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Adhesion and nonwetting-wetting transition in the AV a-Al,O5 interface
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Using a reactive force fielReaxFh, we investigated the structural, energetic, and adhesion properties, of
both solid and liquid Alk-Al,O5 interfaces. The ReaxFF was developed solely afihinitio calculations on
various phases of Al and AD; and Al-O-H clusters. Our computed lattice constants, elastic constants, surface
energies, and calculated work of separation for the solid-solid interface agree well with earlier first-principles
calculations and experiments. For the liquid-solid system, we also investigated the nonwetting-wetting transi-
tion of liquid Al on a-Al,05(0001). Our results revealed that the evaporation of Al atoms and diffusion of O
atoms ina-Al,0; lead to the wetting of liquid Al on the oxide surface. The driving force for this process is a
decrease in interfacial energy. The nonwetting-wetting transition was found to lie in the 1000-1100 K range,
which is in good agreement with sessile drop experiments.
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[. INTRODUCTION Batyrev and Kleinmah investigated adhesion of
Al(111)/a-Al,04(0001) and Cu(111}#-Al,05(0003.
The Alla-Al,Os interface is of great scientific and tech- Siegelet al® employedab initio computations to determine
nological significance due the important role it plays in suchthe atomic structure and work of separationideal work of
diverse applications as metal-ceramic composites, metafidhesion for the AI(111)/x-Al,05(0001) interface with

ceramic joints, casting and smelting processes, microele@0th Al-terminated and O-terminated-Al;05(0001). A
tronics, corrosion/wear protection, and coatingforce field, which treats the electrostatic interaction associ-

technology*~’ As a consequence, this system has attracted t.?](f[lm".\:ggl gggrgeegann;f%b I\évgsla??jvenlgr%%jﬁg/ ,{Stée'tgf and
substantial amount of interest from experimentalists wh intmi used | u y study

have largely focused on the measurement and analysis I?e solid Al/Al,O; interface. They observed that O atoms

; . I apidly diffuse into the Al lattice, resulting in a highly disor-
wetting af.‘d adheS|on_ strength of I|qu7|<_115AI on MAIZ% dered region at the interfaé&which is not comparable with
surface via the sessile drop methio ~'° An interesting

. . ) ) xperiment$. The Streitz-Mintmire potential was also used
phenomenon associated with this system is that molten Aﬁo investigate the properties of AD; surfaces,y-Al,O,

wets a-Al,O5 above 1150 K, but the Ali-Al;O; system  gyidation of Al metal, and other critical problerfs.2> A
remains nonwetting below 1150 Kin the experiments, the sjgnificant deficiency of this force field is that it predicts the
wetting state is nonequilibrium, since Al metal tends to OXi'ground state of AlO; as the bixbyite structure with lower
dize with environmental ©to form the ALO; solid phase. It energy than the corundum structdfewilson et al. offered
has been argued that since the oxidation of Al influences than explanation for this behavior that was centered around the
thermodynamics of the system, it affects the wetting behavexclusion of the polarizability of the © ions in the model
ior as well. However, some recent experiments showed thajotentials’’ The reactive force fieldReaxFF approach of
Al oxidation does not play a major role in Al wetting of Duin et al?® is sufficiently general enough to describe both
a-Al,03, and the primary cause for the wetting transition ismetallic and ionic bonds between Al and O, and is therefore
the decrease in the Al-Al,O; interfacial energy? Some  well suited for use in MD simulations of Ad-Al,O5. Un-
experimental results indicated that the formation of anlike earlier force fields, ReaxFF is based solely on first-
oxygen-rich interphase at the liquid AlfAl,O5 interface  principles quantum mechanical calculations, correctly de-
leads to a decrease in the interfacial enérgithough there  scribes charge transfelempirical force fields with fixed
are fewer experimental studies of adhesion of the solid-soliitomic charges are clearly inappropriate for this system
All a-Al,05 interface than those of the corresponding liquid-chemical reactions, and physical properties of &lAl,O3,
solid system, high resolution transmission electron microsand Al/a-Al,O5, and predicts the right ground state for
copy (TEM) of epitaxially grown Al ona-Al,O; has re-  a-Al,O;.
vealed an atomically sharp interfacial structfire. In the present work, we investigate adhesion in solid-solid
Recently, several first-principles density functional and liquid-solid Alla-Al,O5 interfaces, using MD with the
theory studies have been carried out to investigate th®eaxFF that was developed for this system. We are espe-
detailed atomic structure and energetic properties of theially interested in examining the role of temperature in the
metal/ALO; interface>"1°"° For example, Zhang and nonwetting to wetting transition in the liquid-solid system
Smith? found the composition of the stable &#Al,O;  and chose the MD simulation approach to facilitate separa-
interface tovary significantly with oxygen chemical potential. tion of temperature and oxygen partial pressure effects in the
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nonwetting to wetting transition at the AlfAl,O5 interface.  an equation of state of pure Al andg-Al,O3. For Al we
The paper is organized as follows. Section Il describes théitted various crystal phases of Al, including f¢t2), hcp
development of the reactive force field for Al andAl,05.  (12), bce(8), sc(6), and diamond4), which effectively al-
The calculated results of the solid/solid interface withlowed us to vary the coordination number of Al. &b initio
ReaxFF are presented in Sec. Ill. In Sec. IV, we present oualculations on our periodic systems, we employed the gen-
MD simulation results of the liquid/solid Alf-Al, Oy inter- ~ €ralized gradient approximation Perdew-Burke-Ernzerhof
face, focusing on Al wetting of the-Al,O; surface, where functionaf %nd pseudopotentidfs implemented in the
we also describe a simulation method used to determine tHgASTEPCOdE:" The energy versus volume curves for various
contact angle and critical temperature of the nonwetting tdhases of Al ande-Al,O; were plotted in Fig. 1; for fcc Al

wetting transition. In Sec. V we summarize the major result .nd “'AIZOS' we also give t_he Pressure versus VO'U!’“e rela-
of the paper. ion. Equation of state fits indicate that the force field can

describe the atomic interactions for all pressures up to 400
GPa. Table 1l shows the computed physical properties, such
Il. REACTIVE FORCE FIELD FOR AIAND  a-Al,04 as the cohesive energy(), lattice parametergj), bond

. . . length in ALO;, bulk modulus B), vacancy formation en-
The reactive force field framework was initially devel- ergies E,)), and surface energiesyd) of Al and a-Al,O;

oped for hydrocarborf. Since then it has been successfully rom the force fields. These properties compare favorably
employed in the study of Si/SiOnterface$’and is currently  yith QM and experimental values. As a further test of our
being applied to metal oxides and reactions between highorce field, we determined the energies and volumes of other
energy density materials. With the ReaxFF formalism oneyhases for Al and AlD;; the results are summarized in
can accurately describe bond formation, bond breaking, angiable 111. Notice that, the ReaxFF correctly predicts the bix-
charge transfer. All force field parameters were developegyite as a higher energy structufeompared toa-Al,03),
using the results oéb initio calculations. In this study, we which is in agreement with QM results and the fact that the
optimized the force field parameters for Al and,@®k within  bixbyite structure is not observed from experiment. This is a
the ReaxFF scheme. First and foremost, the ReaxFF paramignificant improvement over the force fields developed by
eters for Al and AJO; are fully transferable: they may be Streitz and Mintmiré! Although the EEM method in this
used not only for the metal/oxide interface, but also forwork is similar to the charge equilibriatiofQEq method?
studying the oxidation of Al and the hydration afAl,O;, used in the electrostatidES+embedded-atom method
and how Al or ALO; interacts/reacts with Si, SiQ hydro-  potential?* we believe that our fitting procedure of various
gen, hydrocarbons, and other organic molecules for whiclphases of Al, AJO3, and Al-O-H clusters allowed ReaxFF to
the parametrization is available. accurately reproduce the charge on Al and O in different
The total energy expression for the Al andAl,O;  bonding environments. This makesAl,O; the most ener-
ReaxFF is a summation of electrostaticoulomb, bond, getically favorable structure. It should be noted that the
overcoordination, and van der Waals energies: charges of Al and O imx-Al,O5 calculated from ReaxFF are
+0.76 and—0.51, respectively, which agree very well with
Esysten™ Ecoutomtt Ebond® Eover™ Epawaais: (1) the QM results of+0.73 and —0.49, respectivel§. The
reader is referred to Refs. 28 and 29 for additional details on
The Coulomb interactions in our ReaxFF were calculatedReaxFF construction.
between all atom pairs with the atomic charges: these are
determined for each configuratign using the electron equili- lll. SOLID /SOLID INTERFACE
bration method EEM) approach?” We optimized the EEM e firt studied the solid/solid Ali-Al,0; interface with
parameters(electronegativityy, chemical hardness, and our reactive force field and compared the results with first-

shielding radiusr) to reproduce the charge distributions of principles results as another check of the quality of our force

ngme_trpus clufters mvor:vm_g AI"\? ' an(zhH dcalc.ulat;ar(]j with aNfield. Based on the crystallographic considerations and ex-
ab initio quantum mechanicdlQM) method using theAc- perimental observatiorfsithe preferred orientation at the

UAR code3! The AI-O-H clusters were chosen to represent ; o
) . . . . All a-Al,O5 interface is given by the close-packed planes
various bonding environments of Al and O with H, so this @ Alzbs | 'S gV y P b

force field is transferable to situations where reactions of H000) @-Al203/(111) Al and[1010] a-Al,05/[110] Al.
and H,O with Al and a-Al,O; are of interest. The EEM The unit cell parameters in the directionsa(3)[1010]
parameters for O and H were determined in previouse-Al,0; and[110] Al are 2.760 and 2.835 A, respectively,
studies?® so we only allowed the parameters for Al to vary in leading to a 2.7% mismatch. In this study, we considered two
our optimization. A summary of the results is listed in Tabledifferent stacking sequences and three different oxide termi-
[, which clearly shows that our ReaxFF agrees well with QMnations, for a total of six interfacial geometries. The stacking
results. sequence differs in the position of the O layerdanAl,O;
Unlike the ReaxFF for hydrocarbon molecules, the totalwith respect to the AlL11) surface. In the fcc stacking se-
valence energy includes only bond stretch terms for Al andyuence, the atoms in the AL11) surface layer sit atop the Al
a-Al,O3. It does not include angle bending and torsionsurface atoms in the oxide; in the hcp stacking, the metal
terms as these are all set to zero. The parameters for tletoms sit atop the second O layer of oxide. Note that the
bond, overcoordination, and van der Waals energies of Al-Alx-Al,05(0001) surface can be terminated with a single Al
and Al-O were determined by fitting the QM calculations to layer, a double Al layer, or an O layer. In the simulations, we
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TABLE I. The calculated charges for some Al-O clusters from ReaxFF compared with QM results. The
notes in parentheses give the environment of the atoms, e(@HPmeans O in the -OH environment. The
unit of charge is in electrons.

Clusters Atoms Charge QM Charge FF
(HO)AIO,AI(OH) Al 1.009 1.135
O (OH) -0.631 -0.724
O (between two Al —-0.701 —-0.734
O=Al—0O—AI(OH), O (termina) -0.811 —0.508
Al (between two Q 1.337 0.947
O (between two Al —-1.175 —1.846
Al (link with OH) 1.716 1,223
O (OH) —0.865 —0.745
(OH),Al—AI(OH), Al 1.046 0.800
@] —-0.852 —0.743
(OH),Al—O—AI(OH), Al 1.692 1.223
O —-1.194 —-0.841
O (OH) —0.866 —0.746
O(AIO,), Al 1.653 1.071
O (centey —-1.167 —0.944
O (AIO,) —0.534 —-0.306
O(AlO,) 4 Al 0.965 0.964
O (centey -0.739 —0.954
O (AlOy) —0.360 -0.319
O(AIOy) 4 Al 0.827 0.933
O (centey —0.755 —1.309
O (AIO,) -0.335 -0.316
Al(OH)3(H,0)4 Al 1.396 0.973
O (H,0) -0.621 —0.642
O (OH) —-0.882 —0.688

used sandwich models, e.g., one Al-terminated model wamterdiffusion has been observed and the interfaces between

constructed by stacking 3 Al-O-Al layers of-Al,O5 (half  Al/l a-Al,O5 remain very sharp. The work of separation,

of the unit cel), an Al slab with either 7for fcc sit9 or 5  Wj,,, reported in Table IV was computed via

(for hep site layers of A(111) planes, and another 3 Al-O-Al

layers of @-Al,O5. Periodic boundary conditions were im-

posed in all three directions. Wsep= a1,05-50 T Tal-so ™ TaUAL,0;

We used two steps to estimate the work of separation and — (B LEot ot )/2A 2

interfacial energy. The total energy was first calculated for Al0z-slab ™ =Al-slab  =Al;05-Al ’

various separations as the rigid slabs were brought closer

together. This led to an estimate of the equilibrium interfacialwhere OAL0, 1 TALsy are solid-vapor surface energies,

separationD,. We then relaxed all of the atomic positions P tot tot

to obtain theooptimized interfacial structure at 0 K, starting’ "/A'2% S _mterface energyEasap and Eai;oq sian are the
total energies for the Al andv-Al,O5 slab, respectively,

from the models with the computed equilibrium separations., 7 _ , _
We employed both classical molecular dynamics calculation§Al,0,-a1 iS the total energy for the sandwich model, s

using ReaxFF, and density functional thedBFT) QM cal-  the interfacial area. The calculated work of separation from
culations with sSEQQuUEsT? (using a Gaussian-based linear ReaxFF is also compared with previous QM resulse
combination of atomic orbitals methpdn the same configu- Table IV). It can be seen that the predictBg values from
rations for comparison. The equilibrium separations for theour ReaxFF are reasonably close to the corresponding QM
interfaces from reactive force fields and DFT calculations argvalues for all but the double-layer Al-terminated interface
summarized in Table IV and show good agreement. Aftewhere a difference of 0.79 A is noted. Experiments indicate
relaxation, the Al-O bond lengths near the interface decreadidat the single-layer Al-terminated-Al,O5; (0001 surface
from those in the bulk system, but no atom migration oris the most stabl&"*>For the Al/Al,O; interface, the experi-
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mental adhesion energy is 1.13 3/fi which is closely re- IV. LIQUID /SOLID INTERFACE

produced by both the QM and ReaxFF calculations on the gegsile drop experiments have revealed that molten Al on
single-layer Al-terminated structure, suggesting that this typg,_a|,0, exhibits a nonwetting to wetting transition around
of interface is the most physically realistic for use in our1350 K1 However, the origin of this transition is not clear,
calculations. On the other hand, tW., values for the sjnce there is almost always some oxidation of the molten Al
O-terminated interfaces are substantially larger than those fajroplet in these experiments. It has been suggested that Al
the Al-terminated interfaces since this termination is thermo-oxidation can be neglected during the wetting proteasd
dynamically unstable. Similar conclusions were reportedhat temperature controls the transition. Accordingly, in the
from the results obtained using QM DFT methods by Siegepresent MD simulations, we examined the mechanisms of
et al® and Batyrev and Kleinmah. the Al wetting transition at different temperatures without the
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TABLE II. Physical and structural properties @ Al-metal QM and ReaxFF are from this work, afig
Al,O; (bl denotes bond length

(@
Ec(eV) ay(A) B(GPa Cy;(GP3 C;,(GP3 Cu(GP3 Ey (V) 1y (mIinT)

QM 330  4.016 80 810
Expt. 336  4.09 79 114 61.9 31.6 0.6% 98(F
ReaxFF 3.04  4.012 78 119 57 50 0.85 576
(b)
%(0007)

E. (eV) a(A) c (A (J/n?) B (Gpa bl 1.0 (A) bl 2.0 (A)
Expt. 32 4.758 12.991 258 1.856 1.969
QM 31 4.783 13.252 1.59 250 1.866 2.001
ReaxFF 38 4.810 13.100 1.0 248 1.890 1.965

8Reference 35.
bReference 36.
‘Reference 37.
dReference 38.
®Reference 39.
fReference 40.
9Reference 41.

influence of environmental oxygen. We employed M¥&T  atomic structure of the Al¢-Al,O4 system during the equili-
(constant temperature/constant volynD method on the  pration at 1250 K, at=2 ps and at=100 ps. Att=2 ps,
All a-Al,05 system in vacuum. The temperature was keplhe Al slab melted and formed a liquid drop, which loosely
constant using the Berendsen thermo$tathe equations of aghered to thex-Al,O; surface, showing a nonwetting con-
motion were solved with the Verlet algorithm using a time figuration. After running the simulation to 100 ps, the Al
Step of 0.5 fs. We used two models to Study the Wettin%toms Spread over the-A|203 surface as shown in F|g
process, viz., a droplet model and a sandwich model. 2(b). This is indicative of the fact that liquid Al metal wets
In the droplet model, we adopt¢d010] and[1120] as  the a-Al,O5 slab at later stages of the simulation. It should
the x andy directions, respectively, fa-Al,O; (0001, so  be noticed that in Fig. (®), some Al atoms were evaporated
the angle between the andy axes was 90° rather than from the Al-liquid cluster and attached at the bottom surface
120°. A 4xX8X1 superlattice slab (33.%338.26 of the AlLO; slab due to the periodic boundary condition.
% 13.25 A) with 1920 atoms was constructed, and 10 layers The wetting process is more clearly analyzed by the varia-
of AI(001) planes were stacked on top of theAl,05(0001) tion of the density of atoms along the direction of the
slab. The dimensions of the @01 slab were 20.05 Al/ a-Al,0O5 structure(Fig. 3). The outermost layer of the
X 20.05<20.05 A, giving a total of 500 atoms. Periodic oxide phase is Al terminated, but these terminal Al atoms
boundary conditions were applied in all three directions. Inhave relaxed inward to the adjacent O layer. Thé\l,0;
the z direction (perpendicular to the slapthe model was surface is around 33 A alorgy denoted by a vertical line in
separated with a suitable vacuum region from its periodidhe insets. At=2 ps, a few of the Al atoms are adsorbed on
images. the oxide surface, which is represented by the density peak
We equilibrated the model at different temperatures forof molten Al adjacent to solide-Al,O5 surface. Above the
50—-100 ps. Figures(d and 2Zb) show two snapshots of adhered layer of Al at thex-Al,O5 surface, there is a gap

TABLE Ill. Metastable phases for Al and AD;, energy in kcal/mol/atom for Al, kcal/mol/unit for AD;, volume in A%/atom for Al,
A3/unit for Al,O;. QM results are from this work unless those notk. is the energy difference with respect to the equilibrium phfse
for Al and « phase for AJO3).

Al metal Al,O3
bcc hcp Simple Diamond 0 Bixbyite
cubic
AE \Y, AE \Y AE \Y AE \Y, AE \Y AE \Y
QM 2.088 16.65 0.242 16.16 7.58 19.77 15.62 26.92 .76 47.9 22.37 45.5

ReaxFF 1.268 15.80 0.013 16.15 8.59 22.43 16.25 25.45 4.38 51.2 15.21 49.5

%Reference 26.
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TABLE IV. The equilibrium separatiorD, (unrelaxed and the work of separatioWs., (following
relaxation for Al/Al ,0; interface.

fcc-1Al fcc-2Al fcc-O hcp-1Al hcp-2Al hep-O
Do (A) QM (this work 2.514 2.42 1.447 2.336 2.06 1.405
Do (A) ReaxFF 2.57 2.62 0.95 2.50 2.85 1.01
W, (J/n?) QM (this work) 1.16 1.66 8.72 1.19 2.04 9.16
Weep, QM 1.078/1.08 1.43% 10.09%9.7% 0.4 - 9.11°
Wqe, ReaxFF 1.737 0.04 7.299 1.312 —0.177 8.074
Weep EXpL. 1.076/1.1%

8Reference 5.
bReference 6.
‘Reference 24.
dReference 7.

between the liquid-drop region and the oxide surface; thisstoms from the liquid to thex-Al,O; surface, and?2) the
indicates that most of the Al atoms are in the metal-dropdiffusion of O from the bulka-Al,O; to the surface, which
phase and have no contact with the oxide surface. The inte&aused the;(-A|ZO3 surface to Change its Al-termination to
facial interaction between the liquid Al argtAl, O3 surface  an O-rich phase. The decrease of the interfacial energy thus
is therefore weak, and this leads to the nonwetting state. Akads to an increase offsep and a decrease in the contact
t=7.5ps, the Al and O at the-Al,O; surface merged into angle, which is in agreement with experimental
one layer and the Al metal atoms evaporated from the surfacgbservationg. Thus, an Al-rich aluminum oxide phase is
of the liquid drop and scattered into the vacuum domain oformed at the interface. We have monitored and calculated
the simulation cell. The evaporation of Al led to an almostthe coordination number change of Al at the AY@% inter-
even density distribution of metal atoms along thelirec-  facial region during the annealing at 1250 K. Figure 4 shows
tion. Except for a few Al atoms that are adsorbed on thehe variation of the average coordination of Al atoms at the
oxide surface, most Al atoms still have not reached the surnterface region. In bulk A0z, the Al has 6 O neighbors
face, denoted by the peak adjacent to the solid oxide surfacggnd O has 4 Al neighbors. At the single-Al-terminated®J

and the gap between the liquid phase and the oxide surface §urface, the Al at the surface $8 O neighbors. The inter-
the metal Al density distribution curve. At=50 ps, the ex-  facial region is defined as follows: starting from the outer-
change of Al and O continuously took place at #€Al,03  most Al layer of the AJO; phase, we monitored the average
surface: some Al atoms at the top layerafAl ,0; diffused  coordination of Al atoms, layer by layer, into the oxide phase
into the O layer and some O atoms moved outside the Ahnd into the metal phase. Each layer has 128 Al atoms in the
layer in the oxide. Meanwhile some of the evaporated Aloxide phaseexcept for the top layer, which has 64 Al at-
metal atoms landed on the oxide surface, and the density

peak of adsorbed Al atoms on the oxide surface increased

substantially.(As mentioned above, some evaporated Al- @ 2P (b) 100ps

metal atoms were attracted to the other side surface of
a-Al,0; due to the periodic boundary conditiprthe gap
between the adsorbed layer and the remaining Al-melt atoms
vanished and the density distribution of metal Al became
continuous near the interface. At the end of the 100 ps simu-
lation time, the Al-metal atoms spread onto the surface. More
importantly, interdiffusion occurred: the Al atoms in the ad-

sorbed layer diffused into the oxide and the O atoms diffused i : . &
into the liquid droplet. We observed increasing interdiffusion Cemavenih ; o
across the interface: For example,tat50 ps about 30 Al- T, é;g}'e-,“fo" :
metal atoms diffused into O layer, and more than 80 atoms at ; e -;;',?%s‘"...- :

t=100 ps were in the O layer, and several O atom dissolved
into the liquid-Al phase from bulke-Al,O5. Once the inter-
diffusion of Al and O started, the stoichiometry at interface
changed. It can be understood from the following reaction:
Al +Al,0;— 3AIO.

The nonwetting to wetting transition for liquid Al on an
a-Al,O4 surface is driven by a decrease in the total energy
of the system, which in turn is driven by the formation of
new O-Al bonds at the interface. There are two important FIG. 2. Snapshots for the Ad-Al,O; interface at 1250 K run-
factors associated with this proce&b). the evaporation of Al ning after(a) 2 and(b) 100 ps.
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oms, and 50 Al atoms in the metal phase. Considering theDue to the limitations imposed by the size of model system,
outermost layer of oxide phase as layer 0, at the third layer ofve were not able to determine the contact angles using this
the oxide phase even at the end of 100 ps the coordinatioprocedure as we have successfully used it in determining
remains 6, indicating that within this time frame the bulk contact angles and surface tensions of various crystalline
a-Al,O5 stochiometry remains intact below the third layer.

The distribution of the Al-O coordination in oxide and metal |
phases at the interfaces at the end of the 100 ps simulation i

tabulated in Table V, along with the final average coordina- j;jgg;s
tion (where the layer labeling is- 1, — 2, — 3 into the oxide Sr .- A 50ps
phase, 1, 2, 3 into the metal phasieayer 0 Al atoms are on i --e--100ps

the average, threefold coordinated. The coordination distri- _ 4
bution for the layer 0 at the end of 100 ps is, 4/64 twofold .
coordinated, 39/64 threefold coordinated, 20/64 fourfold co-
ordinated, and 1/64 fivefold coordinated Al. In layerl in
the oxide phase at the interface, the average coordination ¢ o |
Al reduces to slightly over %5.37) and layers—2 and—3
are very close to €5.91 and and 5.97, respectivelgt the
end of the 100 ps simulation. The variation of Al-O coordi-
nation for metal layers 1 through 3 is displayed in Fig. 4 and [ ™~
Table V. Here, one observes coordinations ranging from 0 ta
4 as the simulation time increases.

Additional simulations were also performed at tempera-
tures of 900, 1100, 1200, and 1300 K. We found that the Al layer
diffusion at the interface was fa§ter at higher temperatur.es FIG. 4. The evolution of the O coordination number of Al atoms
than at IOW(_ar _temperatures, Wh'_Ch accelerat_es the wetting, the interfacial layers during 1250 K simulation. The 0 layer is the
process. This is in agreement with the experimental resultg,,most Al layer of AJO; at the interface— 1, —2, — 3 are the Al

that the spreading/wetting time is reduced at elevated teMayers in ALO;, and 1,2,3 are Al layers in Al metal. Layer 0 has 64
peratures. At 900 K, no diffusion of O was observed at 50 ps'atomS’ |ayersf 1, 72’ —3 each have 128 Al atoms, and metal

therefore the outermost layer of oxide was still Al terminatedphase layers have 50 Al atoms. The Al-O coordination plotted here
and Al-metal atoms remained in the droplet. is the average over the atoms of each layer. The distribution of the

The drawback to the above model simulation is that itAl-O coordination for each layer at the end of 100 ps run is given in
only gave a qualitative description of nonwetting or wetting. Table V.

ordination
[4%]
i

O

-3 -2 -1 0 1 2 3
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TABLE V. The number of Al atoms of different O coordination at interfacial layers after annealing at
1250 K for 100 ps. The 0 layer is the Al layer of &5 at the interface;-1, —2, — 3 are Al layers in AJO;,
and 1, 2, 3 are Al layers in Al metal.

Coordination

layer 0 1 2 3 4 5 6 Arerage
-3 0 0 0 0 0 4 124 5.97
-2 0 0 0 0 8 118 5.91
-1 0 0 0 1 16 51 60 5.36
0 0 0 4 39 20 1 0 3.28
1 15 6 7 21 1 0 0 1.74
2 18 14 3 14 1 0 0 1.32
3 17 11 7 12 3 0 0 1.40

polymers?® Therefore, we used an alternative model with awhereas the surface energy of the liquid only influences the
solid a-Al, 05 slab sandwiched between two slabs of liquid value of cos. Since bothER o s aNd EAL|-pui are con-
Al phases to estimate the contact angle and the temperatuggants at the specific temperature, only the interfacial energy
of the nonwetting-wetting transition point. - . EXLo,-a influences the sign of cai which determines wet-
The, Wettab.'“ty of a-Al;0; by liquid Al is determined ting or nonwetting at the specific simulation temperature.
Young's equation, When co>0, §<90°, and liquid Al wets thea-Al,O;
surface; whereas when c6s.0, §>90°, the liquid Al does
not wet the surface. It should be noted that the above equa-
whereay 1, is the surface tension for the liquid-vapor inter- tions are only satisfied when no new phases have been
face of Al, opa ,05 is the interfacial tension at the boundary formed at the interfac_e; otherwise it is necessary to account
between liquid Al and solide-Al,O; o o s, is the surface 0" the heat of formation of the new phase. _
tension for solid-vapor interface for—Azl 3C) and 6 is the T(.) determ!ne the temperature at which th? nonyvettmg-
o o2 T wetting transition occurs, we performedVT simulations
contact arlg!e. _\/Vheﬁ<90 ’ the solid IS wet by th_e _Ilqwd, with the sandwich model in the 950 to 1300 K temperature
and §>>90 |_nd|cates nor_n_/vettmg behavior. Compmlng Eqs'range. In the sandwich model, the potential energy of the
(2) and(3) gives the familiar Young-Dupre equation system is given b)E}f,‘ZOs_Al , which was monitored in these
Wsep=0ar1,(1+c0S0). (4) simulations. Figure 5 shows the variation of the potential
Equation(4) indicates that the lowef and the highet ., , energy for the sandwich model at 1100 and 1200 K. The

tot tot
the larger Wep, which has been confirmed by Ksiazek values ofExj,o,-sia ANd Eai--pui 8t 1100 and 1200 K.we.re
et al! with a special procedure to study shear strength usingalculated from ther-Al,O; slab model and bulk Al-liquid
sessile drop samples in the AHAI,O5 system. The results model_ mde_pendently, and their summation is also plotted as
show that the higher the wetting temperature, the lower th& Straight line to represent the baseline. A 1100 K, the
contact angled and the higher the interfacial shear strength.Potential energy fluctuates aroufitf] o qjar+ EAL1-buis iM-
Combining Eqgs(2) and (4), we obtain the following re- plying that cos is almost equal to zero and representing the

O A1y COSO+ T pyal,0,= TAILO,-s0 ()

lationships: transition state from nonwetting to the wetting. We observe
ot ot ot that atT=1200 K, the potential energy of system decreases
2AWsep=En,0,stant Eal-slab™ Eal,0-a1» (5 with time. At the beginning of the simulation, the energy was
higher thanEA|203_S|ab+ Ea.i-bui, indicating nonwetting at
2A0|,(1+cosf)= E,tb?lt203—slab+(E}£|t-l—bulk+ 2A0y,) that time. At about=25 ps, the potential energy becomes
ot less than that oE o, sastEA1-bui: this indicates that the
SO ® wetting process has begun. The decrease of the potential en-
ot ot ot ergy is due to the migration of O atoms from the bulk oxide
Eal,0,-slabt EAr1-buk— Ealo,-al to the surface as discussed above. This reduces the interfacial
cos6= 2A0, : () energy and increases the work of separation. From the solid
’ All a-Al,0O5 calculation in Sec. lll, we know that the

Above the melting temperature, the Al slab is a mixture ofo_terminated interface has a much laryfés, , than the Al-
liquid and vapor, and it is difficult to determine the value of tgrminated interface. P

EE’-\OI’[—sIa_b' Thu‘:”tin Eq.(6), we have used the total energy of  After the wetting transition, we found that the potential
bulk liquid Ex;|_p Plus the surface energyA2r, in place  energies kept decreasing at temperatures higher than 1100 K.
of the total energy of the liquid slab. As the liquid surface This is because oxygen tends to continue diffusing into the
energy is depleted on both sides, the sign of&¢osly de-  Al-liquid region, so a new phase of aluminum oxide forms
pends on the sign of E}glt203-slab+E,t£|t-I-bulk_EtAo|t203'A|)’ inside liquid Al. In Fig. 6, we show the atomic number den-
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61800 S 20 40 e 8o 100 sandwich model after running 100 ps @ T=950K and(b) T
=1200 K (averaging for 100-110 psz=0.2 A).
time (ps)

FIG. 5. Energy change with time for the sandwich modefaat ~ correspond to the structure at equilibrium or just after wet-

T=1100 and(b) T=1200 K. The baseline is the sum of the energy ting transition.

of the AlLO; slab and the energy of Al-liquid bulk. The surface tension of the liquid Ab(,) was calculated
with thfg cluster method employed by us to study Ar

sity distribution along thez direction for 950 and 1200 K clusters. B_asl_ed _gndthls metgod, 'Fhe p_otentlal e?err]gy of &

after running fortg;,= 100 ps. AtT=950 K, almost no oxy- bmacrcf)scopml 1qui hrog can ehwnttr(]an n t?rms 0 t Ie rf]um-

gen diffusion to thea-Al,O5 surface nor into liquid Al is ero pe_\rtlc es in the dropn(, the chemical potential of a

observed: this indicates that the nonwetting state is stable gtamcle In the bulk(z), the volume of .the dropu), the

950 K. However, alf=1200 K, we see that 7 atontap to Surface tensiorio), and Tolman lengitid):

26% of O atoms in the first O layer of fD;) have diffused .

into the liquid-Al region at one side of the interface, which _ 13 23 —1/3 23 13— 213

then formed 30 bonds with the Al metal with a bond distance n = p+o(4m)(30)* " 1E- 20 5(4m) " 3v) T

of less than 2.2 A, which indicates where new Al-O phases (8)

spread along the direction.

To evaluate the contact angle from K@), one must use At different temperatures, we fit the potential energies of
the energy without any new phase formation. However thécosahedral clusters with different sizes to Eg). to get the
continuous diffusion of oxygen into the Al droplet and new change in the surface tension of liquid Al with temperature.
Al-O phase formation within liquid Al will cause the contact We then estimate the contact angle at different temperatures
angle to continuously change, and K@) is not valid any-  with Eq. (7), and the results compared with the experiments
more. Therefore, we decided to only calculate the contacare shown in Table VI. The contact angle changes from 140°
angle at the equilibrium statgé.e., for 950 K or the state at 950 K to 74° at 1250 K and shows that a nonwetting to
right after oxygen diffusion to the Al surface but not into the wetting transition occurs with the elevated temperature. The
liquid phase. We have determined those energies for theritical point of the nonwetting-wetting transition is within
structures at the moment just before the oxidation withinl000—1100 K, which is close to the experimental value about
liquid Al from the MD trajectory. Thus the contact angle will 1150 K.
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TABLE VI. Contact angles for the Al/AIO; interface calculated from Eq8) compared with experi-
ments. The total energies and contact angles are captured at the time before O diffused into Al liquid phase
(listed in the tablg

Simulation Experimefit
T (K) 0 (deg Time (ps) T (K) 0 (deg
950 140 63 953 126
1000 96 66 1023 121
1100 82 70 1123 96
1200 65 46 1223 79
1250 74 33 1323 74
%Reference 1.
V. SUMMARY decrease of the interfacial energy, which is the driving force

Employing a reactive force field, we constructed the po—for wetting and spreading of liquid Al. Finally, with a MD

tential for Al and ALO; to reproduce the equations of state simulati(_)n mod_el, we es_ti_m ated the critical temp_era_ture of
. 3 prodt d . nonwetting-wetting transition of the system to lie in the
and physical properties of aluminum metal and aIummumlooo_1100 K range
oxides. With this force field, the work of separation of the '
Al/ «-Al,O5 interface was calculated, which is in agreement
with experimental and quantum mechanics results. With mo-
lecular dynamics simulations of the wetting process of liquid This research is funded by General Motors. The facilities
Al on an a-Al,0O5 surface, it has been revealed that theof MSC is also supported by funding from NSF, NIH, DoE,
evaporation of Al-metal atoms and diffusion of O atomsDoD, Beckman Institute and by grants from the industrial
cause the spreading/wetting of liquid Al on the oxide surfacepartners Avery-Dennison, Asahi Chemical, Chevron, Dow,
The formation of new AI-O bonds at interfaces leads to aEpson-Seiko, 3M.
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