretical
investigations of the point defects energies and concentrations
have been performed in the UAl4 compound. We have recently
reported [15] a thorough first principles study of UAl4 atomic,
electronic and magnetic configuration, together with an analysis of
U and Al vacancies and antisites stability and electronic rear-
rangement taking into account the three possible aluminum sites
according to Imma space group. In this paper, we use those results
to estimate the energy of formation of point defects in the UAl4
compound which we afterwards insert in a statistical thermody-
namics formalism within the canonical ensemble [16,17] to predict
equilibrium defect concentrations as a function of the alloy
composition and temperature. As it will be shown, our calculations
provide unambiguous support for the experimental results con-
cerning the type of structural defects in the UAl4 compound.

2. Method

In the following, we shall consider the UAl4 ordered alloy which
consists of four sublattices (U;Al1;Al2 ;Al3) corresponding to the
lattice sites defined for the oI20 UAl4 structure. Interstitials are not
usually considered in studies of point defects in intermetallics,
although some antecedents exist in the literature. The importance
of self-interstitials in the equilibrium concentration of point defects
has been detected recently in compounds with structures D519
(Ni2Al3) [18,19], D88 (Si3Ti5) [20] and D011 (NiAl3) [21]. In a subse-
quent section of this work we discussed the critical errors in the
modelling of the UAl4 phase thermodynamics without accounting
for such defects.

The before mentioned sublattices sites may be occupied by one
of the three species uranium, aluminum or vacancies (v). If N is the
number of lattice sites, then the number of sublattice sites is
NU ¼ NAl2 ¼ N Al3 ¼ N/5 and N Al1 ¼ 2N/5 where the superscript
denotes the sublattice. In this way, each sublattice is occupied by nri
atoms or vacancies (r ¼ U;Al1;Al2 ;Al3 and i ¼ U;Al;v). There are
therefore three species for which the atomic concentrations on
each sublattice are defined with respect to the total number of U
and Al atoms Nat ¼ nU þ nAl as xri ¼ nri =Nat .

Within the frame of canonical ensemble the number of U and Al
atoms is kept fixed but the total number N of lattice sites is variable
and then the net concentration of vacancies xv ¼ nv=Nat ¼

P
rx

r
v is

also variable. The twelve atomic concentrations have to satisfy the
following six constrains. The sum rule for concentrations on each
sublattice given by:
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ix
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i ¼ U;Al; v r ¼ U;Al1;Al2;Al3 (1)

and the fixed atomic concentrations xU and xAl given by:

X
rx

r
isv ¼ xi i ¼ U;Al r ¼ U;Al1;Al2;Al3 (2)

However, among the Equations (1) and (2) only five are inde-
pendent. We then choose the whole set (1) and the equation cor-
responding to xAl in the set (2).

According to the Wagner-Schottky model [22], the formation
enthalpy (per atom) of an UAl4 alloy with defects can bewritten as a
linear function of point defect concentrations

DHd
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X

i;rH
r
i x
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i with HU

U ¼ HAl1
Al ¼ HAl2

Al ¼ HAl3
Al ¼ 0

(3)

DH0
UAl4

is the formation enthalpy of perfect, defect free UAl4, and Hr
i

are the defect formation enthalpies to be determined from first
principles.

Assuming random distribution of point defects, the configura-
tional entropy (per atom) is calculated using the mean-field
approximation as
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(4)

The concentrations of all the point defects in thermodynamic
equilibrium can now be rigorously obtained through the minimi-
zation of the Gibbs free energy of the system: DG ¼ DHf � TDSconf.
By differentiating the Gibbs energy with respect to the twelve
unknowns and introducing five Lagrange multipliers correspond-
ing to the chosen constrains (1) and (2), we obtain twelve equations
involving the equilibrium atomic concentrations (b ¼ 1/kBT):

55xUv
�
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�2
xAl2v xAl3v

22ð1þ xvÞ5
¼ exp

�
� b

�
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(5a)
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v
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Fig. 1. Enthalpies of formation of the supercells 2 � 2 � 1 ( ) and 3 � 2 � 1 ( )
containing one defect.

Table 1
First-principles calculated formation enthalpies Hr

i of isolated point defects in oI20
UAl4.

Point defect type Designation Hr
i (kJ/mol) Hr

i (eV/atom)

Al antisite AlU 164 1.70
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xUv x
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xAl ¼
4
5
þ xUAl � xAl1U � xAl2U � xAl3U þ 1
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(5h)

xUU ¼ 1
5

�
1� 4xUv þ xAl1v þ xAl2v þ xAl3v

�
� xUAl (5i)

xAl1Al ¼ 2
5

�
1þ xUv � 3

2
xAl1v þ xAl2v þ xAl3v

�
� xAl1U (5j)

xAl2Al ¼ 1
5

�
1þ xUv þ xAl1v � 4xAl2v þ xAl3v

�
� xAl2U (5k)

xAl3Al ¼ 1
5

�
1þ xUv þ xAl1v þ xAl2v � 4xAl3v

�
� xAl2U (5l)

A numerical solution of Eqs. (5a) e (5l) gives the equilibrium
defect concentrations in UAl4 at a given temperature and aluminum
concentration xAl. For displaying the results, it is more convenient
to use the deviation from stoichiometry d defined by:

xAl ¼ 4=5þ d or xU ¼ 1=5� d (6)

A first-principles supercell approach was employed to obtain
the formation enthalpies of isolated point defects in UAl4. We use
both 80 and 120 atom supercells, each containing a single point
defect. Details of all density functional theory (DFT) [23,24] calcu-
lations within the Vienna Ab initio Simulation Package (VASP)
[25,26] used in the present work were described in a previous
paper [15].

Supercell total energies (ET) from spin-polarized first principles
calculations were used to obtain the formation energies DEf of
UmAln compounds as:

DEf ðUmAlnÞ ¼ ETðUmAlnÞ �mETðUÞ � nETðAlÞ
mþ n

The reference states were pure U in the orthorhombic oC4
structure and pure Al in the cubic cF4 structure. The contribution of
the pressureevolume term to the formation enthalpy of UmAln
compounds at ordinary pressure is very small [16,17]. In the next
sections we shall neglect this effect and consider that the defect
formation enthalpies are equivalent to the defect formation
energies.
U antisite1 UAl1 53 0.55
U antisite2 UAl2 46 0.47
U antisite3 UAl3 68 0.71
U vacancy vU 174 1.81
Al vacancy1 vAl1 124 1.29
Al vacancy2 vAl1 190 1.97
Al vacancy3 vAl1 191 1.98
3. Results and discussion

3.1. Point defect formation enthalpies

At T¼ 0 K, the point defect structure of an ordered compound is
solely governed by enthalpy, and the point defects stable at this
temperature are called constitutional defects.

In Fig. 1, the calculated formation enthalpies of off-
stoichiometric UAl4 alloys containing each of the eight possible
types of point defects, the four antisites (xUAl; x

Al1
U ; xAl2U and xAl3U ) and

the four vacancies (xUv ; x
Al1
v ; xAl2v and xAl3v ), are plotted as different

branches [15]. The branch giving the lowest formation enthalpy
corresponds to the most stable defect structure; Fig. 1 thus shows
that the constitutional point defects in Al-rich and U-rich UAl4 are
AlU antisites and UAl2 antisites, respectively.

A linear relationship between DHd
UAl4

and xAl as shown in Fig. 1 is
predicted from Eqs. (3) and (5h) for each type of point defect. So,
the defect formation enthalpies Hr

i can be obtained from Fig. 1
slopes and they are listed in Table 1, for the eight point defects in
UAl4. These results were recently used to validate Modified
Embedded Atom Method (MEAM) interatomic potentials fitted for
Al and Al-U binary system [27].

Samples of UAl4 characterized by other researchers were pre-
pared by a peritectic reaction UAl3 þ liquid Al / D UAl4 not
completed [9e12] and so, the microstructure of the cast sample
always consisted of two phases in equilibrium, UAl4 and Al.
Therefore and according to our results, the characterized samples
would be Al rich alloys containing mainly AlU antisites. Taking this
assumption, the ends of the range of densities measured (5.6 and
5.7 g/cm3) and the volume of the unit cell reported by Refs. [12], we
can predict a range of compositions for UAl4 between 82.7 and
82.1 at.% Al which is in agreement with the reported range of
measured compositions for the compound. This raw calculation can
be done more accurate if all point defect concentrations at finite
temperature are included.
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The possibility of self interstitial occupancy has been analyzed,
as they could deserve the addition of more sublattices to our model.
As it was shown by Boucher [28], the UAl4 structure can be pre-
sented as composed by blocks of five original UAl3 (1 1 0) planes
piled along the UAl4 〈0 0 1〉 axis with a reflection and a displace-
ment of half a lattice parameter along <0 1 0> direction between
blocks. In Fig. 2 the blocks are visually indicated by planes
perpendicular to the z axis. Within blocks, the interstitial sites
belong to the L12 (UAl3) structure and they are named as 8i and 16j
following the Wyckoff positions of the space group No. 74. At the
reflection plane and in the 〈100〉 direction there appear two
channel structures each surrounded by six rows of atoms (see
Fig. 2a). In one channel, the rows contain only aluminum atoms. In
the other channel, two rows containing only uranium atoms
replace aluminum rows at both sides of the reflection plane. On the
axis of both channels there are Wyckoff positions of the space
group No. 74. These places look enough open so as to house
interstitial atoms; we called them also with its Wyckoff position
name i.e., 4d and 4c. Geometrical calculations were carried out in
which the following Wigner-Seitz volumes of the proposed in-
terstitials sites were obtained: 5.47 Å3 (8i); 5.52 Å3 (16j); 5.59 Å3

(4c) and 5.75Å3 (4d). As expected the sites 4c and 4d arewider than
the own sites of the structure L12, however all of them are about a
third of the Wigner-Seitz volume of an aluminum atom in
aluminum metal (16.52 Å3). On the other hand, the Wigner-Seitz
volume of a uranium atom in uranium metal is 20.75 Å3 and then
both antisites can be formed as our ab-initio calculations have
shown. This discussion warns that the energy of formation of these
self interstitials would be greater than that of the antisites and
therefore, the influence of self interstitials on the thermodynamics
of defects would be negligible as it was considered in this paper. Of
course the issue must be clarified with ab-initio calculation of the
energy of formation of these self-interstitials.
3.2. Defect concentrations

From the results in the precedent paragraph along with Eqs (5h)
and (6), the concentrations of constitutional point defects consxri in
the state of maximum ordering in off-stoichiometric UAl4 are:

d>0/consxUAl ¼ d (7a)

for Al-rich region; and
Fig. 2. Proposed interstitials sites in the oI20 (UAl4) structure. a)
d<0/consxAl2U ¼ jdj (7b)

for U-rich region.
The thermal point defects thxri appear at finites temperatures in

addition to the constitutional point defects. Since the alloy
composition is fixed, the condition given by Eq. (5h) rules the total
number of point defect concentrations. In particular, the total point
defect concentrations of the same type as the constitutional point
defects given by

xUAl ¼ consxUAl þ thxUAl (8a)

xAl2U ¼ consxAl2U þ thxAl2U (8b)

can be a positive number evenwhen their thermal concentration is
a negative number (as in the case of annihilation of defects with
increasing temperature). Instead of this, for all other kind of point
defects the total and thermal concentrations are equal.

Substituting Eqs. (6)e(8) into Eq. (5h) the condition for the
thermal point defect concentrations becomes:

thxUAl � thxAl1U � thxAl2U � thxAl3U þ 1
5

�
4thxUv � thxAl1v � thxAl2v

� thxAl3v

�

¼ 0 (9)

It follows from Eq. (9) that thermal defects are only possible as
combinations of point defects with the constraint of composition
(composition-conserving defect (CD) [29]).

There are twelve simplest CD consisting of two types of point
defects which can be thermally activated in the maximally ordered
alloy of any composition including the defect-free stoichiometric
alloy. These can be obtained from Eq. (9) considering the case when
all the thermal point defect concentrations are positive numbers.
Table 2 lists the reactions together with their reaction enthalpies
calculated from the formation enthalpies Hr

i of isolated point de-
fects in Table 1.

As mentioned above, the thermal point defect concentrations of
the same type as the constitutional point defects can be negative
numbers and there are additional possibilities to satisfy Eq. (9) by
replacing the constitutional antisites by vacancies or other types of
antisites. This means that the formation of a defect between
View in the 〈100〉 direction, b) View in the 〈010〉 direction.



Table 2
Calculated formation enthalpies HD of typical composition-conserving defects in UAl4. Nd is the number of point defects generated through the reaction.

Reaction Enthalpy Equilibrium equation Hd (eV) Hd/Nd (eV/def)

0 / UAl1 þ AlU H2D1 ¼ HU
Al þ HAl1

U
xUAlx

Al1
U

xAl1Al x
U
U
¼ expf�bH2D1g 2.25 1.12

0 / UAl2 þ AlU H2D2 ¼ HU
Al þ HAl2

U
xUAlx

Al2
U

xAl2Al x
U
U
¼ expf�bH2D2g 2.17 1.09

0 / UAl3 þ AlU H2D3 ¼ HU
Al þ HAl3

U
xUAlx

Al3
U

xAl3Al x
U
U
¼ expf�bH2D3g 2.40 1.20

0 / vU þ 4vAl1 H5D1 ¼ HU
v þ 4HAl1

v
55xUv ðxAl1v Þ4xAl2Al x

Al3
Al

22ð1þxvÞ5ðxAl1Al Þ
2 ¼ expff�bH5D1gg 6.96 1.39

0 / vU þ 4vAl2 H5D2 ¼ HU
v þ 4HAl2

v
55xUv ðxAl2v Þ4ðxAl1Al Þ

2xAl3Al

22ð1þxvÞ5ðxAl2Al Þ
3 ¼ expf�bH5D2g 9.68 1.94

0 / vU þ 4vAl3 H5D3 ¼ HU
v þ 4HAl3

v
55xUv ðxAl3v Þ4ðxAl1Al Þ

2xAl2Al

22ð1þxvÞ5ðxAl3Al Þ
3 ¼ expf�bH5D3g 9.74 1.95

0 / AlU þ 5vAl1 H6D1 ¼ HU
Al þ 5HAl1

v
55xUAlðxAl1v Þ5xAl2Al x

Al3
Al

22ð1þxvÞ5ðxAl1Al Þ
3 ¼ expf�bH6D1g 8.14 1.36

0 / AlU þ 5vAl2 H6D2 ¼ HU
Al þ 5HAl2

v
55xUAlðxAl2v Þ5ðxAl1Al Þ

2xAl3Al

22ð1þxvÞ5ðxAl2Al Þ
4 ¼ expf�bH6D2g 11.54 1.92

0 / AlU þ 5vAl3 H6D3 ¼ HU
Al þ 5HAl3

v
55xUAlðxAl3v Þ5ðxAl1Al Þ

2xAl2Al

22ð1þxvÞ5ðxAl3Al Þ
4 ¼ expf�bH6D3g 11.62 1.94

0 / 4UAl1 þ 5vU H9D1 ¼ 4HAl1
U þ 5HU

v
55ðxUv Þ5ðxAl1U Þ4xAl2Al x

Al3
Al

22ð1þxvÞ5ðxUU Þ4ðxAl1Al Þ
2 ¼ expf�bH9D1g 11.24 1.25

0 / 4UAl2 þ 5vU H9D2 ¼ 4HAl2
U þ 5HU

v
55ðxUv Þ5ðxAl2U Þ4ðxAl1Al Þ2xAl3Al

22ð1þxvÞ5ðxAl2Al Þ
3ðxUU Þ4

¼ expf�bH9D2g 10.93 1.21

0 / 4UAl3 þ 5vU H9D3 ¼ 4HAl3
U þ 5HU

v
55ðxUv Þ5ðxAl3U Þ4ðxAl1Al Þ2xAl2Al

22ð1þxvÞ5ðxUU Þ4ðxAl3Al Þ
3 ¼ expf�bH9D3g 11.87 1.32

Table 3
Calculated formation enthalpies HD of interbranch defects reactions. Nd stands for the number of defects generated through the reaction.

Reaction Enthalpy Equilibrium equation Hd (eV) (eV) Hd/Nd (eV/def)

4AlU / 5vU HIU ¼ 5HU
v � 4HU

Al
55ðxUv Þ5ðxAl1Al Þ

2xAl2Al x
Al3
Al

22ð1þxvÞ5ðxUAlÞ
4 ¼ expf�bHIUg 2.25 0.45

UAl2 / 5vAl2 HIAl2 ¼ 5HAl2
v � HAl2

U
55ðxAl2v Þ5ðxAl1Al Þ

2xAl3Al x
U
U

22ð1þxvÞ5xAl2U ðxAl2Al Þ
3 ¼ expf�bHIAl2g 9.37 1.87

UAl2 / 5vAl3 HIAl23 ¼ 5HAl3
v � HAl2

U
55ðxAl3v Þ5xUU ðxAl1Al Þ

2ðxAl2Al Þ
2

22ð1þxvÞ5xAl2U ðxAl3Al Þ
4 ¼ expf�bHIAl23g 9.37 1.87

UAl2 / 5vAl1 HIAl21 ¼ 5HAl1
v � HAl2

U
55ðxAl1v Þ5xUU ðxAl2Al Þ2xAl3Al

22ð1þxvÞ5xAl2U ðxAl1Al Þ
3 ¼ expf�bHIAl21g 5.97 1.19

UAl2 / UAl3
HIAl2Al3 ¼ HAl3

U � HAl2
U

xAl3U xAl2Al

xAl2U xAl3Al
¼ expf�bHIAl2Al3g 0.23 0.23

UAl2 / UAl1
HIAl2Al1 ¼ HAl1

U � HAl2
U

xAl1U xAl2Al

xAl2U xAl1Al
¼ expf�bHIAl2Al1g 0.08 0.08
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branches is accompanied by the annihilation of the constitutional
defect. This type of CD is called interbranch defect [24]. The point
defect reactions leading to interbranch CD in UAl4 are shown in
Table 3 for the both Al-rich and U-rich regions.

Both Tables 2 and 3 include the equilibrium relationship be-
tween concentrations of point defects involved in each reaction.
These equilibrium relations are obtained from the equilibrium
Equation (5) after suitable algebraic calculations.

A comparison between the values of formation enthalpies by
defect in Tables 2 and 3 allows us to decide about the most favor-
able defects reactions. For the stoichiometric compound only the
reactions in Table 2 can be chosen, so the dominating reaction is
H2D2 where the thermal defect made up of the antisites AlU and UAl2

is formed from the perfect crystal. In the rich uranium zone the
most favorable reaction is HIAl2Al1, the thermal defect is in conse-
quence an interbranch defect where a UAl2 antisite is replaced by a
UAl1 antisite. In the rich aluminum zone themost favorable reaction
is HIU, and the thermal defect is an interbranch where four antisite
aluminum atoms are replaced by five uranium vacancies.

Fig. 3 presents the point defect concentrations in UAl4 as func-
tion of composition at 823 K and 1000 K. These results are obtained
by solving the set of Eqs. (5a)e (5l) with the values of the formation
enthalpies Hr

i of isolated point defects in Table 1. The resolution is
performed by successive iterations from a realistic initial guess of
the defect concentrations until the required precision is reached. As
expected from our previous analysis, the constitutional point defect
is the predominant defect in the off-stoichiometric zone and the
predominant thermal defect is that coming from themost favorable
defect reaction in that composition zone. For example, in the rich
uranium zone the predominant point defects are the UAl2 antisites
followed by the UAl1 antisites. The downward sequence of the other
thermal defect concentrations is harder to predict due to the re-
lationships between the different CD’s. In the next paragraph we
discuss these relationships in the context of the effective defect
formation energy concept.

Now we can return to the discussion about the density of the
compound UAl4. A rigorous formula for the density of UAl4
including concentrations of point defects is as follows

r ¼ 20
NAVcellð1þ xvÞ ðxAlMAl þ xUMUÞ

where NA is the Avogadro number, Vcell is the unit cell volume, MAl

andMU the atomicmass. From Fig. 3 is clear that the amount of total
vacancy concentration is always negligible in front to the unit, so
the density is dominated by the antisite defect concentration as
was discussed before.



Fig. 3. Equilibrium point defect concentrations xd as a function of Al composition at (a) T ¼ 823 K. (b) T ¼ 1000 K.

Fig. 4. Arrhenius plot of equilibrium point defect concentrations xd; symbols: calculated using the set of and ; lines: estimated with the values of effective defect enthalpy given in
Table 4.

Table 4
Values of the effective enthalpies and pre-exponential factors or the Arrhenius law of point defects concentrations in stoichiometric and Al-rich UAl4 compound.

Defect d ¼ 0.0 Defect d ¼ 0.031

Heff
d (eV) x∞d Heff

d (eV) x∞d

Numa aproxb numa aproxb numa aproxb numa aproxb

AlU 1.10 1.10 0.32 0.35 AlU 0.00 0.00 0.03 0.03
UAl2 1.07 1.07 0.13 0.12 vU 0.45 0.45 0.04 0.05
UAl1 1.15 1.14 0.25 0.23 vAl1 1.63 1.63 0.58 0.58
vU 1.33 1.33 0.29 0.31 UAl2 2.17 2.17 1.11 1.29
UAl3 1.31 1.30 0.13 0.12 UAl1 2.25 2.25 2.23 2.58
vAl1 1.41 1.41 0.36 0.36 UAl3 2.41 2.40 1.11 1.29
vAl2 2.09 2.09 0.18 0.18 vAl2 2.31 2.31 0.29 0.29
vAl3 2.10 2.10 0.18 0.18 vAl3 2.32 2.32 0.29 0.29

a Linear least squares fit of the xd values (symbols) in Fig. 4.
b Calculated using the analytical expressions given in Table 5.
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3.3. Effective defect enthalpies

The numerical resolution of the set of Eqs. (5a)e(5l) can be also
done at fix aluminum composition as a function of temperature. In
Fig. 4 we plot the defect concentrations obtained for the stoichio-
metric compound and for an aluminum rich off-stoichiometric
compound in the temperature range of 750 Ke1000 K. It can be
seen that the point defect concentrations in UAl4 do exhibit
Arrhenius temperature dependence. This pseudo Arrhenius law
allows us to obtain the effective formation enthalpies of isolated
point defects in UAl4 through a linear fit according to the rela-
tionship xd ¼ x∞d expf � Heff

d =ðkBTÞg. Our results are presented in



Table 5
Approximate analytical expressions of the effective enthalpies and pre-exponential
factors for the Arrhenius law of point defects concentrations in stoichiometric and
Al-rich UAl4 compound.

Defect d ¼ 0 Defect d > 0

Heff
d

x∞d Heff
d

x∞d

AlU H2D1þH2D2
4

ffiffiffi
3

p
5

AlU 0 d

UAl2
H2D2 � H2D1þH2D2

4
1

5
ffiffiffi
3

p vU HIU
5

ffiffiffiffi
d
4

5
5
q

UAl1
H2D1 � H2D1þH2D2

4
2

5
ffiffiffi
3

p vAl1 H6D1
5

2
5

ffiffiffiffi
5d5p

vU 1
5

	
H9D2 � 4

�
H2D2 � H2D1þH2D2

4

�

32=5

5
UAl2 H2D2 1

52d

UAl3
H2D3 � H2D1þH2D2

4
1

5
ffiffiffi
3

p UAl1 H2D1 2
52d

vAl1 1
5

�
H6D1 � H2D1þH2D2

4

�
2

5
ffiffiffi
310p UAl3 H2D3 1

52d

vAl2 1
5

�
H6D2 � H2D1þH2D2

4

�
1

5
ffiffiffi
310p vAl2 H6D2

5
1

5
ffiffiffiffi
5d5p

vAl3 1
5

�
H6D3 � H2D1þH2D2

4

�
1

5
ffiffiffi
310p vAl3 H6D3

5
1

5
ffiffiffiffi
5d5p
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Table 4. The introduction of effective defect enthalpy of formation
arises from the fact that the experimental data is frequently inter-
preted using a formalism based on the Arrhenius formula. Here-
inafter, the results for the uranium rich off-stoichiometric
compounds are omitted since they are not observed
experimentally.

If certain conditions are fulfilled, Eqs. (5a)e(5l) can be further
simplified to give approximate analytical solutions, which thus al-
lows for a direct interpretation of the physical meaning of the
effective defect formation energies. Specifically, such conditions
are: (i) in stoichiometric UAl4, we can see from Fig. 4a that the point
defect concentrations xUAl, x

Al1
U and xAl2U strongly dominates over the

entire temperature range and they are a product of the CD thermal
defects with enthalpies H2D1 and H2D2. Then, assuming negligible
the other concentrations of point defects and by using the equi-
librium equations H2D1 and H2D2 of Table 2, one obtains the
Arrhenius relationship for the dominant concentrations with the
effective enthalpies and pre-exponential factors listed in Table 5.
The other point defect concentrations are obtained using the
remaining equilibrium equations in a downward sequence given by
the values of the reaction enthalpies of Table 2. (ii) in the off-
stoichiometric compounds, as it can be seen in Fig. 4b, the con-
centration of the constitutional defect is much larger than those of
thermal defects and can be considered as temperature indepen-
dent. In addition, one employs the same methodology used in the
stoichiometric compound but should include the interbranch
defect HIU in the analysis.

All our derived analytical expressions for the connections be-
tween Heff

d and the formation enthalpies of the composition-
conserving and interbranch defects in UAl4 are presented in the
Table 5. We note that such analytical expressions give results in
excellent agreement with those obtained from numerical fitting
(see Table 4). Also, we conclude that the Heff

d in UAl4 generally
contain information of other point defects, not just defects of type
d. As a result, they no longer have the simple physical meaning as in
monoatomic crystals.
3.4. Migration

Based on our results, we can suggest that the aluminum rich off
stoichiometric UAl4 experimentally observed can be explained by
substitutional disorder at low temperatures. At higher tempera-
tures, two main reactions are predicted where the aluminum
antisite concentration is preserved by generating uranium and Al1
vacancies. If this is the case, diffusion by vacancies could only take
place by thermal vacancies mechanism, since no constitutional
vacancies would exist.

We can go back now to the growth of UAl4 phase in an UAl3/Al
diffusion couple. If we apply the Cu3Au rule [30], the mobile atom
should be Al as it is the majority element. This assumption is sup-
ported by experimental evidence as we have already analyzed in a
previous report [6]. The process would take place by diffusion of Al
atoms from Al to UAl3 side traveling along of the UAl4 compound.
Aluminum diffusion can be assumed to be related to vacancy
diffusion towards the opposite direction. Taking into account our
results, we analyze the possible vacancy migration mechanisms in
the UAl4 compound from the minimum jump distances and the
maximum probability of finding the defect complex created during
the jump [31].

From Fig. 4b) it is clear that for an aluminum rich off-
stoichiometric UAl4 compound in the temperature range of
750 Ke1000 K the main point defect concentrations are those for
AlU, vU and vAl1. These point defects are located on two sublattices
whose spatial arrangement is shown in Fig. 5a). This arrangement
looks like a channel with hexagonal wall running along the a axis.
The hexagonal wall is formed by two kinds of planes, one con-
taining only atoms of Al1 sublattice while the other contains atoms
of both Al1 and U sublattices (see Fig. 5b).

The next nearest-neighbor (NNN) jumps are between the Al1
sites while the nearest-neighbor (NN) jumps are between the Al1
and U sites. In the NNN jump, as shown in Fig. 6, exchanges of
atoms with vacancies are confined to the same sublattice so that
the diffusion of Al is independent of the concentration of point
defects other than vAl1. In the NN jumps the vacancies on one
sublattice exchange with the “normal” or “antistructure” (“anti-
site”) atoms on the other sublattice, then any operative diffusion
mechanism must contain a series of NN jumps that results in net
atom movements but also retains the degree of order of the ma-
terial. Defect complexes of various sizes will be created and
destroyed during this series of NN jumps. Therefore the diffusion
coefficients contributed by a specific mechanism should also be
proportional to the probability of finding those defect complexes
associated with the mechanism. Two recognized mechanisms
proposed for diffusion in intermetallic compounds [32,33] are
consistent with our results, namely, triple-defect (TD) mechanism
[34] and antistructure bridge (ASB) mechanism [26]. Graphical
representation of both mechanisms is also displayed in Fig. 6.

To a first approximation the probability of finding a two-defect
complex such as those of the TD and ASB mechanisms is propor-
tional to the product of the concentrations of these two defects.
Accordingly, the contribution to the diffusion of Al atoms from
these mechanisms should be

DAlðNNNÞ∝xvAl1 DAlðASBÞ∝xAlU � xvU DAlðTDÞ∝xvAl1

� xvU

The Fig. 7 shows the temperature dependence of DAl for the data
in Fig. 4b) (xAl ¼ 0.831 or d ¼ 0.031). As it can be seen, the contri-
bution of the ASB mechanism to the value of log (DAl) at every
temperaturewithin the range is much greater than that of the other
mechanisms. This means that the energy of diffusion of Al in the
compound should be at least equal to the effective formation
enthalpy of the uraniumvacancy given in Table 4. The calculation of
migration energies involved in the ASB mechanism will be the
subject of our next work.



Fig. 5. (a) Crystal structure of UAl4. Black circles denote the U sites and circles colored with dark gray shade indicate Al1 sites. The other Al sites are colored with light gray shade. (b)
Detail of the planes containing the next nearest-neighbor (gray bonding) and the nearest-neighbor (black-gray bonding) atom sites.

Fig. 6. Schematic presentation of the migration mechanisms proposed for Al diffusion in the aluminum rich off stoichiometric UAl4 intermetallic compound.

P.H. Gargano et al. / Journal of Nuclear Materials 478 (2016) 74e82 81
4. Conclusions

In this work, we have developed a defect statistical model in the
canonical ensemble for AB4 phases where four sublattices are
necessary to account for the structure of the phase and we applied
this model to the oI20 UAl4 phase. We obtained the formation
enthalpies of the eight possible point defects, vacancies and
antisites in each sublattice, from our already published ab initio
calculations of total energy of oI20 UAl4 supercells containing one
of the possible point defects. These values were used in a Wagner-
Schottky model to calculate the formation enthalpy of an UAl4 alloy
with defects.

Our results show that uranium antisite in the Al2 site and
aluminum antisite are the constitutional point defects on the Al-



Fig. 7. Contributions to the diffusion coefficient of Al atoms in terms of the NNN va-
cancy jump, ASB and TD mechanisms for the aluminum rich off-stoichiometric UAl4
intermetallic compound.
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depleted and Al-rich sides of stoichiometry, respectively. For stoi-
chiometric UAl4, the dominant thermal defect is made up of the
antisites AlU and UAl2. At both sides of stoichiometry the dominant
thermal defects are interbranch defects, in the rich uranium zone a
constitutional antisite uranium atom (UAl2) is replaced by an anti-
site uranium atom (UAl1) while in the rich aluminum zone four
constitutional antisite aluminum atoms (AlU) are replaced by five
uranium vacancies.

Finally, the point defects effective formation energies are ob-
tained for the stoichiometric as well as for the Al-rich off-stoi-
chiometric alloy. These results allow us to identify the antistructure
bridge (ASB) mechanism as the most probable for the diffusion for
Al atoms in the Al-rich UAl4 intermetallic compound. In our analysis
only the formation energy of the defect complexes that are required
for diffusion is considered. Moreover, it is assumed that the change
in the migration energy with the structure of the defect complexes
is lower than the change of the formation energy.
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