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Abstract: B4,C/Al MMC is one of the most potential neutron-shielding materials. The poor wettability of B,C/Al interface damages
the mechanical properties. To understand the alloying (or doping) effects in improving the wettability of B4C/Al interfaces, we
investigated the AlI(111)/AIB,(0001) and Al(111)/TiB,(0001) interfacial structures via a combined approach of experiment and DFT
calculations. We find a larger work of adhesion (Waqg) on the Al(111)/TiB»(0001) than the Al(111)/AlB2(0001) interfaces. The
subsequently calculated partial density of states (PDOS) of doped-diborides show fewer anti-bonding states in Al(111)/TiB2(0001)
than in Al(111)/AIB,(0001), which contribute to a stronger bonding between Ti-3d and B-2p states and lead to a higher W,¢ and
better wetting. Furthermore, we predict improved wettability of Al/B4C by V-doping, because of the fewer anti-bonding states in
vanadium-boron molecular orbitals. The same approach developed in this study may be applied for general design of alloy elements

to improve the interfacial wetting of alloy-semiconductor systems.
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Al-B,C metal matrix composites are considered to be
new advanced materials for the nuclear industry, primarily
because of their excellent ability to capture neutrons as well
as their high stiffness, high thermal conductivity and low
density 4. However, the poor wettability of the met-
al-ceramic interfaces significantly damages the mechanical
properties of stir-cast Al-B,C MMCs . Thus it is signifi-
cant to solve the wetting problem and understand the wet-
ting mechanism.

Zhang et al. P found that Al-Ti alloy and Kennedy et
al.’®™ also found that K,TiFs flux doped into the liquid
aluminum could increase the wettability of B,C/Al inter-
faces. Rajan et al. % found that B,C particles preheated at
250 <C for 2 h or B4C particles coated by copper also could
improve the poor wettability between B,C particles and Al
matrix. Adding Al-Ti alloy into liquid Al to enhance the
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wetting is widely used in industry. But few studies have
been performed to explain how Ti doping increases the
wettability of the B,C/Al interfaces.

It was demonstrated that the interface reaction products
were AIB, and Al;BC at 750 <C and that AIB, crystals were
adjacent to the Al matrix in the work of Zhang et al.®.
Furthermore, Zhang et al. ®*** also proved that Ti intro-
duced into liquid Al could produce Al;BC and a new prod-
uct TiB,, which replaced AlB, crystals and remained to be
adjacent to Al matrix. It is noticed that the diborides
(AIB,/TiB,) remained in direct proximity to Al matrix
whether doping Ti or not. This work raised an assumption
that the wetting difference between AI/AIB, and Al/TiB,
could be one of the reasons that affect the wettability of
B,C/Al interface. In order to validate this assumption, a stir
casting experiment would be necessary to confirm that TiB,
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do replace AIB, and do remain in direct proximity to the Al
matrix.

1 Experiment

The material used in this experiment was commercially
pure aluminum (1060) reinforced with 31 wt% B,C parti-
cles (average size ranging from 18~23 um), containing 3.5
wt% Ti. The stirring action was performed in a vacuum
mixer furnace (550 r/min) at 730 <C. Fig.1 shows the SEM
micrograph of the composite samples after a 15 min holding
period. It is evident that the old AIB, product disappeared
and was replaced by TiB, crystals, which continuously en-
closed Al;BC layer and were located near to the Al matrix.
These agreed well with the findings of earlier reports in the
work of Chen et al.®*? and provided a logic premise for the
assumption above. Then the difference of the wettability
between AIl/AIB, and Al/TiB, interfaces would be studied
by calculation methods.

2 Calculation Methods

Recently, the first-principles methods based on density
functional theory (DFT) have been successfully applied to
the detailed studies of metal/ceramic interface adhesion™**,
First-principles calculations can accurately provide the de-
tailed atomic, electronic structures of the interface and
quantitatively predict the work of adhesion (W,g). In this
work, we studied the Al/AIB, and AIl/TiB, interface struc-
tures and discussed the wetting improvement of Ti element
on the Al/B,C interface.

Few experimental studies have been performed to find
out the match planes between AI/AIB, and Al/TiB, inter-
faces. In this work, the orientation relationships between Al,
AIB, and TiB, phases were chosen as:

Fine TiB,
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Al matrix
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Fig.1 SEM micrograph of the Al composite containing 3.5 wt%
Ti, showing the TiB; layers in the B4C/Al interface (15
min holding time at 730 C)

(111)1 /(0001) iy, (111)4; //(0001)1ig, (1)

It is based on two reasons: 1) the close packed planes could
theoretically become the match planes. Al phase is fcc
structure, whose close packed plane is (111) plane; AlB,
and TiB, are hcp structures, whose close packed planes are
(0001) planes. The relatively small misfits between
Al(111)/AlB,(0001) and Al(111)/TiB,(0001) are beneficial
to match. 2) Zhang et al. ™ found that Al(111) matched
AlB,(0001)/TiB,(0001) relatively well with an edge-to-
edge matching model.

2.1 Bulk properties

For this study, first-principles calculations were per-
formed with the Vienna Ab initio Simulation Package
(VASP) using a plane-wave basis set for the expansion of
the single-particle Kohn-Sham wave functions, and the
electron-ion interaction was described using the projec-
tor-augmented-wave (PAW) method . The exchange-
correlation energy was described by the generalized gradi-
ent approximation of Perdew and Wang (PW91) 4. The
lattice parameter optimization calculation used a 13x13x<13
Gamma k-mesh for Brillouin zone integrations. The calcu-
lations of the work of adhesion (W,4y) of AlI/AIB, used a
8>6x1 and a 9>5x1 Gamma k-mesh for Al-terminated and
B-terminated models, respectively. The calculations of the
W, of Al/TiB, used the 8>5x1 Gamma k-mesh for
Ti-/B-terminated models. All calculations employed a high
plane-wave energy cutoff of 450 eV. This set of parameters
assured the convergence tolerance of energy of 10
eV/atom and the Hellmann-Feynman force on atom of 10
eV/0.1 nm per atom when calculating the W,q of Al/AIB,
and Al/TiB, interface structures. A 1 nm of vacuum was
sufficient for convergence tests and interface energy calcu-
lations.

The calculated lattice parameters of Al bulk are:
a=b=c=0.405 nm, which are consistent with the experi-
mental result, 0.404 nm and other theoretical results ™**°!.
For the AIB, and TiB, phases with a space group symmetry
P6/mmm, the lattice parameters attained by bulk calcula-
tions are a=b=0.301 nm and ¢=0.326 nm (c/a=1.08),
a=b=0.303 nm and ¢=0.323 nm (c/a=1.07), respectively,
which agrees well with experimental and other calculation
results 2221,

2.2 Convergence tests

The purpose of this convergence tests is to simulate the
interface between the bulk-like slabs. Therefore, it is nec-
essary to insure that all the slabs are sufficiently thick to
exhibit the bulk-like interiors. In this study, we have con-
ducted convergence tests on the Al(111), AlIB,(0001) and
TiB,(0001) slabs. Because of the polarity of the AIB, (0001)
and TiB, (0001) surfaces, it is necessary to use the symmet-
ric AIB, (0001) and TiB, (0001) slabs to eliminate the di-
pole effect.
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With the method proposed by Boettger et al. ****?% e
obtained the surface energies of Al (111), AIB, (0001) and
TiB, (0001) slabs, ¢". For example, the Al (111) slabs have
a surface energy of:

o" =(E* - ME™*)/2A )
where, E*® is the total energy of a relaxed slab, E™* is the
chemical potentials of bulk Al, M is the number of Al atoms
in the Al(111) slabs, N is the number of layers of the re-
laxed slab, and A is the surface area. The surface free ener-
gies of Al (111) slabs with more than five layers converge
to 0.77 J/m?, which is in agreement with the experimental
value, 0.82 J/m* 1. AIB, (0001) slabs with more than
eleven layers converge to 0.94 J/m’ (Al-terminated) and
1.51 J/m* (B-terminated), and TiB, (0001) slabs with more
than eleven layers converge to 2.21 J/m? (Ti-terminated)
and 6.05 J/m® (B-terminated) % It should be noticed that
the surface free energies of the B-terminated surfaces are
larger than those of the Al-terminated and Ti-terminated
surfaces, which implies that the Al-terminated and
Ti-terminated surfaces are more stable than the
B-terminated surface. Thus, a five-layer Al(111) slab, an
eleven-layer AIB,(0001) slab and an eleven-layer
TiB,(0001) slab are thick enough to ensure a bulk-like inte-
rior interface.

2.3 Stability

Because symmetric slabs are employed in the conver-
gence tests, the AIB,(0001)/TiB,(0001) slabs in the calcula-
tions are non-stoichiometric slabs. It should be necessary to
account for the effects of non-stoichiometry when calculat-
ing the surface energies of the AIB, (0001) and TiB, (0001)
surfaces. The surface free energy (o) can be defined as,
taking the Al(111)/AlB,(0001) interface as an example:

O B, (0001) :(ESIab =Ny ',Uxillab —-Ng 'ﬂéslab +PV _TS) 12A e (3)

here, Ay ace 1S the surface area, E*™ is the total energy of a
fully relaxed eleven-layer AIB, (0001) supercell, N4 and Ng
are the numbers of the Al and B atoms in the supercell, re-
spectively; " and ,uélab are the chemical potentials of
Al and B in the slab, respectively; P, V, T and S denote the
pressure, volume, temperature and entropy of the system,
respectively. The terms of PV and TS may be neglected at 0
K and typical pressures. Thus, Eq. (3) can be rewritten as:

slal l slat 1 ul 4
O g, (0001) =|:E - _(NAI _E NB)':UA||b _ENB 'ﬂE\IEI;t:|/2A§urface 4)

bulk

Moreover, the chemical potential of the bulk AIB, (4ae, )

is related to their 0 K heat of formation (AH?) and the
ulk bulk

)l

chemical potential of Al and B in their bulks («™, s
which is shown as ™!:

bulk bulk bulk

Hap, = Ha + 2 + A HZBZ (5)

bulk slab

Hag, =Ha T+ quisslab (6)

where, AfHZBZ is the heat of formation of AIB,, and it can
be defined as:

MG, = 4 (1 + 20 @)

Combining Eq. (5) with Eqg. (6), the following relation
can be given:

Ha = =25 =205 + A HE (®)

AIB,

As is known, the chemical potentials of Al and B in the
slab must be less than those atoms in their bulks. Otherwise,
the compound slab would be unstable and decompose into
elementary substances. Thus, the range of Al chemical po-
tential is:

Ay H/-(?ls2 Su - " <0 ©)

As shown in Fig.2a, which plots the surface energies of
AIB, (0001) versus the Al chemical potential, the range of
5% — % is —0.13~0 eV, which is close to another calcula-
tion result of —0.11~0 eV %, The Al-terminated surface en-
ergy is much lower than that for the B-terminated surface
energy over the entire Al chemical potential, indicating that
the outmost atomic layer of the AIB, particles prefers Al to
B atom termination in equilibrium conditions. In Fig.2b,
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Fig.2 Relationships between the surface energies and metal
chemical potentials: (a) Al- and B-terminated AlB,(0001);
(b) Ti- and B-terminated TiB2(0001) (the vertical dash
dotted lines indicate the ultimate Al and Ti chemical po-
tential values for which bulk AIB; and TiB; form)
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which shows the surface energies of TiB,(0001) versus Ti
chemical potential, the range of 3 — 2" is -3.12~0 eV,
which agrees with the experimental value of —3.4~0 eV B
and theoretical value of —3.2 eV Y. The B-terminated sur-
face is more stable than the Ti-terminated surface at low Ti
chemical potential, but when the Ti chemical potential in-
creases, the situation is reversed.

2.4 Work of adhesion and contact angles

The Al(111)/AIB,(0001) and Al(111)/TiB,(0001) models
used the superlattice geometry in which eleven-layer
AIB,/TiB,(0001) slab were respectively placed between two
five-layer slabs of Al(111) slabs, resulting in two identical
interfaces (shown in Fig.3). To compensate for the mis-
match between Al and AIB,/TiB, surfaces and to satisfy the
periodic boundary conditions in the supercell calculations,
the (softer) Al slabs were stretched by 4.81% to be commen-
surated with the AIB, slab, and with the TiB, slab were
stretched by 5.59%. During the geometry optimization,
all atoms were allowed to be freely relaxed in three
directions.

The work of adhesion (W,) can be defined as the re-
versible work associated with creating the respective free
surfaces from a bonded interface. First-principles methods
can accurately calculate the W,y by determining the differ-
ence in the total energy between the interfaces; taking the
Al(111)/AlB,(0001) interface as an example:

Wad = (EX)Ital + EXJISL - EE}ile )/ Aurface (1 0)

where, ES® Exs and Exfe, are the total energy of
the relaxed Al slab, AlIB, slab and AIl/AIB, interface, re-
spectively, and Aguce 1S the interface area. The calculated
values of W,y for the AI/AIB, and Al/TiB, interface struc-
tures are listed in Table 1.

In Table 1, it should be noted that for the AI/AIB, inter-
face, the W,y of the Al-terminated interface, 0.85 J/m’, is
smaller than that for the B-terminated interface, 1.66 J/m?.
For the Al/TiB, interface, the W,q4 of the Ti-terminated is 3.06
Jm?, larger than that for the B-terminated interface, 2.48
Jim?. Although our calculation were performed at 0 K, it has
been shown that the calculated results are valid for T > 0 K
for the acceptable total-energy difference in solids™**%!.
In conclusion, the W,y of the Ti-terminated interface is the
largest of all systems studied.

Moreover, W,4 can be used to quantitatively predict the
wetting properties of an interface:

Wy = Vo T Ver = Vime (11)
where, y,, and y., are the surface energies of metal and ce-
ramic, respectively, and y,. is the interfacial energy be-
tween metal and ceramic. Based on Eq.(11) and the Young
relationship, we can obtain the relationship between Wy
and the contact angle:

W, =7y, -(1+c0s0) (12)

Fig.3 AIl(111)/AIB,(0001) and Al(111)/TiB,(0001) slab models:
(a) Al-terminated model for Al/AIB; slab, (b) B-terminated
model for AI/AIB; slab, (c) Ti-terminated model for
Al/TiB; slab, and (d) B-terminated model for Al/TiB; slab
(yellow balls are Al, green balls are B and red balls are Ti)

Table 1 Values of adhesion work for Al(111)/AlB,(0001) and
Al(111)/TiB,(0001) interfaces

Interface Termination Wag/J M2

Al 0.85
Al/AIB;

B 1.66

Ti 3.06
Al/TiB;

B 2.48

With Eq.(12), we can easily understand that larger W,q
corresponds to a smaller contact angle, which means a bet-
ter wettability. Comparing W,q of Al(111)/TiB,(0001) with
that for Al(111)/AIB,(0001), W,q of either the Ti-terminated
or B-terminated system with AIl(111)/TiB,(0001) is much
larger than that of the Al-terminated or B-terminated system
with AI(111)/AIB,(0001), indicating that the Al wets better
on the TiB, system than the AIB, system, with the same y,.
At this point, the assumption that the wetting difference
between AIl/AIB, and Al/TiB, interfaces could affect the
wettability of B,C/Al interface could be proved. This is
how Ti increases the wettability of the B,C/Al interfaces.
There is no doubt that the rotation of slabs, the stacking
sequences for the Al/AIB, and Al/TiB, interfaces could be
other factors to affect the wettability of B,C/Al interface.

3 Discussion

3.1 PDOS of AIB, and Ti-AlIB, systems

We concluded that it is the stronger bonding formed be-
tween Al-TiB, that may result in the larger W, and enhance
the wettability. Therefore, we selected the partial density of
states (PDOS) of Me-B atoms to reveal the formation
mechanism of the bonds between Al, Ti and B. In the cal-
culation, a 2>2>2 AIB, supercell was adopted. In the doped
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system, the Al atom at the spatial center of the supercell
was replaced by a Ti atom.

The PDOS by atom of AIB, and Ti-AIB, are shown in
Fig.4. The overlaps between the B-2s and B-2p states in
AIB, and Ti-AlIB, indicate the sp2 hybridization, which
form the main bonding among boron layers. For the Ti-AlIB,
system, the energy range of the PDOS is obviously narrow-
er than that of the PDOS of AIB,. Moreover, the PDOS of
Al shows a high peak of the 3s states and residuals 3p states
around the Fermi level. In addition, the Ti-4s and Ti-3p
states are mainly localized and contribute little to the
bonding states. However, there are two peaks around the
Fermi energy in the PDOS of Ti-B (Fig. 4b-1V). The one
below the Fermi level (-2.4 eV) is a result of the hybridiza-
tion of Ti-3d and B-2p states, which contributes to Ti-B
covalent bonds. The other peak above the Fermi level (0.8
eV) consists of the hybridization of Ti-3d states and Al-3s
states, which results in Ti-Al metallic bonds. The hybridi-
zation among Ti-3d, Al-2s and B-2p contribute to a steep
pseudogap at the Fermi energy in the PDOS of Ti-AlB,
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Fig.4 Partial density of states of AIB, and Ti-AlB; systems:
(a) partial Al, B density of states and total density of states
of AIB,; (b) partial Al, B, Ti density of states and total
density of states of Ti-AlB; (the vertical lines indicate the
Fermi level Eg)

instead of a more “flat” pseudogap for AIB,. The intensified
anti-bonding states above the Fermi energy of AIB,, which
indicates more anti-bonding states, result in less stable Al-B
bonds, comparing with the Ti-B bonds. Accordingly, we
could draw a clear conclusion as to the reason that Al wets
TiB, better than AIB,. As a result of electron transfer, no
extra electrons of TiB, enter the anti-bonding space, which
stabilizes the cohesion between Ti-3d and B-2p. Thus,
stronger bonds can contribute to large W,4 and lower con-
tact angles to achieve a better wettability.

3.2 PDOS of Me-AlIB, systems

As previous papers reported, Ti is widely used in indus-
try to improve the wettability of the Al/B,C system, but it
performs badly at low temperatures of approximately
700~900 <€. Therefore, it is important to find more ideal
alloy elements to increase the wettability of the AI/B,C
system. Taking the elements with similar chemical proper-
ties into consideration, we choose Sc, V, Y, Zr and Nb as
candidates. On the other hand, commercially pure Al con-
tains many dopants such as Mg and Cr. which may damage
the wettability of the Al/B,C system. It is therefore neces-
sary to study the wetting influence of the dopants. The
PDOS curves of the supercells are shown in Fig.5 after re-
placing the Al atom at the spatial center of a 2>2>2 AIB,
supercell by a dopant (Sc, V, Cr, Y, Zr, Nb).

It is found that the PDOS of Sc-, Y-, Zr- and Nb-AIB, are
almost zero and cannot contribute to the Me-B bonding nor
lower the contact angles. Comparing the PDOS of residual
V-, Cr-AlB, and AIB,, we find that the hybridization of
B-2s and B-2p are still the dominant bonding states among
boron layers and that the energy ranges of PDOS are also
shorter than AIB,. For V-AIB,, there are still two peaks
around the Fermi level in the PDOS of V-B. One peak be-
low the Fermi level is a result of the hybridization of V-3d
and B-2p states, which indicates covalent bonds between V
and B. The other peak above the Fermi level consists of the
hybridization of V-3d and Al-3s states, which shows the
metallic bonds. These two peaks form a steep pseudogap at
the Fermi energy. The weaker anti-bonding states of the
V-B PDOS compared to the AIB, PDOS could stabilize the
V-B bonds, which may lower the contact angles between Al
phase and VB, phase. A peak at the Fermi level in the B-Cr
PDOS is formed by the hybridization of Al-3s and Cr-3d
states, indicating the formation of AI-Cr metallic bonds.
Moreover, there are two peaks below the Fermi level, which
consist of Al-3d, B-2p and Cr-3d states. The fact that the
anti-bonding states form a peak at the Fermi level indicates
more anti-bonding states compared with AIB,, which could
weaken the bonding among Al, B and Cr, and damage the
wettability of Al and CrB, to be even worse than Al and
AlB,.
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Fig.5 Partial density of states of Me-AlIB; systems: (a) the Sc-doped AIB; system, (b) the V-doped AIB; system, (c) the Cr-doped AlB;
system, (d) the Y-doped AIB; system, (e) the Zr-doped AIB; system, and (f) the Nb-doped AIB; system (the vertical lines indicate

the Fermi level Eg)

4 Conclusions

1) The Al(111)/TiB,(0001) interface has higher adhesion
energies than the AI(111)/AIB,(0001) interface, which
means the Al(111)/TiB,(0001) interface has a better wetta-
bility. The wetting difference between Al matrix and
diborides is one of the factors to influence the wettability of
B,C/Al interfaces.

2) For AIB,(0001), the Al-terminated surface is more
stable than the B-terminated surface, but the surface stabil-
ity relationship of TiB,(0001) is dominated by the Ti chem-
ical potential.

3) It is evident that the stronger bonding of the Al/TiB,
over the AI/AIB, interface is a result of the fewer an-
ti-bonding states with electron transfer. The more stable
bonding achieves the larger W, for the Al/TiB, interface,
which indicates a better wettability. Thus the reason why
the wettability of Al-B,C MMCs could be improved with
Al-Ti alloy addition is proved.

4) The PDOS of V-doped AlB, shows fewer anti-bonding
states than AIB,; thus, Al-V alloys may also improve the
wettability of the Al/B,C interface and may be promising
candidates for industrial applications.
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