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Abstract
The electronic structures of the γ /γ ′ interface for two-phase Ir-based alloys
(Ir/Ir3Ta and Ir/Ir3Ti) have been investigated by performing first-principles
quantum mechanics DMol3 (a type of density functional theory for molecules)
calculations. The Mayer bond order (MBO) is used to represent the shear and
cohesion strengths of the interface by a local sum of the horizontal and vertical
MBOs. By comparison with those for single-crystal Ir, the results show that
both the cohesive and shear strengths of the γ /γ ′ interface for the Ir/Ir3Ta
alloy increase. The cohesive strength of the interface for the Ir/Ir3Ti alloy
increases, whereas the shear strength of the interface for Ir/Ir3Ti decreases. The
electron charge density, the Hirshfeld charge, and orbital charge transfers are
also calculated and analysed. An electronic mechanism for the γ /γ ′ interface
strength of Ir-based alloys is then suggested.

1. Introduction

Ni-based single-crystal (SC) superalloys used for turbine blades and vanes in modern
aeroengines are mainly characterized by two-phase γ /γ ′ structures, in which γ ′ precipitates
are coherently embedded in the γ matrix [1]. The temperature tolerance of current Ni-based
SC superalloys is approaching 1100 ◦C. Any further drastic improvement of this temperature
tolerance, however, would be difficult to achieve due to the relatively low melting point of Ni
(1450 ◦C) in comparison with refractory elements. In the past few decades, the demand for
high-efficiency, low-emission gas turbine technology has prompted the search for new materials
with even higher temperature tolerances than the state-of-the-art Ni-based SC superalloys.
Among the candidate materials,NiAl-based intermetallic compounds strengthened by coherent
Ni2AlTi precipitates [2], W-based HfC dispersion-hardening alloys [3], and Nb-based Nb3Al
precipitation-hardening alloys [4] exhibit high melting points, excellent oxidation resistance,
and low density. However, applications of those alloys are limited due to their poor room
temperature ductility. Recently, refractory Ir-based alloys have received increasing attention
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because of their high melting temperature and good oxidation resistance [5–7]. Like Ni-based
SC superalloys, Ir-based alloys have a two-phase γ /γ ′ structure, with γ ′ (L12) precipitates
coherently embedded in the FCC Ir γ matrix. According to binary phase diagrams of Ir–Ti and
Ir–Ta [8, 9], the FCC Ir is in equilibrium with L12 Ir3Ti and Ir3Ta intermetallic compounds,
respectively. Preliminary studies have shown that Ir-based alloys have attractive mechanical
properties for ultrahigh-temperature applications [6, 7].

It is known that both single-phase solid solution γ and γ ′ Ni3Al-based intermetallic
compounds are less resistant to creep deformation than two-phase γ /γ ′ superalloys [10].
The strength of two-phase γ /γ ′ alloys is not a simple linear sum of the strengths of the
individual γ matrix and γ ′ precipitates. The interface between these two phases also plays an
important role in controlling mechanical properties [11]. It is believed that the structure and
properties of the γ /γ ′ interface greatly affect the shape, size, and coarsening rate of the γ ′
precipitates, which in turn are major factors influencing creep rupture strength of the alloys.
Earlier experimental studies of Ir-based alloys were mainly focused on the microstructure and
compressive strength. Recently, the flow behaviour and creep properties of the alloys have
been investigated [12]. Considering the higher density (22.4 g cm−3) and limit on resources, it
is suggested that Ir-based alloys might be suitable for the aerofoil part of turbine vanes that is
exposed to the highest temperatures, and for the higher-temperature side of functional-gradient
composite materials in which Ni-based superalloys might be used for the lower-temperature
side [7]. Despite these efforts, however, little is known about the γ /γ ′ interface structures and
properties from the electronic structure point of view. Apparently, a complete understanding
of the interface properties requires knowledge from electronic structure calculations. This
paper presents our theoretical study of the electronic mechanism underlying the interface
strength. Quantum mechanics calculations have been performed using the DMol3 (a type of
density functional theory for molecules) molecular orbital approach. We start by calculating
Mayer bond orders (MBOs) to evaluate the γ /γ ′ interface strength. Then we proceed to
study the charge density distribution as well as charge transfer. The analysis includes the
total valence charge density, bonding charge density, Hirshfeld charge [13], Mulliken orbital
populations [14], and MBO [15]. An electronic mechanism responsible for the interface
strength of Ir/Ir3X (X = Ta, Ti) alloys is then suggested from examining the bond order (BO),
electronic structures, and charge density.

2. Computational method and model

We use a molecular cluster DMol3 approach to calculate the electronic structures of the model
system. In general, a molecular cluster approach is suitable for studying electronic properties
that are primarily a function of the local environment [16]. The double numerical basis set for
Ir, Ti, and Ta atoms, which contains a double-set valence function, is employed, as this has
proven to be very efficient in studying molecular cluster systems [16–18]. We use the frozen-
core approximation for Ir, Ta, and Ti atoms in the calculations. The degree of convergence
of the self-consistent iterations, measured by (rms) changes in the charge density, is set to
10−5, which allows the binding energy to converge to 10−5 Ryd. All calculations in the
present research are performed with the generalized-gradient approximation (GGA) proposed
by Perdew and Wang [19].

Figure 1 shows a 63-atom cluster model for the γ /γ ′ interface of two-phase Ir/Ir3X
(X = Ta, Ti) alloys. The cluster model consists of an upper Ir region and a lower Ir3X region,
representing the γ matrix and γ ′ precipitate in the two-phase alloys, respectively. In this
paper, we define the 1–1 layer as the lowest plane of the upper Ir region, while the 0–0 layer
is the highest plane of the Ir3X region. The 0–0 layer (x–y plane), as labelled in figure 1,
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Figure 1. The cluster model for DMol calculations. Open circles: Ir atoms; black circles: Ti or Ta
atoms. Numbers (1, 2, 3) in the cluster model represent inequivalent atoms based on the C4v point
group symmetry.

contains mixed Ir and X atoms, in which Ir atoms occupy the face-centre sites, while X atoms
occupy the corner sites. Inequivalent atoms in the cluster, as shown in figure 1, are denoted by
numerical labels based on the C4v point group symmetry of the cluster. The lattice constants
of the cluster are chosen to be equal for Ir (γ ) and Ir3X (γ ′), in view of the assumption of
complete interface coherence. The cluster is relaxed with the variation of the lattice constant
when energetic calculations are performed.

3. Results and discussion

In order to investigate the electronic mechanism of the γ /γ ′ interface strength of Ir/Ir3X alloys,
we need to consider the values for the order of the bonds between atoms. The BO, in nature,
is the overlap of electron wavefunctions between atoms, which can be used to quantitatively
measure the strength of atomic bonding and thus assess the strength of an interface consisting of
these atoms. Previous work [20–22] has shown that BOs could serve as predictors of interface
strengthening and environmental embrittlement of intermetallic compounds on the basis of
first-principles calculations. In this study, we use the MBO and calculational approach [15].
The definition of the MBO for bonds between atoms A and B is as follows:

BOAB = 2
∑

µ∈A

∑

µ∈B

[(Pα S)µν(Pα S)νµ + (Pβ S)µν(Pβ S)νµ] (1)

where Pα , Pβ are the density matrices, S is the overlap matrix of the wavefunctions (see the
details in [15]). We calculate BOAB values for the first-nearest-neighbour (FNN) B atoms
around the A site. Our calculations indicate that the BOAB value is small if the separation
between atoms A and B is beyond the FNN range, and thus can be neglected without altering
the conclusions. In order to examine the interface strength, we divide the BOs into vertical
and horizontal components. The vertical BO (BOv) is defined and calculated for atoms along
the [001] z-direction to measure the cohesion strength of atoms across the γ /γ ′ interface. The
horizontal BO (BOh), however, is defined and calculated for in-plane atoms perpendicular
to the [001] z-direction. We define a local sum of BOs

∑
BOh within the 0–0 and 1–1

layers as the measure of the shear strength of the γ /γ ′ interface, while the local sum of BOs∑
BOv across the 0–1 layer is the measure of the cohesion strength of the γ /γ ′ interface. It is

demonstrated that this approach is not only easy to use for evaluating the interface strength, but
also convenient for the examination of interface strengthening induced by other substitution
elements [17, 18].
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Figure 2. (a) BOs for theγ/γ ′ interface of Ir/Ir3 Ti, and (b) BOs for theγ/γ ′ interface of Ir/Ir3 Ta. 0–
0 and 1–1 represent the BOs within the 0–0 (x–y), 1–1 (x–y), and 0–1 (x–z) planes, respectively.
(c) BOs representing the shear, cohesion, and interface strengths:

∑
BOh,

∑
BOv for Ir/Ir3X

(X = Ti,Ta) and SC Ir.

The calculated BOs for Ir/Ir3X alloys are shown in figure 2. The order of the bonds
between Ti and Ir atoms within the 0–0 layer, which is the top plane of the γ ′ Ir3Ti precipitate,
is BOh

Ir−Ti = 0.3266. Similarly, the order of the bonds between Ir atoms within the 1–1 layer,
which is the bottom plane of the Ir γ matrix, is BOh

Ir−Ir = 0.4371 > BOh
Ir−Ti = 0.3266. This

is possibly due to the Ir d/Ir d hybridization in the 1–1 plane being stronger than the Ir d/Ti d
hybridization in the 0–0 plane. Using the above definition, the sum

∑
BOh = 3.0332 within

the two layers (0–0 and 1–1) can be used to measure the shear strength of the γ /γ ′ interface
for Ir/Ir3Ti alloy, as shown in figure 2. Similarly, calculations show that BOv

Ir−Ti across the
0–1 plane along the [001] z-direction is 0.3662, while BOv

Ir−Ir in the same plane is 0.4546.
This implies that the bonding between Ir atoms across the γ /γ ′ interface is stronger than that
between Ti–Ir atoms. The cohesion strength of the γ /γ ′ interface given by

∑
BOv is 5.1016.

From similar calculations, figure 2(b) shows the BOs of the γ /γ ′ interface for Ir/Ir3Ta
alloy. Firstly, BOh for between Ir and Ta atoms within the 0–0 horizontal layer is 0.4368,
which is larger than both BOh for between Ir and Ti (0.3266) and BOh for between Ir and Ir
(0.4317) for Ir/Ir3Ti alloy. Secondly, BOh for between Ir and Ir within the 1–1 layer of Ir/Ir3Ta
is 0.3895, which is less than BOh for between Ir and Ta atoms of the 0–0 plane. These results
imply that the bonding between Ir and Ta atoms is stronger than that between Ir atoms for
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both Ir/Ir3Ti and Ir/Ir3Ta, which can be attributed to the strong Ta d/Ir d electron hybridization.
The shear strength of the γ /γ ′ interface of Ir/Ir3Ta measured by

∑
BOh is 3.3052, which is

greater than that, 3.0332, for Ir/Ir3Ti. BOv for between Ir and Ta atoms across the vertical
0–1 layer is 0.5106, larger than BOv = 0.3828 for between Ir atoms across the same layer.
The strong Ir–Ta bonding is expected to cause strong interface cohesion for the Ir/Ir3Ta alloy.
However, the cohesion strength of Ir/Ir3Ta determined by

∑
BOv is 5.1048, and therefore close

to the value 5.1016 for Ir/Ir3Ti alloy. Further analysis reveals that although BOv
Ir−Ta (0.5106)

is larger, BOv
Ir−Ir (0.3828) for Ir/Ir3Ta is less than BOv

Ir−Ir (0.4546) for Ir/Ir3Ti alloy due to
electron charge transfers. As a result, the combination of BOv

Ir−Ta or BOv
Ir−Ti with BOv

Ir−Ir in
the two alloys gives rise to similar interface cohesion strengths.

To further understand the influence of Ti and Ta on the interface properties, the ‘interface
strength’ of SC Ir is calculated and compared with that of Ir/Ir3X (X = Ti, Ta). By substituting
Ir atoms for Ti or Ta atoms in the γ ′ precipitates, a SC Ir model with an ‘Ir/Ir conceptual
interface’ is constructed. BOs for Ir atoms located at the original Ti or Ta sites are calculated,
to represent the ‘interface strength’. The calculated BOh (=BOv) for an Ir–Ir pair is 0.4035, and
the symbol BOhv is used to describe this value for convenience. The same definition of strength
with BOs as the measure of the Ir crystal strength as in the preceding section is used. It is
evident that BOhv (0.4035) for SC Ir is larger than BOh (0.3266) for Ir–Ti atoms within the 0–0
layer of Ir/Ir3Ti, but less than BOh (0.4368) for Ir–Ta (0.4368) within the 0–0 layer of Ir/Ir3Ta.
Similarly, BOhv for SC Ir (0.4035) is larger than BOv (0.3662) for an Ir–Ti pair in Ir/Ir3Ti, but
less than BOh (0.5106) for an Ir–Ta pair in Ir/Ir3Ta across the 0–1 plane. For Ir–Ir pairs in
SC Ir and Ir/Ir3X alloys, it is found that BOhv is less than BOv (0.4546) and BOh (0.4371) for
Ir/Ir3Ti, and greater than BOv (0.3832) for Ir/Ir3Ta. The shear and cohesion strengths of the
‘γ /γ ′ interface’ of SC Ir measured by

∑
BOv and

∑
BOh are 3.228 and 4.842, respectively.

The cohesive and shear strengths of the γ /γ ′ interface measured by
∑

BOv and
∑

BOh for
Ir/Ir3Ta are increased by 2.4 and 5.43% relative to SC Ir, respectively. The cohesion and shear
strengths of Ir/Ir3Ti increase by 2.4% and decrease by 6.0%, respectively. Thus, it is useful to
use the BO method to access the interface properties induced by element substitutions. Rice
and Thompson [23] speculated that brittle versus ductile behaviour may be governed at the tip
of an atomically sharp crack. A material will, in principle, fail in a brittle manner if the ideal
cohesive strength is reached along the extension of the crack before the ideal shear strength is
reached. Thus, according to Rice and Thompson theory, introducing a γ /γ ′ interface, in both
Ir/Ir3X (X = Ti, Ta) alloys, promotes the ductile tendency as compared with pure SC Ir.

In order to further study the electronic mechanism underlying the γ /γ ′ interface strength
of Ir/Ir3X alloys, the electronic charge distribution associated with the interfacial structure is
investigated. Two types of charge density distribution are calculated, namely the total valence
charge density ρ(r) and the bonding charge density �ρB(r). The latter involves the charge
transfer and the formation of directional bonding due to Ir d/X d hybridization. The bonding
charge density,which is referred to as the atomic charge density in the presence of a crystal field,
is defined as the charge difference between ρ(r) for the cluster and ρα(r) for the superposition
of neutral Ir and X (Ta or Ti) atoms; i.e.,

�ρB(r) = ρcluster(r) −
∑

α

ρα(r − rα). (2)

Figure 3(a) presents the total valence charge density contour plot of Ir/Ir3Ti on the 0–0 (x–y)
horizontal plane in units of 10−3 e au−3. Metallic bonding character is observed at the lattice
sites. Figure 3(b) plots the total valence charge density distribution on the (010) (x–z) vertical
plane. A metallic bonding character similar to that in figure 3(a) is also found. It is evident
from the number of contour lines between atoms that the Ir–Ir bonding in the γ region above
the γ /γ ′ interface is stronger than that between Ir–Ti atoms on the interface. This is consistent
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Figure 3. (a) The total valence charge density for the γ/γ ′ interface on the 0–0 (x–y) plane for
Ir/Ir3Ti. Contours start from ±0.001 e au−3, and increase successively in steps of 0.01 e au−3.
(b) The total valence charge density for the γ/γ ′ interface on the 0–1 (x–z) plane for Ir/Ir3Ti.
Contours start from ±0.001 e au−3, and increase successively in steps of 0.01 e au−3. (c) The
total valence charge density for the γ/γ ′ interface on the 0–0 (x–y) plane for Ir/Ir3Ta. Contours
start from ±0.001 e au−3, and increase successively in steps of 0.01 e au−3. (d) The total valence
charge density for the γ/γ ′ interface on the 0–1 (x–z) plane for Ir/Ir3Ta. Contours start from
±0.001 e au−3, and increase successively in steps of 0.01 e au−3.

with the BO calculations in the preceding sections. Figures 3(c) and (d) show the total valence
charge density distributions of Ir/Ir3Ta on both 0–0 (x–y) horizontal and (010) (x–z) vertical
planes. For comparison with figures 3(a) and (b), the same contour plot levels are employed.
From the contour plots, we see that the bonding between Ir and Ta atoms on the 0–0 layer is
stronger than that between Ir–Ti atoms of Ir/Ir3Ti on this same layer. However, as shown in
figure 3(d), the Ir–Ir bonding and Ir–Ta bonding appear to be smaller than that between Ir and Ta
atoms. More quantitative BO calculations show that BOv

Ir−Ta = 0.5106 and BOv
Ir−Ir = 0.3828

for Ir/Ir3Ta.
Figure 4(a) shows the bonding charge density distribution of the γ /γ ′ interface on the

0–0 layer of Ir/Ir3Ti. The solid and dashed curves denote the contour plots for increased
(accumulation) and decreased (depletion) electronic charge density, respectively, as atoms are
brought together to form the interface. We find a depletion of electron density at the Ti sites
accompanied by a significant build-up of the directional d-bonding charge along the FNN Ir–Ti
direction. The Ir–Ti bonding character is ionic in nature, with Ti atoms donating electrons,
while Ir atoms gain electrons. Figure 4(b) illustrates the bonding charge density distribution
of Ir/Ir3Ti on the (010) (x–z) plane across the γ /γ ′ interface. Like in figure 4(a), significant
anisotropic directional bonding build-up around Ir sites occurs below the 0–0 layer in the γ ′
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Figure 4. (a) The bonding charge density of the γ/γ ′ interface on the 0–0 (x–y) plane for Ir/Ir3Ti.
Contours start from ±1.0 × 10−3 e au−3, and increase in steps of 5.0 × 10−3 e au−3. (b) The
bonding charge density of the γ/γ ′ interface on the 0–1 (x–z) plane for Ir/Ir3Ti. Contours start from
±1.0 × 10−3 e au−3, and increase in steps of 5.0 × 10−3 e au−3. (c) The bonding charge density
of the γ/γ ′ interface on the 0–0 (x–y) plane for Ir/Ir3Ta. Contours start from ±1.0 × 10−3 e au−3,
and increase in steps of 5.0 × 10−3 e au−3. (d) The bonding charge density of the γ/γ ′ interface
on the (010) (x–z) plane for Ir/Ir3Ta. Contours start from ±1.0 × 10−3 e au−3, and increase in
steps of 5.0 × 10−3 e au−3.

precipitate. The bonding at Ir sites in the γ matrix on the 1–1 layer is towards FNN Ir–Ti atoms,
and the unique symmetry axis for the charge distribution is the z-axis. Figures 4(c) and (d)
show the bonding charge density distribution of Ir/Ir3Ti alloy on both 0–0 (x–y) horizontal
and (010) (x–z) vertical planes. Like for Ir/Ir3Ti, a directional bonding character emerges in
the bonding between Ir and Ta atoms with more significant anisotropic d-bonding character
for the bonding around Ir atoms.

The Hirshfeld orbital population provides an effective way to quantitatively describe
the charge accumulation or depletion around atoms as well as the charge transfers between
orbitals [13]. Thus, it can be used to interpret the change associated with the interatomic
bonding character. For the γ /γ ′ interface in Ir/Ir3X alloys, it is found that X atoms in γ ′
donate electrons, while Ir atoms gain electrons in terms of the charge density distribution, as
shown in figure 4. Orbital calculations indicate that the 6s electrons of the Ta atom transfer
to their 5d and 6p orbitals, while the 6s electrons of the Ir atom transfer to their 6p orbitals,
leaving the electrons at 5d orbitals almost intact. This is one type of electronic structure of
the γ /γ ′ interface for Ir/Ir3Ta. In the case of Ir/Ir3Ti, it is found that the 4s electrons of the
Ti atom transfer to their 3d and 4p orbitals, while, as in the case of Ir/Ir3Ta, the 6s electron of
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the Ir atom transfers to their 6p orbitals. Detailed orbital analysis demonstrates that although
the 4s orbital electrons of the Ti atom transfer more electrons (1.354) to their 3d orbital than
Ta (0.783) does, the total number of d electrons of the 3d orbital of the Ti atom is 2.783, which
is less than the number (3.446) for the 5d orbital of the Ta atom. Consequently, the Ta d/Ir d
d-bonding hybridization in Ir/Ir3Ta alloy is stronger than the Ti d/Ir d hybridization in Ir/Ir3Ti
alloy. This is possibly why the interface shear strength of Ir/Ir3Ta is larger than that of Ir/Ir3Ti.

Ir-based alloys are promising materials for ultrahigh-temperature applications. A deeper
understanding of the interface strength mechanism at the atomic level could be of tremendous
importance to future alloy design. In this study, the BOh and BOv components have been
calculated to evaluate the γ /γ ′ interface strength of Ir/Ir3X (X = Ti, Ta) alloys. Work currently
in progress is investigating other Ir/Ir3X (X = V, Hf, Zr, Nb) alloys. We intend to proceed
with calculations to assess the strengthening effects on the γ /γ ′ interface, γ matrix, and γ ′
precipitates.

4. Conclusions

The electronic structures of the γ /γ ′ interface of Ir-based two-phase Ir/Ir3X (X = Ti and Ta)
alloys have been investigated by means of first-principles DMol calculations. The underlying
bonding mechanism responsible for the interface strength consists of the directional d bonding
and the charge transfer from Ta or Ti atoms to Ir atoms. The sum of the MBOs is calculated,
as a qualitative measure of the interface strength, and used to represent the interface strength.
Results show that both the cohesive strength and the shear strength of Ir/Ir3Ta increase relative
to those of SC Ir, while the shear strength of the interface for Ir/Ir3Ti decreases, and the cohesive
strength increases. The introduction of the interface promotes the tendency to ductility of two-
phase alloys.
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