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A B S T R A C T   

In this study, the alloying effects of Sc, Ni and Zn elements on both Al(001)/TiB2(0001) and Al(111)/TiB2(0001) 
interfaces were assessed using first-principles calculations. The most thermodynamically stable Al/TiB2 interface 
models with Ti terminal and center stacking sequences were selected. To describe interfacial stability and 
wettability, the interface energy and the work of adhesion were calculated, respectively. For interfacial stability, 
the alloyed Al(001)/TiB2(0001) interfaces followed the sequence of Ni > Zn > Sc, while an inverse order was 
found on the alloyed Al(111)/TiB2(0001) interfaces. For interfacial wettability, Sc- and Ni-alloyed Al(111)/ 
TiB2(0001) interfaces displayed an obvious improvement, and the others showed a slight change. The analysis 
results of chemical bonding and strain distribution illustrated that the alloying effect of Sc and Ni addition mainly 
relied on the interfacial structure, and the Zn doping interface largely depended on atomic properties. Conse
quently, the alloying behavior of solute atoms on the Al/TiB2 interface can be explained by the atomic size effect 
and electronic interaction.   

1. Introduction 

Metal/ceramic interfaces play a key role in a wide range of techno
logical applications such as anti-corrosion coatings, heterogeneous 
catalysis, electric devices, and structural components [1,2]. In 
ceramic-reinforced metal matrix composites (MMCs), interfacial wetta
bility has an important influence on the final mechanical behavior of the 
composites [3,4]. To enhance interfacial wettability, alloying is an 
effective method [5,6]. For example, the addition of a small number of 
reactive metals (i.e., Mg, Ti, Zr) into some MMCs (e.g., Al/SiC, Ag/ZrB2, 
Al/TiB2) can increase their stability and wettability [7–10]. In our 
previous work, the addition of eleven alloying elements (i.e., Mg, Ca, Ag, 
Ce, Au, Pd, Y, Sc, Pt, Hf, and Zr) can enhance the interfacial stability and 
wettability of the Al(111)/TiB2(0001) interface to promote the disper
sion of TiB2 particles in Al matrix [11]. However, some useful alloying 
elements for Al/TiB2 system used in the experiment are absent from the 
above-mentioned elements. For example, Wang et al. reported that Zn 
addition improved the TiB2 dispersion in the Al matrix [12,13]. Xi et al. 
found that the interfacial wettability between liquid Al and TiB2 ce
ramics is augmented by Ni participation [14,15]. The key role of these 
improvements is mainly due to the enhancement of interfacial stability 

and wettability between TiB2 and Al [16–18]. Nevertheless, the alloying 
effects of these elements (i.e., Ni and Zn) can hardly be reflected on the 
Al(111)/TiB2(0001) interface. Thus, further exploration should be 
required. 

Generally, the alloying effects of solute atoms on the interface 
depend on the properties of solute atoms (i.e., valence electron density, 
atomic radius, and so on) [19–23] and interface structure [24–27]. For 
example, Tsuru et al. illustrated that the influence of solute elements on 
interfacial segregation and fracture in Mg twin boundaries was affected 
by the electron interaction [28]. Shin et al. showed that the segregation 
energies of 34 elements in the Al/Al2Cu interface are strongly correlated 
with the size and volume of solute atoms and their solubilities within the 
Al2Cu phase [29]. Moreover, AlMotasem et al. reported the opposite 
segregation behavior of Ti and Ta elements at six different symmetric 
tilted grain boundaries of W due to the lattice distortion and electronic 
contribution [27]. Wang et al. found that the interface energy of the Fe 
(111)/Cu(111) interface was reduced larger than Fe (110)/Cu(110) 
interface with Ni addition [24]. 

Furthermore, it is noteworthy that the importance of the above- 
mentioned influence factors may vary for different solute atoms at 
certain interfaces. For instance, He et al. found that the alloying 
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behavior of Bi, Pb, Tl, and In elements on the coherent twin boundaries 
of Mg was mainly dominated by the chemical bonding [21], and the Gd 
and Zn atoms mostly depended on the elastic strain minimization [30]. 
Therefore, the analysis of alloying behavior of various solute atoms on 
the interface should be based on both solute properties and interfacial 
orientations. 

For Al/TiB2 composites, there are two common interface orientations 
(i.e., Al(111)/TiB2(0001) and Al(001)/TiB2(0001)) observed in the ex
periments [31–33]. The previously theoretical works mainly focused on 
the Al(111)/TiB2(0001) interface [34–37], which may be not compre
hensive. For instance, our previous calculation results showed that the 
addition of Ni (Zn) exhibited a negative (weak) influence on the inter
facial stability and wettability of Al(111)/TiB2(0001) interface [11], 
which was ever consistent with the experimental phenomenon [12–15]. 
Thus, a further investigation of the influence of Ni and Zn additions on 
the Al(001)/TiB2(0001) interface is necessary. Moreover, the previous 
study showed that the addition of low d elements (i. e., Sc, Y, Zr, Ce, Hf) 
shows the optimum improvement on the stability and wettability of the 
Al(111)/TiB2(0001) interface, but their influence on the Al 
(001)/TiB2(0001) interface has been rarely reported. Hence, the typi
cally Sc element is selected to explore the alloying mechanism on the Al 
(001)/TiB2(0001) interface. 

Based on the above discussion, the objective of this work is twofold. 
(1) The alloying effects of Sc, Ni, and Zn on both Al(001)/TiB2(0001) 
and Al(111)/TiB2(0001) interfaces were investigated via first-principles 
calculation. The interfacial stability and wettability of the initial and 
alloyed interfaces were systematically investigated by the calculated 
interface energy and work of adhesion. (2) The alloying mechanism on 
both Al/TiB2 interfaces was explored. The chemical bonding and strain 
distribution were comprehensively analyzed by the charge density dif
ference and Voronoi volume. Our calculations can provide a guide to 
alloying design of such metal/ceramic interfaces. 

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 [38]. The 
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within 
the generalized gradient approximation (GGA) was applied [39–41]. A 
plane wave cut-off of 450 eV was set with 10− 5 eV/atom energy 
convergence parameter for the electronic self-consistent part. The 
maximum forces on each relaxed atom were converged to 0.02 eV/Å 
during structural relaxation via conjugate gradient minimization. The 
valence electrons for the adopted pseudopotentials of Al, B, and Ti atoms 
were 3s23p1, 2s22p1 and 3s23p63d24s2, respectively. The mesh of 
Γ-centered k-points to sample the Brillouin zone was chosen and their 
density was less than 0.03 Å− 1

. During the geometry optimization, both 
the volume and atomic positions were relaxed for the initial interface 
systems, and only the atomic positions of the alloyed interface systems 
were relaxed. 

3. Results and discussion 

3.1. Initial Al /TiB2 interfaces 

Based on the experimental characterization [31–33], there are two 
interface orientation relationships (i.e., Al(111)/TiB2(0001) and Al 
(001)/TiB2(0001)) identified in Al/TiB2 composite. For Al 
(111)/TiB2(0001) interface, the available calculated results showed that 
the interface with Ti-terminal and center stacking sequence was the 
most stable interface model [11,34,36]. However, for Al 
(001)/TiB2(0001) interface, there is still a lack of theoretical research on 
its interfacial structure characterization. Hence, the stability of the Al 
(001)/TiB2(0001) interface model is investigated for the first time. 

3.1.1. Structure construction of Al(001)/TiB2(0001) interface 
Based on the convergence test (Section S1 in Supplementary Mate

rials), six-layer Al(001) slabs and nine-layer Ti- or B-terminated 
TiB2(0001) slabs were used to construct Al(001)/TiB2(0001) interface 
supercell models. According to the planar lattice parameters and inter
face orientation (Table 1), a 1 ×

̅̅̅
3

√
R30◦ TiB2(0001) surface slab is 

placed between two 1 × 2 Al(001) surface slabs to build an Al(001)/ 
TiB2(0001) interface supercell model. The lattice misfit (δ) on the 
interface was defined as δ = 2 × (bAl − bTiB2 )/(bAl +bTiB2 ) × 100 % [42, 
43]. 

Four different interface models were constructed by considering the 
termination (Ti or B) and interfacial stacking sequence (i.e., center and 
top). These models are presented in Fig. 1a, where the locations of Al 
atoms are different. Taking Ti terminal models as an example, in the 
center stacking sequence, the interfacial Al atoms are located above the 
B atoms of the TiB2(0001) subsurface. In the top stacking, the interfacial 
Al atoms are located above the surface Ti atoms of the TiB2(0001) slab. 

To obtain the initial interfacial distance (d0) of these Al(001)/ 
TiB2(0001) interface models, the work of adhesion (Wad) of the unre
laxed interfacial structure [44,45] was calculated using the following 
equation [10,46]: 

Wad =
1

2A
(
EAl

slab +ETiB2
slab − Einterface

)
(1)  

where, EAl
slab and ETiB2

slab are the total energy of a six-layer Al(001) surface 
and a nine-layer TiB2(0001) surface with the same lattice parameters of 
their interface models, respectively. 

Einterface represents the total energy of the fully relaxed interface 
model. 

2A stands for the total area of two interface regions in each interface 
model (i.e. two identical interfaces at both top and bottom of the model). 

The work of adhesion is calculated by changing the separation dis
tance, which is between two rigid free surfaces from 1.5 to 4 Å. In 
Fig. 1b, the Ti-center interface has the highest Wad at d0=2.20 Å. Thus, 
the initial interface distance (d0) is set to 2.20 Å. Similarly, the initial 
interfacial distances for Ti-top, B-top, and B-center interface models are 
set to 2.50 Å, 2.00 Å, and 2.00 Å, accordingly (Fig. 1b). After the 
interface structure is relaxed, the position of interfacial atoms is 
exhibited in Fig. 1a. 

3.1.2. Interface stability of Al(001)/TiB2(0001) interfaces 
To investigate their interfacial bonding strength and interface sta

bility, the interfacial distance (d0) and the work of adhesion (Wad) of the 
relaxed Al(001)/TiB2(0001) interface are calculated and listed in 
Table 2. After relaxation, for Ti-terminated interface models, the Ti- 
center interface structure is much more stable than the Ti-top inter
face because of its smaller d0 and the larger Wad. For the B-terminated 
interface models, the B-center and B-top interfaces exhibit similar values 
of d0 and Wad in Table 2. This can be explained by the B-top interface 
model changed to the B-center interface structure via relaxation 
(Fig. 1a). Thus, the B-center interface structure is the most stable case. In 
addition, the Ti-center Al(001)/TiB2(0001) interface has a higher Wad 
value than B-center. Therefore, the Ti-center interface shows a higher 
interfacial bonding strength. 

The interface stability of the Al(001)/TiB2(0001) interface is further 
evaluated based on the interface energy from the thermodynamic 

Table 1. 
Planar lattice parameters and orientations of Al and TiB2 slabs employed for Al 
(001)/TiB2(0001) interfaces.  

Model a (Å) b (Å) θ (o) δ 

Al slab 2.86 5.73 90 - 
TiB2 slab 3.03 5.25 90 - 
Interface 3.03 5.25 90 8.27%  
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viewpoint. The interface energy (γint) is defined as follows [47,48]: 

γint =
1

2A
(
Einterface − NAlμAl − NTiμTi − NBμB

)
(3)  

where NAl, NTi, and NB refer to the number of the Al, Ti, and B atoms in 
the interfaces, accordingly. 

μAl, μTi, and μB are the chemical potentials of corresponding atoms, 
accordingly. In our calculation, μAl refers to the energy of bulk FCC Al 
per atom. μTi and μB are related to each other by the existence of the TiB2 
bulk phase [49]. 

Therefore, the interface energies of Ti-center and B-center Al(001)/ 
TiB2(0001) interfaces can be plotted as a function of the chemical po
tential of B (Fig. 2). As the chemical potential of B increases, the inter
face energy of the B-center interface decreases, and that of the Ti-center 
interface increases. In detail, the Ti-center interface shows smaller 
interface energy (0.39 J/m2) at the Ti-rich condition. For the B-rich case, 
the smaller interfacial energy is assigned to the B-center interface (1.49 
J/m2). Over most of B chemical potential, the Ti-center interface has 
smaller interface energy, which is thermodynamically more favorable. 

Combined with the work of adhesion (Table 2), it can be found the Ti- 
center interface model is the most thermodynamic stable case. 

Accordingly, the interfacial Al atoms prefer to obey the center 
stacking sequence of the TiB2 surface with Ti or B termination. A similar 
phenomenon can be observed on the Al(111)/TiB2(0001) interface [11, 
34,36]. As a result, the Ti-center interface model has the highest ther
modynamic stability in both Al(001)/TiB2(0001) interface and Al 
(111)/TiB2(0001) interface. Therefore, it is applied to further study the 
alloying effects on these interface characteristics. 

3.2. Alloyed Al/TiB2 interfaces 

3.2.1. Interfacial stability of alloyed interfaces 
To conduct a comprehensive study of alloying design, the alloying 

ratio was set to 2 at% [11]. It means that one alloying atom X (i.e., Sc, Ni, 
Zn) was introduced into each interface of a 2 × 1 × 1 Ti-center Al 
(001)/TiB2(0001) interface supercell (Fig. 3a) and a 2 × 2 × 1 Ti-center 
Al(111)/TiB2(0001) interface supercell (Fig. 3b). After comparing the 
different doping methods (Section S2 in Supplementary Materials), 
three substitution sites (Ali, Ali-1, Ali-2) from the interface to the bulk 
region were selected to determine the optimal substitution position of 
the alloying atom. To evaluate the site preference of the alloying atoms 
and the stability of the alloyed interface, the relative interface energy 
(∆γint) was calculated using the following formula [50–55]: 

Δγint =
1

2A

[(
Ex

interface − Einterface

)
− NX

(
μbulk

X − μbulk
Al

)]
(5)  

where ∆γint is the relative interface energy of the alloyed interface. A 
negative value of ∆γint indicates that the alloying atom (X) can enhance 
interfacial thermodynamic stability by reducing the interface energy. 

Einterface (EX
interface) is the total energy of the initial (alloyed) interface 

supercell. 
NX is the number of alloyed atoms in the supercell. 
To calculate the μbulk

X , a bulk model with 24 Al atoms is applied, and 
the central Al atom is replaced by an X atom. 

After introducing the alloying atoms X into the interface supercell, 
the ∆γint values of alloyed Al(001)/TiB2(0001) and Al(111)/TiB2(0001) 
interfaces were calculated and displayed in Fig. 3a and b, respectively. 
Since the alloying atoms are replaced at three different positions from 
the interface to the bulk region, each alloy element forms three different 
doping interfaces. To facilitate the study, they are simplified to Ali, Ali-1, 
and Ali-2 interfaces in the following discussion. 

For Sc-alloyed Al(001)/TiB2(0001) interfaces (Fig. 3a), three 
different doping interfaces all have positive ∆γint values, which means 
that the Sc addition weakens the interface stability. Furthermore, 
compared with the Ali (0.75 J/m2) and Ali-1 (0.23 J/m2) interfaces, it 
can be found that the Ali-2 interface has the lowest ∆γint value (0.20 J/ 
m2), indicating that the optimal substitution location for the Sc atom 

Fig. 1. (a) Different interfacial stacking sequences of Ti and B-terminated Al(001)/TiB2(0001) interface models at both unrelaxed and relaxed states. (b) Work of 
adhesion as a function of the unrelaxed interfacial distance for Ti and B-terminated Al(001)/TiB2(0001) interface structure with two stacking sites. 

Table 2. 
Interfacial spacing (d0) and the work of adhesion (Wad) of Al(001)/TiB2(0001) 
interface models.  

Interface model(Terminal-Stacking sequence) Unrelaxed Relaxed 
d0 (Å) d0 (Å) Wad (J/m2) 

Ti-center 2.20 2.25 3.59 
Ti-top 2.50 2.49 2.67 
B-center 2.00 1.85 3.49 
B-top 2.00 1.85 3.48  

Fig. 2. Calculated Al(001)/TiB2(0001) interfacial energies as a function of the 
chemical potential of B. 
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belongs to the Ali-2 position. For Ni-doping Al(001)/TiB2(0001) in
terfaces, the ∆γint value of the Ali interface is positive (0.15 J/m2). 
However, the ∆γint values of Ali-1 and Ali-2 interfaces are both negative. 
Moreover, the Ali-1 interface (-0.07 J/m2) has a lower ∆γint value than 
that of the Ali-2 interface (-0.06 J/m2). Thus, the ideal replacement 
location of the Ni atom is the Ali-1 site. For Zn alloyed Al(001)/ 
TiB2(0001) interfaces, the difference of interface energy on the three 
types of doping interfaces is small. Compared with the Ali (0.02 J/m2) 
and Ali-2 (-0.01 J/m2) interfaces, the ∆γint value obtains the minimum at 
the Ali-1 interface (-0.03 J/m2). Hence, the optimal substitute position of 
the Zn atom is the Ali-1 site. 

For Sc-alloyed Al(111)/TiB2(0001) interfaces (Fig. 3b), when the Sc 
atom is introduced in the Ali site, the ∆γint value obtains the maximum 
value (0.51 J/m2). If the Sc atom is doped at the Ali-1 site, the ∆γint value 
obtains the minimum value (-0.09 J/m2). Hence, the ideal substituted 
position of the Sc atom is the Ali-1 site. For Ni-alloyed Al(111)/ 
TiB2(0001) interfaces, three types of doping interfaces all have positive 
∆γint values. It means that the interface stability is weakened by the Ni 
addition. Furthermore, comparing the Ali (0.36 J/m2) and Ali-2 (0.14 J/ 
m2) interfaces, the Ali-1 interface obtains the minimum ∆γint value (0.08 
J/m2). Hence, the best substitution location for the Ni atom belongs to 
the Ali-1 site. For the Zn-alloyed Al(111)/TiB2(0001) interfaces, the 
interface energies of three types of doping interfaces all display plaint 
changes. Moreover, only the Ali-1 interface has a slightly negative ∆γint 
value (-0.003 J/m2), which is lower than the Ali (0.05 J/m2) and Ali-2 
(0.007 J/m2) interface. Thus, the optimal substitute position of Zn atom 
is the Ali-1 site. 

Accordingly, the optimal substituted position for alloying atoms is 
mainly located at the Ali-1 site, except for the Sc-alloyed Al(001)/ 
TiB2(0001) interface (Ali-2 site). Considering that the energy difference 
between the Ali-1 and Ali-2 interfaces is about 1.12 ~ 4.84 % (Section S3 
in Supplementary Materials), the Ali-1 position will be selected in sub
sequent studies to avoid the influence of the substitution position for the 
Sc atom. Moreover, comparing with the initial interface, the Sc intro
duction weakens the interfacial stability of Al(001)/TiB2(0001) inter
face, while enhances that of the Al(111)/TiB2(0001) interface. However, 
the Ni addition exhibits a converse effect. After Zn alloying, the inter
facial stability for Al(001)/TiB2(0001) interface is obviously enhanced, 
and Zn addition shows slight improvement on the Al(111)/TiB2(0001) 
interface. 

Consequently, the interface stability for the alloyed Al(001)/ 
TiB2(0001) interfaces obeys the sequence of Ni > Zn > Sc, and it changes 
to the order of Sc > Zn > Ni for the alloyed Al(111)/TiB2(0001) inter
face. Considering that all alloying atoms are substituted at the Ali-1 site, 
the opposite alloying effects on the interfacial stability may be caused by 
different interface structures. To further explore the influence of inter
face orientation, the alloying effects on interface wettability are 
compared in the following section. 

3.2.2. Interfacial wettability of alloyed interfaces 
The work of adhesion (Wad) of the optimal alloyed Al(001)/ 

TiB2(0001) and Al (111)/TiB2(0001) interfaces is calculated to verify 
the role of alloying elements on the interfacial wettability and displayed 
in Fig. 4. 

For the initial interface, the Wad value of the Al(001)/TiB2(0001) 
interface (3.59 J/m2) is lower than that of the Al(111)/TiB2(0001) 
interface (3.81 J/m2). It is mainly because the lattice misfit (δ) on the 
interfaceof the former (8.27%) [34] is lower than that of the latter 
(5.75%). For the addition of Sc atoms, the alloying effects on both types 
of interfaces are different. The Sc-alloyed Al(001)/TiB2(0001) interface 
has a lower Wad value (3.56 J/m2) than the initial interface (3.59 J/m2), 
and the opposite tendency is displayed on the Sc-alloyed Al 
(111)/TiB2(0001) interface (i.e., 4.03 J/m2 for Sc-alloyed interface, 
3.81 J/m2 for initial interface). This may be caused by the different 
interface structures [25,56]. 

For the introduction of Ni atoms, the alloying effects exhibit a pos
itive influence on both the Al(001)/TiB2(0001) (3.60 J/m2) and Al 
(111)/TiB2(0001) interfaces (3.93 J/m2). Compared with the initial 
interface, the enhanced degree of the former interface (0.01 J/m2) is 
smaller than the latter interface (0.12 J/m2), which is also due to the 
different interface structures. However, the alloying effects on both 
interfacial types are identical after adding the Zn atom. The Wad value of 
the Zn-alloyed Al(001)/TiB2(0001) interface is 3.62 J/m2, which is 
slightly higher (0.03 J/m2) than the corresponding initial interface. The 
same enhancement is shown in the Al(111)/TiB2(0001) interface (i.e., 
3.84 J/m2 for the Zn-alloyed interface, 3.81 J/m2 for the initial inter
face), which may be owing to the similar atomic radius and valence 
electron concentration between Al and Zn atoms (Table S4) [20,57]. 

Fig. 3.. Schematic diagram of atomic substitution sites of alloying elements and relative interface energies of Sc-, Ni- and Zn-alloyed interfaces. (a) Ti-center Al 
(001)/TiB2 (0001) interface supercells, (b) Ti-center Al (111)/TiB2 (0001) interface supercells [11]. The interface energy of the initial interface is set to zero. 

Fig. 4. Work of adhesion of Ti-center Al(001)/TiB2(0001) and Al(111)/ 
TiB2(0001) interfaces without and with alloying atoms. The dotted line repre
sents the initial interface. 
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Therefore, the interfacial wettability of the alloying Al(001)/ 
TiB2(0001) interfaces follows the sequence of Zn > Ni > Sc, and it obeys 
an opposite tendency on the Al(111)/TiB2(0001) interface (i.e., Sc > Ni 
> Zn). Meanwhile, it is noteworthy that the interfacial wettability of Sc- 
and Ni-alloyed Al(111)/TiB2(0001) interfaces has an obvious improve
ment, while that of the others displays a weak change. Considering the 
same substitution position of alloying atoms in both interfaces, the 
above-mentioned different alloying effects should be caused by different 
interface environments (i.e., interface structure, interface charge den
sity, interface strain energy, and so on) [22,28,58]. The detailed 
mechanisms are discussed in the next section. 

3.3. Alloying mechanism 

The alloying effects of Sc, Ni, and Zn on both Al(001)/TiB2(0001) 
and Al(111)/TiB2(0001) interfaces are different by the analyses on the 
interface energy and work of adhesion. Considering the difference in 
atomic properties of these alloying elements (Section S4 in Supple
mentary Materials), the chemical bonding and strain distribution of the 
initial and alloyed Al/TiB2 interfaces are discussed by the charge density 
difference and Voronoi volume to clarify the alloying mechanism. 

3.3.1. Charge density difference 
To provide a direct bonding description of atoms at the interface, the 

charge density difference maps of initial and alloyed Al/TiB2 interfaces 
are calculated as follows [21,44,59] 

Δρ = ρsc − ρatom (8)  

where ρsc is the self-consistent charge density; 
ρatom is the non-self-consistent charge density, i.e., the superposition 

of atomic charge densities. 
The three-dimensional charge-density difference maps of the initial 

and alloyed Ti-center Al(001)/TiB2(0001) interfaces are shown in 
Fig. 5a-d. To further clarify the alloying mechanisms of Sc, Ni, and Zn 
elements, the charge density difference maps of the Ti-center Al(111)/ 
TiB2(0001) interfaces are displayed in Figs. 5e-h. Meanwhile, the layer 
Projected Density of the State (PDOS) [60–62] of Al, Ti, and alloying 
atoms on these interfaces are calculated and plotted in Section S5 in 
Supplementary Materials to better understand the reason for charge 
density changes. 

For the initial Al(001)/TiB2(0001) interface (Fig. 5a), there are two 
types of charge accumulations (i.e., the Al-Ti and the Al-Al covalent 
bonds shown in Fig. S2a) which mainly appear on the interfacial layer 
(shown by the dotted line). Moreover, the charge accumulations of the 
Al-Ti bond in this interface are lower than that in the Ti-center Al(111)/ 

TiB2(0001) interfaces (Figs. 5e and S3a). This can be attributed to the 
low work of adhesion of the Al(001)/TiB2(0001) interface. (Fig. 4). 

For the Sc-alloyed Al(001)/TiB2(0001) interface (Fig. 5b), the charge 
accumulations on the inner Al layers (i.e, Ali, Ali-1, and Ali-2 layers) in
crease. Considering the electronegativity of the Sc (1.36) and Al (1.61) 
atoms [63], the enhancement of these charge accumulations is caused by 
the formation of Al-Sc covalent bond (Fig. S2b) [64,65]. Moreover, the 
charge accumulations on the interfacial layer (shown by the dotted line) 
are less than that in the initial interface (Fig. 5a), which is consistent 
with the decrease of the interfacial stability and wettability. However, 
when we attempted to assess the Sc-alloyed Al(111)/TiB2(0001) inter
face, an opposite phenomenon is recorded (Figs. 5f and S3b). It may be 
due to the different interfacial charge distribution in both types of initial 
interfaces. 

For the Ni-alloyed Al(001)/TiB2(0001) interface (Fig. 5c), the charge 
accumulations on the inner Al layers increase. Referring to the electro
negativity of Ni (1.91) and Al (1.61) atoms, there are plenty of electrons 
transferring from Al to Ni atoms to form the Al-Ni covalent bond 
(Fig. S2c) [63], which leads to the charge reduction of the Al atoms at 
the Ali-1 layer. Compared with the charge density distribution of the 
initial interface (Fig. 5a), the charge accumulations on the interfacial 
layer increase. Nevertheless, a converse effect appears on the Ni-alloyed 
Al(111)/TiB2(0001) interface (Figs. 5g and S3c). Considering the charge 
distributions in both initial interfaces are different, the alloying effect of 
the Ni element on the Al/TiB2 interface should be largely determined by 
the interface structure. 

For the Zn-alloyed Al(001)/TiB2(0001) interface (Fig. 5d), the 
charge density distribution is similar to the initial interface (Fig. 5a). 
This is owing to the analogous electronegativity of Zn (1.65) and Al 
(1.61) atoms and the similar valence electron concentration [19]. 
Therefore, the addition of Zn shows little effect on the interfacial sta
bility (Fig. S2d). A similar alloying influence also exists in the Zn-alloyed 
Al(111)/TiB2(0001) interface (Figs. 5h and S3d). Thus, the alloying ef
fect of Zn addition mainly depends on the valence electron of the solute 
atom. 

Accordingly, the converse alloying effects of Sc and Ni elements on 
the Al(001)/TiB2(0001) and Al(111)/TiB2(0001) interfaces are mainly 
owing to the different charge distribution of the initial interface. The 
consistent alloying effect of the Zn element on the Al/TiB2 interfaces 
relies on the similar electronegativity between Zn and Al atoms. 
Therefore, the alloying effect on the Al/TiB2 interfaces depends not only 
on the charge density distribution of the initial interface but also on the 
properties of the alloying atoms. 

Fig. 5. Three-dimensional charge density differences maps of Ti-center Al (001)/TiB2(0001) (a-d) and Al(111)/TiB2(0001) interfaces (e-h) with an iso-surface value 
of 0.0065 e/Å3: (a) and (e) initial interface, (b) and (f) Sc-alloyed interface, (c) and (g) Ni-alloyed interface, (d) and (f) Zn-alloyed interface. The yellow (blue) areas 
indicate electron accumulation (depletion), and the interfacial layer is indicated by a horizontal dotted line. 
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3.3.2. Voronoi volume 
According to the change of charge density map, the alloying effects 

of Sc, Ni, and Zn elements are various. Moreover, the additions of Sc and 
Ni show an opposite alloying influence on both types of Al/TiB2 in
terfaces. Considering the atomic radius differences of Al, Sc, Ni, and Zn 
atoms (Table S4), the interfacial strain distribution of the alloying in
terfaces is further discussed by Voronoi volume [28,66]. The Voronoi 
volume of the alloying atoms and nearby Al atoms (i.e., the atoms in Ali, 
Ali-1, and Ali-2 layers) are calculated via the VORO++ software [67]. The 
distribution maps of Voronoi volume of Al/TiB2 interface are shown in 
Fig. 6, and the detailed information is listed in Section S6 in Supple
mentary Materials. 

For the initial Al(001)/TiB2(0001) interface (Fig. 6a), the Voronoi 
volume of the Al atoms at different layers obeys the order of Ali > Ali-1 >

Ali-2 (Table S5). Comparing the Voronoi volume of the Al atoms in the 
bulk state (16.61 Å3), the Al atoms at the Ali layer are subjected to tensile 
strain, and the Ali-1 and Ali-2 layers are subjected to compressive strain. 
For the Sc-alloyed Al(001)/TiB2(0001) interface (Fig. 6b), the Voronoi 
volume of the Sc atom substituted at the Ali-1 site is 16.71 Å3, which is 
larger than the corresponding Al atom in the initial interface. Hence, a 
tensile strain should be inducted into the interface due to the larger 
atomic size of the Sc atom [30]. Moreover, after Sc alloying, the Voronoi 
volumes of Al atoms on the Ali, Ali-1, and Ali-2 layers increase by 0.06 Å3, 
0.30 Å3 and 0.14 Å3, respectively. Hence, the Sc addition causes the 
tensile strain inside the Al layers, which changes the strain distribution 
of the initial interface resulting in the decrease of both interfacial sta
bility and wettability (Figs. 3a and 4). 

Concerning the Ni-alloyed Al(001)/TiB2(0001) interface (Fig. 6c), 
the Voronoi volume of the Ni atom is 15.15 Å3. Accordingly, a 
compressive strain is added into the interface by the Ni atom with a 
smaller atomic size [28]. Furthermore, after Ni doping, the Voronoi 
volumes of Al atoms on the Ali, Ali-1, and Ali-2 layers decrease by -0.16 
Å3, -1.00 Å3, and -0.27 Å3, respectively. Hereby, the Ni substitution can 
release the compressive strain at the initial interface, which helps to 
improve the interfacial performance. For the Zn-alloyed Al 
(001)/TiB2(0001) interface ( .6d), the Voronoi volume of the Zn atom is 
16.31 Å3, which is similar to Al atoms in the initial interface. Besides, the 
variations of Voronoi volume of Al atoms on the inner Al layers are 
approximately zero (i.e, -0.01 Å3 for the Ali layer, -0.04 Å3 for the Ali-1 
layer, +0.02 Å3 for the Ali-2 layer). Thus, Zn doping has a weak effect on 
the interfacial strain. 

The strain distributions of Al(111)/TiB2(0001) interfaces are 
different. For the initial interface (Fig. 6e), the Voronoi volume of the Al 
atoms at three-layer obeys the sequence of Ali-2 > Ali-1 > Ali > Albulk 
(Table S6). Thus, the Al atoms at three Al layers near the interface are all 
subjected to tensile strain. For the Sc-alloyed interface (Fig. 6f), the 

Voronoi volume of the Sc atom obtains the maximum value. Combined 
with the increase of Voronoi volume of Al atoms, the Sc alloying can 
relieve the strain stress in the initial interface, which is beneficial to the 
interfacial stability and wettability. However, for the Ni-alloyed inter
face (Fig. 6g), the situation is the opposite. The Ni replacement causes 
the contrary compress strain into the Al(111)/TiB2(0001) interface to 
weaken the interface performance. Combined with the alloying effects 
of Sc and Ni on the Al (001)/TiB2(0001) interface, it can be found that 
the strain distribution of the initial interface is crucial to alloying effect. 
A similar alloying effect also can be found in grain boundaries with 
different orientations, such as Mg [28], Si [56], Mo [68]. 

When the Zn atoms are substituted in the Al(111)/TiB2(0001) 
interface (Fig. 6h), the Voronoi volumes of both Zn and Al atoms show 
slight variation. Referring to the volume change in the Zn-alloyed Al 
(001)/TiB2(0001) interface, it can be found that Zn alloying has a faint 
influence on the interfacial strain. According to the analogous atomic 
radius between the Zn and Al atoms (Table S4), it can be concluded that 
the alloying effect of Zn is also determined by the performance of the 
solute atom, which is similar to the Bi, Pb, Tl, and In elements in the Mg 
grain boundaries [21]. 

Overall, the Sc doping increases the charge accumulations and re
lieves the tensile strain in the Al(111)/TiB2(0001) interface, which im
proves the interfacial stability and wettability. Similarly, the Ni alloying 
increases the charge accumulations and weakens the compressive strain 
in the Al(001)/TiB2(0001) interface to enhance its performance. Thus, 
the alloying effects of Sc and Ni additions are determined by the inter
facial structure. Besides, the Zn doping has less effect on the interfacial 
strain and charge density for both interfaces due to the similar electro
negativity and atomic size with the Al atom. It means that the alloying 
effect of such elements is also determined by the performance of doping 
atoms. Therefore, the alloying effects on the Al/TiB2 interfaces depend 
not only on the properties of solute atoms but also on the interfacial 
structure. 

4. Conclusions 

The alloying behaviors of Sc, Ni, and Zn at both Al(001)/TiB2(0001) 
and Al(111)/TiB2(0001) interfaces were explored via DFT calculation. 
The interfacial stability and wettability have been evaluated by the 
interface energy and work of adhesion. The alloying mechanism is 
analyzed by the charge density difference and Voronoi volume. The 
following conclusions are drawn: 

(1) In the initial Al(001)/TiB2(0001) and Al(111)/TiB2(0001) in
terfaces, the interfacial Al atoms prefer to obey the center 

Fig. 6. Distributions map of Voronoi volumes of Al layers (i.e., Ali, Ali-1, Ali-2 layers) in Ti-center Al/TiB2 interfaces without and with alloying atoms substitute at Ali- 
1 layer. 
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stacking sequence of the TiB2 surface atoms. Moreover, the Ti 
terminated interfaces show higher thermodynamic stability.  

(2) The additions of Sc, Ni, and Zn show opposite alloying effects on 
both Al/TiB2 interfaces. For interfacial stability, the alloyed Al 
(001)/TiB2(0001) interface follows the sequence of Ni > Zn > Sc, 
while it changes to the order of Sc > Zn > Ni on the alloying Al 
(111)/TiB2(0001) interface. For interfacial wettability, only Sc- 
and Ni-alloyed Al(111)/TiB2(0001) interfaces display a notice
able enhancement, while the others show a weak alteration. 
Thus, the interfacial orientation has an important influence on 
the alloying effect.  

(3) The alloying mechanisms of Sc, Ni, and Zn additions are different. 
The Sc and Ni alloying mainly depend on the charge density 
distribution and strain distribution of the initial interface. It 
means that alloying effect of Sc and Ni is hinged on the interfacial 
structure. The Zn addition has a weak alloying effect due to the 
similar electronegativity and atomic size between Al and Zn 
atoms. Therefore, the alloying effects on the Al/TiB2 interfaces 
are dependent not only on the properties of solute atoms but also 
on the interfacial orientation. 
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