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ABSTRACT: An extensive first-principles database of alloying behavior of
37 elements in the Al(111)/TiB2(0001) interface is presented. The
interfacial ability is systematically compared via the formation energy,
interface energy, and work of adhesion. The thermodynamically most stable
interface with the Ti terminal and center stacking sequence is selected to
analyze the alloying behavior. According to the interfacial stability and
wettability, an alloying trend map containing 11 excellent elements (Mg,
Ca, Ag, Ce, Au, Pd, Y, Sc, Pt, Hf, and Zr) is obtained. These elements can
effectively improve the dispersion of TiB2 particles in Al-based composites
by promoting the formation of the Al/TiB2 interface and improving the
interfacial wettability. Based on the number of valence electrons in the d
orbital, these alloying elements can be divided into zero-d (Mg and Ca),
low-d (Sc, Y, Zr, Ce, and Hf), and high-d (Pd, Ag, Pt, and Au) elements. In
combination with the electronic structure of the alloying interfaces, the alloying mechanisms are discussed depending on the
hybridization between Al and alloying atoms. Generally, our calculation guides the interface alloying strategy to enhance the particle
dispersion in the metal matrix composite and provides a fundamental explanation for the related interfacial mechanisms.

1. INTRODUCTION

Over the past few decades, the TiB2 particles reinforced Al
matrix composites have been widely developed as novel
structural materials owing to their superior strength, higher
stiffness, and lower thermal expansion coefficient.1,2 However,
due to the poor wettability between the TiB2 particles and the
Al matrix, these particles tend to agglomerate along the grain
boundaries or interdendritic regions during the casting
process.3,4 Such particulate clustering has resulted in the
reduced ductility of the composite.5 The decline in ductility
can be ascribed to three aspects: (i) the TiB2 cluster limits the
ability of the Al matrix to withstand deformation, leading to
crack formation and expansion on the interface,6,7 (ii) the
accumulation of clusters and pores leads to earlier failure,8 and
(iii) the coexistence of TiB2 clusters and large brittle
intermetallic compounds causes stress concentration.9,10

Therefore, the further development of the TiB2/Al composite
is hindered by the existence of TiB2 aggregation.
Traditionally, the TiB2/Al composite is synthesized by the

mixing salt reaction method.11−14 Once the TiB2/Al composite
is cast under the common solidification condition, the as-cast
composite is subsequently processed by the traditional
deformation processes (i.e., rolling, extruding, or forging) to
refine its microstructure.15−17 In most cases, the TiB2 clusters
in the as-deformed composite are still on the grain boundaries
along with the deforming directions. Indeed, the TiB2 clusters

are difficult to separate by the normal deformation method in
the as-cast composite made at the lower cooling rate.
To solve this particle aggregation problem, both kinetic and

thermodynamic factors should be considered in this Al−TiB2
system. For the kinetics-based factor, the particle dispersion
should be determined by the cooling rate in the solidification.
When the composite melt solidifies at a higher cooling rate, the
distribution of TiB2 particles should be more uniform.18−20

Therefore, some rapid solidification methods have been
proposed, such as powder metallurgy,18 spray codeposition,21

and melt spinning.22 Although the degree of the particle
agglomeration can be alleviated by these methods, the core
problem of TiB2 clusters (i.e., the poor wettability between the
TiB2 and the Al matrix) needs to be further improved.19

Subsequently, the manipulation of the Al/TiB2 interface by
alloying addition as the main thermodynamics method has
been widely proposed.19,23,24 Generally, the alloying atoms are
considered to affect the interface characteristics between the
particle and matrix and then improve the corresponding
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interface ability. Macroscopically, such alternation may
improve the wettability between the particle and matrix and
then promote particle dispersion (section S1 in the Supporting
Information). Nevertheless, there is a lack of theoretical or
experimental verifications on this opinion due to the limitation
of experimental conditions.
In recent years, the first-principles calculation based on

density functional theory (DFT) has been widely applied to
study the interface characteristics for the metal−ceramics
system.25,26 In the Al−TiB2 system, Zhang et al.27 used the
Gibbs absorption isotherm and DFT calculation to clarify the
contact angle (θ, 0−180°) between TiB2 and Al (eq 1)

28 which
were mainly determined by the interfacial energy (γAl(S)/TiB2(S))
of the Al(S)/TiB2(S) interface.

cos Al(L)/TiB (S) Al(S)/TiB (S)

Al(L)/Al(S)

2 2ν θ
γ γ

γ
= =

−
γ

(1)

Since the interface energies of Al(L)/TiB2(S) and Al(L)/
Al(S) interfaces almost remained constant (i.e., 0.85 and 0.16
J/m2, respectively), γAl(S)/TiB2(S) is the only viable option herein.
Clearly, a smaller contact angle (θ) is related to an optimum
wettability. If γAl(S)/TiB2(S) is reduced in eq 1, the cos θ value is
elevated. Correspondingly, the contact angle (θ) is reduced to
signify the better wettability between the TiB2 and Al matrix.
Notably, it is difficult to compare the variable γAl(S)/TiB2(S) for

the original and alloyed Al(S)/TiB2(S) interfaces directly,
since the calculated interface energy is chemical potential (or
synthesis condition) dependent.29 Therefore, the relative
interface energies of the alloyed interface have been widely
employed in many related studies. For example, Zhao et al.30

compared the formation energy and the Griffith work of the
original and alloyed (i.e., Re, Mo, Ta, and Cr) Ni/Ni3Al
interfaces to explain the vacancy-mediated alloying strengthen-
ing mechanism of Ni-based single crystal superalloy.
Phongpreecha et al.31 theoretically verify the mechanisms of
the CuO interlayer enhancing the wetting and adhesion of the
Ag/YSZ interface by DFT calculation. Moreover, they
employed the work of adhesion as a descriptor to screen
some new metal oxides with better wettability. Shin et al.32

provided a large DFT database, which contained the
segregation energies (i.e., relative interface energy) of 34
elements in the Al/Al2Cu interface. According to the
verification of effective elements (i.e., Mn, Zr, and Sc), they
provided a large number of useful elements which can enhance
the stability of the interface to speed up the alloying tactic of
high-temperature Al−Cu alloys.
Referring to the experimental conditions of alloying, the

theoretical interfacial stability should be considered before
studying the interface alloying. That is to say, the suitable
alloying position of various elements in the interface should be
tested. Otherwise, the DFT calculation may obtain the
opposite result from the experimental observation. For
instance, Deng et al. claimed that the Mg hindered the
formation of the Al/TiB2 interface theoretically by DFT
calculation.33 However, Youseff et al.19 found the Mg addition
can promote the formation of the Al/TiB2 interface
experimentally. This difference may be caused by the alloying
position. In Deng’s research, Mg substituted Al atoms at the
interface, which may be inconsistent with experimental
observations. Therefore, multiple alloying positions should be
compared in alloying interface research.

Based on the above discussion, it is necessary and feasible to
make the comprehensive alloying design on the Al/TiB2
interface characteristics via DFT calculation. Then, some
favorable elements can be screened to improve the particle
dispersion in the TiB2/Al composite. Referring to the interface
orientation observed in the experiment,4,34,35 the Al(111)/
TiB2(0001) is the most typical interface identified in this
composite. Therefore, the original and alloyed Al(111)/
TiB2(0001) interfaces were compared in the present study.
First, the formation energy of the interface was used to
estimate the interfacial stability of alloyed interfaces. Second,
the interface energy and the work of adhesion were adopted to
evaluate the interfacial wettability. As a result, the alloying
trend map was obtained to explain available experimental
results and guide future experiment design. Finally, the alloying
mechanisms were clarified by the analyses on the electronic
structure of the alloying interfaces. The main purpose of this
work is to provide an alloying strategy to accelerate the
improvement of TiB2 agglomerate in the Al matrix and also
illustrate the related interfacial mechanisms herein.

2. COMPUTATIONAL DETAILS

The DFT calculations were performed in the Vienna Ab initio
Simulation Package (VASP) with the projected augmented
wave (PAW) pseudopotentials and a plane-wave basis set.36−38

The Perdew−Burke−Ernzerhof (PBE) exchange-correlation
functional within the generalized gradient approximation
(GGA) was applied. The calculations were performed with a
plane-wave cutoff energy of 450 eV, and the self-consistency
convergence criterion for energy tolerance was set to 10−6 eV/
atom. Similarly, the gamma centered 22 × 22 × 22 k-point
meshes for the bulk unit cell and 6 × 6 × 1 k-point meshes for
the Al(111)/TiB2(0001) interface supercell were employed,
respectively. The valence electrons for the adopted pseudopo-
tentials of Al, B, and Ti atoms were 3s23p1, 2s22p1, and
3s23p63d24s2, respectively. The convergence criterion for forces
was 0.01 eV/Å during structural relaxation via conjugate
gradient minimization. A vacuum layer of 10 Å thickness has
been added to the surface supercell to prevent unwanted
interactions between the slab and its periodic arrangement.
During the structural relaxation, the atomic positions were
allowed to freely relax in three directions by fixing volume and
cell shape.

3. RESULTS AND DISCUSSION

3.1. Original Al(111)/TiB2(0001) Interfaces. Initially, the
involved bulk phases (i.e., Al (Fm3̅m), Ti (P63/mmc), β-B
(R3̅m), and TiB2 (P6/mmm) are optimized at the ground state.
Each optimized lattice parameter in Table S1 agrees well with
the corresponding experimental and theoretical results (section
S2 in the Supporting Information). Considering the structural
symmetry, a sandwich-like interface supercell model was
employed. Based on the convergence test (section S3 in the
Supporting Information), two six-layer Al(111) slabs and a
nine-layer Ti- or B-terminated TiB2(0001) slab were used to
construct an Al(111)/TiB2(0001) interface supercell model.
Six different interface models are constructed by considering

the terminal (Ti or B) and stacking sequence (i.e., center, top,
and bridge). These models are shown in Figure 1, where the
locations of Al atoms are different. Taking Ti terminal models
as an example, in the center stacking, the interfacial Al atoms
are located above the second layer sites of TiB2(0001) slabs; in
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top stacking, the interfacial Al atoms are located above the
surface Ti atoms of the TiB2(0001) slab; while in bridge
stacking, the interface Al atoms are located above the middle
position of the second layer of the TiB2(0001) slab. According
to previous studies,29,33 the interface distance (d0) is initially
set to 2.20 Å for Ti-terminated models and 2.00 Å for B-
terminated models. After relaxation, the relative atom positions
of the model are exhibited in Figure 1 and the interface
distances are listed in Table 1.

3.1.1. Interfacial Bonding Strength. To investigate their
interfacial bonding strength as well as interface stability,39 the
interfacial distance (d0) and the work of adhesion (Wad) are
employed. The work of adhesion (Wad) is defined as the
following40−42

W
A

E E E
1

2
( )ad slab

Al
slab
TiB

interface
2= + −

(2)

where Eslab
Al and Eslab

TiB2 are the total energies of two six-layer
Al(111) surface slabs and a nine-layer TiB2(0001) surface slab
with the same lattice parameters of their relaxed interface
models, respectively; Einterface is the energy of the interface
model after fully relaxed; 2A represents the total area of two
interface regions in each interface model (i.e., two identical
interfaces at the top and bottom of the model).
The interface distance (d0) and the work of adhesion (Wad)

of Al(111)/TiB2(0001) interfaces are listed in Table 1. For the
Ti-terminated interface models, three modules (i.e., Ti-center,
Ti-top, and Ti-bridge) show similar values of d0 and Wad. That
is because the relaxed Ti-top and Ti-bridge interfaces changed

to the Ti-center interface structure via relaxation (Figure 1).
Therefore, the Ti-center interface structure is the most stable
one. This conclusion is in good compliance with the reports
from both Han et al.29 and Deng et al.33 However, for the B-
terminated interface models, the three interface modules (i.e.,
B-center, B-top, and B-bridge) exhibit different values of d0 and
Wad. Among them, the B-center interface structure with the
smallest d0 and the largest Wad (Table 1) is the most stable
structure. Besides, the B-top and B-bridge interfaces have the
same structure after relaxation, so they exhibit similar values of
d0 and Wad in Table 1.

3.1.2. Interfacial Stability. The interface stability has been
further evaluated based on the interface energy from the
thermodynamic viewpoint. The interface energy (γint) is
defined as the following33,43−45

A
E N N N

1
2

( )int interface Al Al Ti Ti B Bγ μ μ μ= − − −
(3)

where NAl, NTi, and NB refer to the number of the
corresponding atoms in the interfaces; μAl, μTi, and μB are
the chemical potentials of Al, Ti, and B, respectively.
Accordingly, the interface energies of Ti-center and B-center

Al(111)/TiB2(0001) interfaces can be plotted as a function of
the chemical potential of B in Figure 2 (explained by section

S4 in the Supporting Information). As the chemical potential
of B increases, the interface energy of the B-center interface
decreases and that of the Ti-center interface increases. In
detail, the Ti-center interface has a smaller interface energy of
∼−0.26 J/m2 under the Ti-rich conditions. For the B-rich
case, the smaller interfacial energy is assigned to the B-center
interface with γint = 0.97 J/m2. Over most of the B chemical
potential, the Ti-center interface has a smaller interface energy,
which is thermodynamically more favorable. Combining with
the work of adhesion in Table 1, the Ti-center interface with a
larger value shows a higher interfacial bonding strength than
the B-center interface. Consequently, the most stable Ti-center
interface is used to further study the effects of alloying
elements on the interface characteristics.

3.2. Alloyed Al(111)/TiB2(0001) Interfaces. 3.2.1. Inter-
facial Stability. The 37 elements, i.e., 7 main group (MG)

Figure 1. Front view and top view of three stacking sequences of Ti-
and B-terminated Al(111)/TiB2(0001) interface models at both
unrelaxed and relaxed states.

Table 1. Interface Distance (d0) and the Work of Adhesion
(Wad) of Al(111)/TiB2(0001) Interfaces

relaxed

unrelaxed d0 (Å) Wad (J/m
2)

terminal-stacking
sequence d0 (Å)

this
work others29

this
work others29

Ti-center 2.20 2.21 2.38 3.82 3.17
Ti-top 2.20 2.21 2.23 3.76 3.18
Ti-bridge 2.20 2.19 2.18 3.83 3.18
B-center 2.00 1.64 1.65 3.55 2.77
B-top 2.00 2.07 2.09 3.21 2.43
B-bridge 2.00 2.03 2.09 3.22 2.44

Figure 2. Calculated Al(111)/TiB2(0001) interfacial energies as a
function of the chemical potential of B.
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elements (i.e., Mg, Ca, Ga, In, Si, Ge, and Sn) and 30
transition metal (TM) elements (i.e., 3d-TM, 4d-TM, and 5d-
TM), are chosen to explore the alloying behaviors. Only one
alloying atom (X) is introduced in each Ti-center Al(111)/
TiB2(0001) interface structure. Meanwhile, three substitution
sites (Ali, Ali−1, Ali−2) from the interface to the bulk region are
employed to determine the optimal substitution position of the
X atom (Figure 3a). To evaluate the site preference of the
alloying atoms and the stability of the alloyed interface, the
relative interface formation energy (ΔEf) was calculated using
the following equation30,46

E
N

E E N E E
1

( ) ( )f
Total

interface
X

interface
X

X
bulk

Al
bulkΔ = [ − − − ]

(4)

where Einterface (Einterface
X ) is the total energy of the original

(alloyed) interface supercell; NTotal and NX are the numbers of
the total atoms and alloyed atoms in the supercell, respectively;
EAl
bulk and EX

bulk are the ground state energies of the individual
atoms in the corresponding elemental bulk states, respectively;
and ΔEf is the relative formation energy of the alloyed
interface. A negative ΔEf value indicates that the alloyed
interface is more stable than the original interface, and a
positive value indicates interface instability.
To conduct a comprehensive study of alloying design on the

interface, a 2 × 2 × 1 Ti-center Al(111)/TiB2(0001) interface
supercell with an alloying ratio of 2 at. % is adopted based on
the convergence tests of alloying ratios (section S5 in the
Supporting Information). Since 37 alloying atoms are
introduced into the interface supercell, ΔEf values of alloyed
interfaces with atoms located at three substitution sites are
calculated and plotted in Figure 3b. The alloying atoms of MG
exhibit dissimilar segregation tendencies. For Mg and Ca
(group IIA), the ΔEf values with the alloying elements at three
sites follow the sequence of Ali > Ali−2 > Ali−1. Both alloying
atoms should prefer to segregate at the Ali−1 site. For Ga and
In (group IIIA), the differences between ΔEf values of alloying
atoms at three substitution sites are smaller than 1 meV/atom,
indicating that the segregation behaviors of these alloying
atoms are independent of their interfacial location. Judged by
the quantitative values, the optimal position for Ga is the Ali
site, and for In, it is the Ali−2 site. However, In segregation with
a positive ΔEf value means its unstable alloyed interface
structure. For Si, Ge, and Sn (group IVA), all atoms show a

similar segregation tendency, and the site preference is given as
a sequence of Ali > Ali−2 > Ali−1. This tendency is also observed
in the semicoherent Al/Al2Cu interface.47 Unfortunately, these
alloyed interfaces possess entirely positive ΔEf values,
indicating their natural instability.
Similar segregation trends can be observed in the Ti-center

Al(111)/TiB2(0001) interface with the alloyed TM elements.
For each element, the alloying atom at the Ali site has the
highest ΔEf value. Except for Ce and Hg, the ΔEf values for
alloying atoms at the Ali−1 site are slightly lower than those at
the Ali−2 site. Therefore, the optimal substitution positions are
Ali−2 site for Ce and Hg and Ali−1 site for other TM elements.
Moreover, as the atomic number of atoms in the same period
increases, the variation of ΔEf for alloying atoms at three
substitution sites gradually becomes smaller. That is to say, all
TM elements prefer to stay away from the interface (Ali). A
similar phenomenon is also seen in the coherent Al/Al2Cu
interface with 3d-TM elements but not in the semicoherent
Al/Al2Cu interface.

32 This may be caused by a different degree
of misfit and interfacial strain, which needs to be further
studied. Furthermore, when the alloying atoms are segregated
at the optimal position, the Cr, Mn, Zn, Cd, and Hg alloying
elements possess positive ΔEf values, indicating that these
alloyed interfaces have inferior stabilities over the original one
and should not be considered thereafter.
Consequently, the interfacial stabilities of the Ti-center can

be enhanced by 28 elements and the optimal substitution
position is mainly the Ali−1 site, except for Ga (Ali site) and Ce
(Ali−2 site). Therefore, it is more reasonable to compare the
interfacial energetic fluctuation when the alloying atoms
substitute at their optimal sites.

3.2.2. Interfacial Wettability. According to the contact
angle equation (eq 1), if the interface energy of the alloyed Al/
TiB2 interface is lower than that of the original Al/TiB2

interface, the wettability between Al and TiB2 can be improved
by alloying. Therefore, the dispersion of TiB2 nanoparticles in
Al composites can be improved by the interface alloying.
Referring to Figure 2, the interface energy of the Al(111)/
TiB2(0001) interface depends on the chemical potential of B;
thus, the relative interface energy (Δγint) is employed to
conveniently estimate the variation of interface energy after
alloying, which is defined as follows32,33,48

Figure 3. (a) Schematic diagram of atomic substitution sites of alloying elements at a 2 × 2 × 1 Ti-center Al(111)/TiB2(0001) interface supercell
with the 2 at % alloying ratio. (b) Relative formation energies of 37 alloying interfaces. The dotted line represents the original interface.
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A
E E N

1
2

( ) ( )int interface
X

interface
X

X
bulk

Al
bulkγ μ μΔ = [ − − − ]

(5)

where Δγint is the relative interface energy of the alloyed
interface. A negative value of Δγin indicates that the alloying
atoms (X) can enhance the interfacial thermodynamic stability
by reducing the interface energy; Einterface (Einterface

X ) is the total
energy of the original (alloyed) interface supercell; and NX is
the number of the alloyed atoms in the supercell. To calculate
μX
bulk, a bulk model with 24 Al atoms is applied and the central

Al atom is replaced with an X atom. 2A refers to the interfacial
area of two interfaces in the supercell.
The Δγint values of alloyed Ti-center Al(111)/TiB2(0001)

interfaces are demonstrated in Figure 4a. Among MG
elements, the Δγint values are negative for the alloying systems
with Mg, Ca, and Ga atoms. These alloying elements can
reduce the corresponding interface energies, and the degree of
reduction is given as a sequence of Ca > Mg > Ga. It is
noteworthy that the current alloying effect of Mg is opposite to
the result reported by Deng et al.33 This may be because, in
their calculation, Mg was substituted in the Ali site, rather than
the optimal Ali−1 position identified in our present work.
Similarly, for TM elements, the Sc of 3d-TM, Y, Zr, Pd, and

Ag of 4d-TM, and Ce, Hf, Pt, and Au of 5d-TM elements can
reduce the interface energy of the Al(111)/TiB2(0001)
interface, while others can elevate the interface energy. The
identical alloying effect of the Ce element is also reported by
Xue et al.49 Moreover, the variation of Δγint values about the
atomic number of TM elements in the same period follows a
convex-down parabolic-like tendency. An analogous alloying
phenomenon also can be seen in the grain boundary of
aluminum.50 Besides, most of the isoelectronic elements in the
same group possess similar Δγint values, suggesting that the
valence electron of alloying atoms shows a great influence on
the interface energy.
Overall, three MG elements (i.e., Mg, Ca, and Ga) and nine

TM elements (i.e., Sc, Y, Zr, Pd, Ag, Ce, Hf, Pt, and Au) can
enhance the interfacial thermodynamic stability due to the
reduced interface energies. Combined with eq 1, the wettability
of TiB2 particles and the Al matrix should be increased by
adding these alloying elements.
To further verify the role of 12 elements on the interfacial

wettability, the work of adhesion (Wad) of corresponding
alloyed interfaces was calculated. Based on Young’s equation,
Saiz et al.51 found that the interfacial wettability can be
evaluated using Wad. As Wad increases, the wettability of the
corresponding interface should be improved. Thus, the relative
work of adhesion (ΔWad) is further employed to describe the

variation of the interfacial wettability after alloying, which is
calculated as follows33,52

W
A

E E E
1

2
( )ad

X
slab
Al X

slab
TiB

interface
X2= + −−

(6)

W W Wad ad
X

adΔ = − (7)

where Wad
X is the work of adhesion of the alloyed interface and

ΔWad is the relative work of adhesion of the alloyed interface.
A positive ΔWad value means that the alloying atoms can
intensify the interfacial bonding strength to enhance
wettability.
The relative work of adhesion (ΔWad) of alloyed Ti-center

Al(111)/TiB2(0001) interfaces is shown in Figure 4b.
Referring to the original interface (Table 1), it can be found
that, except for Ga, all elements can enhance the work of
adhesion of interfaces after alloying. Among them, Zr has the
maximum ΔWad value (∼0.31 J/m2) and Mg has a minimum
value of ∼0.07 J/m2. Overall, the interfacial wettability of the
Ti-center Al(111)/TiB2(0001) interface can be enhanced by
these 11 alloying elements (i.e., Mg, Ca, Ag, Ce, Au, Pd, Y, Sc,
Pt, Hf, and Zr) via reducing interface energy and increasing
work of adhesion.

3.3. Alloying Trend Map. To improve the degree of the
dispersion of TiB2 particles in Al matrix composites, alloying
addition is a simple and effective method. According to
experimental research, several elements have shown the
positive alloying effect, such as Mg,19 Ce,49 and Sc.53 Although
their influence levels are different, they are difficult to compare
due to different experimental environments. Based on the
analysis of interface formation energy, interface energy, and
work of adhesion, the alloying effect of various elements on the
Al/TiB2 interface can be compared comprehensively. Accord-
ingly, an alloying trend map can be obtained in Figure 5.
After introducing 37 alloy atoms in the Ti-center Al(111)/

TiB2(0001) interface, 11 elements (i.e., Mg, Ca, Ag, Ce, Au,
Pd, Y, Sc, Pt, Hf, and Zr) exhibit the obvious alloying effect by
synchronously enhancing the interfacial stability and wett-
ability. It means that these elements can effectively improve the
dispersion of TiB2 particles in Al-based composites by
promoting the formation of the Al/TiB2 interface and
improving the wettability between Al and TiB2.
Among them, the alloying effect of Mg in the TiB2/Al

composite is also found by Youssef et al.19 They found that Mg
improved the dispersion of TiB2 particles in the Al matrix by
reducing the critical solidification velocity of composites and
argued that the most likely mechanism was that Mg reduced
the interfacial energy, leading to better wetting behavior

Figure 4. Calculated results of the Ti-center Al(111)/TiB2(0001) interface with alloying atoms: (a) relative interface energy and (b) relative work
of adhesion. The dotted line represents the original interface.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.1c00371
J. Phys. Chem. C 2021, 125, 5937−5946

5941

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00371?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00371?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00371?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00371?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.1c00371?ref=pdf


between the TiB2 and Al. Herein, our calculated result provides
a direct theoretical verification for their experimental results.
Similarly, the improvement of Ce on the Al/TiB2 interface
ability agrees with the view of Xue et al.49 Combining DFT
calculation with experiment observation, they found that the
absorption of the Ce element on the Al/TiB2 interface can
promote the dispersion of TiB2 particles via reducing the
interfacial energy. Conclusively, Ce should be the proper
element for the dispersion of TiB2 particles.
Notably, the alloying effects of Y, Sc, and Zr are similar, and

due to their excellent overall performance, their effects are
significantly better than other elements in Figure 5. Moreover,
the influence of these elements is consistent with many reports
in the literature. For example, Zhang et al.54 found that the
addition of Y massively increased grain bridges and then
promoted the grain refinement of the 6 TiB2/Al-5Cu
composite. Sun et al.53 found that addition of Sc can
significantly improve the dispersion of TiB2 particles in the
Al matrix and the degree of particle dispersion increases with
the elevated Sc content. Jha et al.23 found that the distribution
of TiB2 in the Al−Mg−Zr alloy is more dispersed than that in
commercial purity Al, and they claimed the Mg addition can
promote the formation of a TiB2/Al interface to a small extent,
while the Zr addition can further promote the TiB2 dispersion

effectively. This opinion is consistent with our calculated
results in Figure 5; i.e., the alloying effect of Zr is better than
that of Mg on the Al/TiB2 interface. Clearly, the alloying
effects of these elements have been confirmed by the reported
experimental results, indicating the viability of our strategies on
the interfacial calculation.
To facilitate the selection of experiments, the alloying effects

of these elements are sorted in detail. First, the order of
interface stability depending on the formation energy is Pt >
Pd > Zr > Sc > Hf > Y > Au > Ce > Ag > Ca > Mg. Thus, the
Pt-alloyed interface is thermodynamically most favorable.
Second, the interface wettability based on the interface energy
follows the sequence of Y > Ca > Ag > Sc > Au > Mg > Zr >
Ce > Hf > Pd > Pt. Hence, from a thermodynamic point of
view, the Y-alloyed interface shows the best wettability among
all alloying interfaces. Finally, the interface wettability
depending on the work of adhesion obeys the order of Zr >
Hf > Pt > Sc > Y > Pd > Ca > Au > Ag > Ce > Mg. Therefore,
based on the interfacial bonding strength, the Zr-alloyed
interface displays the highest wettability.

3.4. Alloying Mechanism. According to the interfacial
formation energy, interface energy, and work of adhesion of 37
alloying Ti-center Al(111)/TiB2(0001) interfaces, 11 elements
can simultaneously enhance the interfacial stability and
wettability. In detail, they are two main group (MG) elements
(i.e., Mg and Ca) and nine transition metal (TM) elements
(i.e., Ag, Ce, Au, Pd, Y, Sc, Pt, Hf, and Zr). According to the
number of valence electrons in the d orbital, these elements
can be further divided into zero-d (i.e., Mg and Ca), low-d
(i.e., Sc, Y, Zr, Ce, and Hf), and high-d (i.e., Pd, Ag, Pt, and
Au) alloying elements. Based on the Bader population analysis
of an alloyed interface (section S5 in the Supporting
Information), the alloying mechanism in each series of
zero-/low-/high-d alloying elements should be similar, and
the alloying mechanisms of these series should be different. To
clarify the alloying mechanism, the electron structures of the
original and Mg-, Sc-, and Pt-alloyed Ti-center Al(111)/
TiB2(0001) interfaces are calculated and analyzed.

3.4.1. Charge Density Difference. To provide a direct
bonding description of atoms at the interface, the charge
density difference maps of Ti-center Al(111)/TiB2(0001)
interfaces are calculated as follows55,56

Figure 5. Alloying trend graph of the Ti-center Al(111)/TiB2(0001)
interface with 11 alloying elements.

Figure 6. Charge density difference maps of the original and alloyed Ti-center Al(111)/TiB2(0001) interfaces: (a) the (112̅0) plane for the
interfaces; (b) the planar-averaged charge along the c direction for the interfaces. The dotted lines give the location of the interfaces.
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interface Al X TiB2
ρ ρ ρ ρΔ = − −− (8)

where ρinterface, ρAl−X, and ρTiB2
are the total charge density of

the interface system, the isolated Al or Al−X(111) slabs, and
the isolated TiB2(0001) slab in the same supercell, accordingly.
The 2D charge density differences of the (112̅0) plane for

the original and alloyed interfaces with Mg, Sc, and Pt atoms
are plotted in Figure 6a. For the original interface, as indicated
by the white arrow in Figure 6(a1), the interfacial layer has a
significant charge accumulation, which originates from the
charge transfer from Ti0 to Al0 atoms at the interface. A similar
phenomenon is also found in other Al−ceramic interfaces.57−59

Moreover, the second nearest neighbor Al atoms (i.e., Ali−1
layer) have some charge accumulations (indicated by the red
arrow), which originate from the charge transfer between the
Al and Al0 atoms in the adjacent layer. The same phenomenon
has been found in the Al(L)/TiB2(S) interface.

60

When the Mg adds to the interface, the charge accumulation
of the interface layer in Figure 6(a2) is slightly higher than the
original interface. Meanwhile, as shown by the red arrow, the
charge accumulations in inner Al atoms are mainly
concentrated on the Ali−1 layer, which is caused by charge
transfer between Al0 and Mg atoms. For the Sc-alloyed
interface in Figure 6(a3), the charge accumulation on the
interface layer has the highest value among all interfaces.
Moreover, the charge accumulations exist in the second and
third nearest neighbor Al atoms (i.e., Ali−1 and Ali−2 layers).
The charge accumulation between Al2 and Sc atoms is
significantly higher than other interfaces (indicated by the
red arrow), which is caused by the stronger hybridization of
the Al−Sc atom. For the Pt-alloyed interface in Figure 6(a4),
the addition of Pt slightly weakens the charge accumulation on
the interface layer. Since Pt atoms have a large number of
valence electrons on the d orbital, there is a significant charge
depletion around the Pt atom, so the Al atoms in the Ali−1 and
Ali−2 layers have obvious charge accumulations displayed by
the red arrow.
For a more convenient comparison, the difference of planar-

averaged charge (PAC)58,61,62 along the c direction is shown in
Figure 6b, where the positive and negative values denote the
gain and loss of charges. Through the partially enlarged part in
the yellow circle, the order of the intensity of charge
accumulation on the interface is Sc > Mg > Al > Pt. Notably,

the effects of alloying on the electronic distribution of internal
Al layers (i.e., Ali−1 and Ali−2 layers) in Mg-, Sc-, and Pt-alloyed
interfaces are different (indicated by a pink circle). Combined
with the charge density difference map in Figure 6a, after
alloying, the charge distribution changes of the inner Al layers
are obviously higher than those of the interface layer.

3.4.2. Projected Density of States. According to the change
density analysis, the alloying mechanisms of Mg-, Sc-, and Pt-
alloyed Ti-center Al(111)/TiB2(0001) interfaces are different.
The difference mainly comes from two parts: (1) the change of
the charge accumulation at the interface and (2) the change of
the electron distribution of Al atoms near the interface.
Therefore, to further understand the role of alloying atoms on
these changes, the layer projected density of states (PDOS) of
Al, Ti, and alloying atoms on these interfaces are calculated
and plotted in Figure 7.
For the original interface in Figure 7a, the localized peaks of

Al0-3p and Ti0-3d states overlap around −2.95 eV (indicated
by the red arrow) and there is a pseudogap around the Fermi
level (Ef), indicating the presence of Al−Ti covalent bonds
across the interface. Meanwhile, the overlapping peaks of Al0
(3p)−Al (3p) and Al (3p)−Al2 (3p) states shown by the blue
and yellow arrows describe the p−p hybridization of the Al−Al
covalent bonds in the Al(111) slab. Notably, the p−p
hybridizations of Al0−Al atoms are stronger than those of
Al−Al2 atoms, which is consistent with their charge density
distribution. A similar phenomenon has also been found in the
Al(L)/TiB2(S) interface by Han et al.60

In Figure 7b, when Mg is introduced into the interface, the
Al0-3p and Ti0-3d electronic hybridizations are more localized
in a wider energy range (from Ef to −3.00 eV) than the original
interface (from Ef to −2.95 eV). That is to say, the Al0 (3p)−
Ti0 (3d) hybridization is slightly stronger than that in the
original interface. Moreover, as displayed by the blue and
yellow arrows in Figure 7b, the highly localized Al2-3p states
result from the s−p hybridizations between Al2 and Mg atoms,
which facilitates the formation of Al−Mg covalent bonding in
the interface.
Concerning the Sc-alloyed interface in Figure 7c, the

pseudogaps at Ef and overlapping peaks of Al0-3p and Ti0-3d
states (signposted by the red arrow) are around −3.53 eV.
Compared with −2.95 eV in the original interface, it indicates
the Al−Ti covalent bonding across the interface is enhanced.

Figure 7. Layer projected density of states of the atoms at the original and alloyed Ti-center Al(111)/TiB2(0001) interfaces. The dotted lines give
the location of the Fermi level (Ef).
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Meanwhile, the localized peaks of Al2 (3p) and Sc (3d) states
highly overlap around Ef, representing the formation of a
strong Al−Sc covalent bond in the interface.
For the Pt-alloyed interface, the PDOS of atoms appears a

similar phenomenon. As shown by the red arrow in Figure 7d,
the localized Ti0-3d electrons are at −2.92 eV. Referring to
−2.95 eV of the original interface, it should be the reason for
the slight reduction of the charge accumulation on the
interface after Pt alloying. Moreover, as indicated by the blue
and yellow arrows, the Pt-3d and Al2-3p states have a larger
overlap than the original interface. It indicates that the p−d
hybridization of the Al−Pt covalent bonds can boost the
interfacial bonding strength of the Al/TiB2 interface.
Based on the analysis of the electron structure of the original

and alloyed Ti-center Al(111)/TiB2(0001) interfaces, the
alloying mechanisms for the zero-d (i.e., Mg and Ca), low-d
(i.e., Sc, Y, Zr, Ce, and Hf), and high-d (i.e., Pd, Ag, Pt, and
Au) elements are different.

• For zero-d elements, the improvement of interfacial
ability mainly comes from the s−-p hybridization of Al
and X atoms. Thus, they have a slightly alloying effect.

• For low-d elements, the alloying atoms can not only
promote the charge transfer of Al and Ti atoms at the
interface but also increase the charge accumulation in
the second and third nearest interface layers. Thus, the
p−d hybridization of Al−X covalent bonds makes low-d
elements displaying a significant alloying effect.

• For high-d elements, although the alloying slightly
weakens the charge accumulation on the interface, the
hybridization of interfacial atoms can compensate for it.
Thus, the moderate improvement of interfacial ability
mainly comes from the p−d hybridization of Al and X
atoms.

Therefore, the alloying elements that can form a strong
hybridization with atoms near the interface should be given
priority in the future research of alloying interface design.

4. CONCLUSIONS
A large DFT database of alloying behavior at the Al(111)/
TiB2(0001) interfaces was constructed. The interfacial stability
and wettability of the interfaces without or with alloying atoms
have been systematically studied based on the formation
energy, interface energy, and work of adhesion. The following
conclusions are drawn:

(1) In the original Al(111)/TiB2(0001) interface, the
interfacial Al atoms at the two termination interfaces
prefer to obey the center stacking sequence. The
interfacial bonding strength of the Ti-center interface
is higher than that of the B-center interface. Over most
of the B chemical potential, the Ti-center interface has
smaller interface energy. Therefore, the Ti-center
interface has higher thermodynamic stability, so it was
selected to analyze the alloying behavior of 37 elements.

(2) In the alloying interface, adding 28 of 37 elements can
enhance the interfacial stability, and their optimal
substitution position is mainly in the Ali−1 site, except
for Ga (Ali site) and Ce (Ali−2 site). Among them, the
addition of 11 elements can further enhance the
interfacial wettability. Accordingly, an alloying map
containing 11 excellent elements (i.e., Mg, Ca, Ag, Ce,
Au, Pd, Y, Sc, Pt, Hf, and Zr) can be obtained. These
elements can effectively improve the dispersion of TiB2

particles in Al-based composites by promoting the
formation of the Al/TiB2 interface and improving the
interfacial wettability.

(3) Based on the number of valence electrons in the d
orbital, these excellent elements can be divided into
zero-d (Mg and Ca), low-d (Sc, Y, Zr, Ce, and Hf), and
high-d (Pd, Ag, Pt, and Au) elements. Combined with
the electronic structure of the alloying interface, the
alloying effects are mainly influenced by the hybrid-
ization of Al and X atoms. Among the 11 elements, the
p−d hybridization of low-d atoms shows a better
alloying effect, the p−d hybridization of high-d atoms
displays a moderate alloying effect, and the s−p
hybridization of zero-d alloying atoms exhibits a weaker
alloying effect.
Conclusively, alloying elements that can form strong

hybridization with atoms near the interface should be
given priority in the future research of alloying interface
design.
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