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Introduction
     Ceramics are highly desirable struc-
tural materials because of their excel-
lent resistance to wear and corrosion,
as well as their ability to withstand
high temperatures. However, low frac-
ture toughness and lack of ductility
can limit applications, particularly
when parts may be exposed to high
mechanical and thermal stresses. Met-
als often perform better under such
conditions, leading to the use of a
combination of metals and ceramics to
meet design goals that necessitate the
formation of high-quality, strong
seals.
     Bonding of metals to ceramics can
be accomplished through various dif-
ferent manufacturing processes, but
active braze joints are preferred, par-
ticularly in high-temperature applica-

tions. In these cases, the ductility of
the filler material can accommodate
residual stresses generated during the
joining of materials with different co-
efficients of thermal expansion (CTE).
Active metal additives in the filler ma-
terial (e.g., Ti, Zr, etc.) can assist with
the wetting of the metals on the ce-
ramic surface itself.
     The details of the interfacial reac-
tions between ceramics and metals re-
main only nominally understood. An
improved understanding of these reac-
tions can help with the choice of addi-
tives in the filler material, as well as
geometric considerations for the parts
themselves. A crucial component of
the mechanism behind active brazing
is the wetting and spreading of the
filler material on the disparate metal
and ceramic surfaces, and how this
process changes with additives. Wet-

ting phenomena have been the subject
of a number of recent review articles,
including those that focus on general
wetting (Ref. 1), dissolutive (i.e., reac-
tive) wetting (Ref. 2), and the dynam-
ics of precursor films (Ref. 3). 
     A particular issue of concern with
braze joints is runout (braze alloy
flows out of the joint) (Ref. 4). This is
a result of instabilities in the wetting
and spreading of the filler material.
While runout can negatively impact
the cosmetics of a joint, both mechani-
cal strength and hermeticity can also
be affected through residual stresses
or unfilled regions in the joint clear-
ance, respectively. Modifications to
the geometry of the joint, the chemical
composition of the braze alloy, and the
overall processing temperatures have
been investigated as methods to re-
duce or eliminate runout, but have
met with limited success. One of the
goals of this study was to determine
chemical driving forces that may lead
to runout, in order to better engineer
the braze alloy and the joint materials.
     The present work addresses wetting
and spreading as it applies to active
brazing. Molecular dynamics simula-
tions were used to study the wetting
and spreading of a liquid braze filler ma-
terial on Kovar™ substrates (Ref. 5). Ko-
var™ is a Fe-Ni-Co alloy, with other
species at the sub-percent weight com-
position level. Kovar™ has a low CTE
that allows it to be brazed to glasses and
ceramics, providing hermetic seals. For
the remainder of this work, the term
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Kovar™ will be used to refer to the mod-
el alloy Fe(55)Ni(28)Co(17).
     While brazing to Kovar™ has been
studied experimentally (Refs. 6–9),
simulations of the entire braze joint
are difficult to perform, due to the lack
of availability of atomistic potentials
that simultaneously describe both
metals and ceramics. This stems, in
part, from the different electronic na-
tures of the two materials. The present
study focuses on the metallic base ma-
terial of the braze joint. While experi-
ments have shown that the presence
of both the ceramic and the metal are
necessary for runout to occur, it has
also been found that Kovar™-Kovar™
joints with Al added to the filler mate-
rial can exhibit this phenomenon. The
filler material itself is predominantly
silver, with small amounts of Cu and
Zr (Ref. 8). In the braze joint, a reduc-
tion-oxidation reaction occurs be-
tween the Zr and the ceramic (Al2O3)
base material, resulting in the forma-
tion of ZrO2 at the ceramic. Elemental
Al is released from the ceramic, and
becomes incorporated in the molten
filler material. Because it is not cur-
rently feasible to simulate this entire
reaction, and Al in the filler material is
necessary to model runout, this work
instead studied a filler material with Al
already incorporated and the Zr and
Cu components omitted. This approxi-
mation is justified, because Cu does
not play a role, and while the Zr does,
it is sufficiently well understood that
it can be neglected (Ref. 1). By study-
ing the behavior of pure metals as well
as the alloy, a better understanding of

the mechanisms responsible for the
brazing process can be developed.
     Previous studies have investigated
the dynamics of wetting in metal sys-
tems (Refs. 10, 11) with a stronger fo-
cus on spreading rates, and compar-
isons to molecular kinetic theory (Ref.
12). Some earlier work compared the
results of reactive to nonreactive sys-
tems in the case of Ag on Cu (Refs. 13,
14), and a CuAg alloy on Cu (Ref. 14).
The latter simulations are closest in
spirit to the present work, except for
the presence of the substrate material
in the liquid drop. The system studied
here is inherently more complex (with
two components in the filler material,
and three in the substrate) leading to
an interplay between the elements and
results that are challenging to inter-
pret in the context of wetting theory.
Therefore, no attempt to study the de-
tails of the spreading rates or contact
angles was made, and instead this
work focused on the effects of sub-
strate interactions and competitive
wetting of the braze filler components.

Simulation Details
     Large-scale molecular dynamics
(MD) simulations were used to model
the spreading of liquid filler material
on a Kovar™ substrate. The LAMMPS
simulation code was used with a
timestep of 1 fs and a velocity Verlet
integration scheme. All simulations
were performed at the experimentally
used brazing temperature of 1250 K,
which is maintained through the use
of a Langevin thermostat. 

     The embedded atom method
(EAM) was used, which is related to
second moment tight binding theory,
and approximates the electron density
through the use of an “embedding”
term. The EAM is particularly well
suited for atomistic simulations of
metals, and many potentials exist that
have accurately predicted mechanical
and structural properties. The EAM
potentials were developed by Zhou et
al. (Ref. 15), using a normalization
procedure that allows for the mixing
of multiple components in the simula-
tion. Given the complexity of the cur-
rent system (Fe, Ni, Co, Ag, and Al),
the availability of atomic potentials is
quite limited. These specific potentials
were fit to shear moduli, elastic
anisotropy ratios, and sublimation en-
ergies with approximate fits to vacan-
cy formation energies (Ref. 16). While
this specific multicomponent alloy po-
tential does not appear to have been
previously studied, the potential data-
base used to create it has successfully
predicted enthalpies of solution (Ref.
15), which can be used to fit alloy po-

Fig. 1 — Rendering of the initial state of a simulation of pure Ag spreading on Kovar™.
Ag atoms are colored cyan, Fe are pink, Ni are blue, and Co are light green.

Fig. 2 — Binned data indicating the drop
profile for pure Al on fixed Kovar™ after
the following amounts of simulation
time: A — 0 ns; B — almost 9 ns. Semi-
transparent snapshots of the simulations
are shown to indicate the correspon-
dence of the profile to the atomic config-
uration. Discrepancies are due to image
scaling issues combined with the plotted
location of a point for a single 4 Å bin.

A

B
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tentials. While a potential specifically
created for this alloy would likely pro-
vide more quantitative results, it is ex-
pected that the alloy interactions gen-
erated with this method are acceptable
approximations.
     The Kovar™ substrate was created
from an initial block of pure, single crys-
tal FCC Fe, with the (001) face exposed.
Atoms in the substrate were randomly
replaced with Ni and Co to form the de-
sired composition. This substrate was
then equilibrated at the brazing temper-
ature. Calculated density profiles of the
various components demonstrate that
the species are thoroughly mixed. Initial
simulations held the atoms in the sub-
strate fixed (i.e., forces on the atoms are
calculated and then discarded). This al-
lows for study of the wetting of the sep-
arate components without the compli-
cation of chemical reactions between
the filler material and the substrate. Re-
sults of wetting simulations with a mo-
bile (i.e., reactive) substrate are present-
ed second, since they are best under-
stood in the context of the results of the
initial nonreactive simulations.
     The liquid metal was created from an
equilibrated bulk sample, in which pure
FCC metal was melted and held at the
braze temperature of 1250 K. This pro-
cedure was duplicated for pure Ag and
pure Al samples. Creating the alloy be-
gan with the pure Ag sample, followed
by random substitution of 15 at.-% of
the Ag atoms with Al atoms, and a final
re-equilibration. Calculated atomic den-
sity profiles show that the Al is well in-
corporated in the Ag.
     The wetting simulations were de-
signed to mimic sessile drop experi-
ments, with one caveat. While full 3D
simulations, in which a hemispherical
drop of liquid metal was allowed to
spread on the substrate, have been
performed, it was determined that it
was feasible to increase the simulation
size without affecting relative spread-
ing rates by instead moving to a quasi-
2D simulation. In this geometry, an in-
finite half-cylinder of liquid spreads
on a substrate that can now be much
larger in the direction of spreading.
The substrate is 56.2 nm in the
spreading direction (x), 5.4 nm thick
(y), and 5.1 nm perpendicular to the
spreading direction (z). The liquid
drop initially had a 15-nm radius, and
a 5.4-nm thickness to match the sub-
strate. A snapshot of the initial state

of the simulation is shown in Fig. 1.
     The half cylinder of molten alloy
was allowed to spread dynamically on
the substrate, in most cases, until the
liquid had fully wet the Kovar™. In or-
der to analyze the dynamics of spread-
ing, histograms of the liquid atoms as
a function of height through the simu-
lation box were calculated. The bins
were 4 Å thick, and for each bin, the
radius that contains 95% of the atoms
in that bin was found, and plotted as a
function of simulation time. In this
geometry, the radius refers to a linear
distance from the middle of the half-
cylinder in the direction of spreading.
    Figure 2 shows examples of the

binned data for pure Al on fixed Ko-
var™ for the drop (A) at the beginning
of the simulation and (B) after almost
9 ns of simulation time. The profile in
Fig. 2A shows the initial curved profile
of the drop as can also be seen in Fig.
1, while Fig. 2B shows the drop has
spread with a precursor foot that
formed near the Kovar™ substrate. 

Results – Fixed Substrate

     Spreading simulations were per-
formed for pure Al on a fixed Kovar™
substrate. Density profiles for each
atomic type are shown in Fig. 3 after
~9 ns of spreading. These density pro-
files demonstrate that the Kovar™ was
reasonably well mixed during the sim-
ulation. The liquid Al profile shows a
density peak near the surface (corre-
sponding to the first layer of Al on the
substrate) with an approximate width
of 4 Å, indicating the proper bin size
for analysis of the spreading dynamics.
     Figure 4 shows the “drop” radius as

a function of time for pure Al spread-
ing on fixed Kovar™ for the lowest
three nonzero bins. The bin from -4 to
0 Å has been calculated, and indicates
no interdiffusion (note that the top of
the Kovar™ substrate is at approxi-
mately 0 Å), as there are no Al atoms
in this bin. This is expected for simula-
tions in which reactions with the sub-
strate are forbidden. In the figure, the
first bin from 0 to 4 Å shows the for-
mation of a precursor foot that quickly
spreads and covers the entire sub-
strate by approximately t = 3 ns.
Above this layer, from 4 to 8 Å, there
is some indication that a second foot
forms and spreads but fails to cover
the substrate. The dynamics of the
two bins above 8 Å, 8 to 12 Å, and 12
to 16 Å (not shown) are similar, indi-
cating that this is the spreading behav-
ior of the bulk drop (i.e., not associat-
ed with a precursor foot). 
     The spreading of a pure Ag drop on
the same fixed Kovar™ substrate is
substantially different, as shown in
Fig. 5. While a precursor foot does ex-
tend before the spreading of the main

Fig. 4 — Binned radius as a function of
time for pure Al on fixed Kovar™ for
bins from 0 to 4 Å (circles), 4 to 8 Å
(squares), and 8 to 12 Å (triangles).

Fig. 5 — Binned radius as a function of
time for pure Ag on fixed Kovar™ for
bins from 0 to 4 Å (circles), 4 to 8 Å
(squares), and 8 to 12 Å (triangles).

Fig. 3 — Density profile of pure Al
spreading on a fixed Kovar™ substrate
after ~9 ns of simulation time. Atomic
types are shown as Fe (solid line), Ni
(dotted line), Co (dashed line), and Al
(dot-dashed line).
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drop, the motion of this foot is slower
by a factor of approximately 10 as
compared to the pure Al, and barely
covers the substrate after 30 ns of sim-
ulation time. The height of the foot,
however, is similar to that in Al. The
next two 4 Å layers from 8 to 12 Å and
12 to 16 Å (not shown) show the
spreading of the main drop.
     Next, the wetting and spreading of
a binary alloy with the composition
85Ag-15Al (at.-%) was examined. The
behavior of each individual compo-
nent of the alloy was assessed, and
the results were found to be nonintu-
itive when compared to the pure met-
als. Figure 6 shows the spreading of
the precursor foot region as a func-
tion of time for four different simula-
tions: 1) pure Al, 2) pure Ag, 3) Al in
the 15Al-85Ag alloy, and 4) Ag in the
15Al-85Ag alloy. These simulations
demonstrate that the presence of Ag
in the alloy greatly inhibits the spread-
ing of Al, which spreads at a rate close
to the pure Ag. These results also show
some enhancement of the spreading of
Ag in the alloy (as compared to the
pure metal) due to the presence of the
Al. Also shown for comparison is the
spreading of the bulk drop region for
the two different components in the
alloy. This demonstrates that there is
indeed a precursor foot in the alloy,
the leading edge of which is composed
more of Ag than of Al. Nevertheless,
the percentage of Al in the foot is
higher than one would expect from

the alloy concentrations.
     Figure 7 shows the spreading of the
bulk of the drop for both components
in the alloy as well as the pure Al and
Ag systems. From this figure, again it
is clear that the presence of Ag inhibits
the spreading of Al, although in the
case of the bulk drop, it is only in the
initial stage of spreading (less than 1-
ns simulation time) that the pure Al
spreads more quickly. After this time,
the rate of spreading is similar to all
other species shown. 
     The disproportionate amount of
aluminum at the Kovar™ substrate is
clear from the ratio of the number of
Al atoms to Ag atoms as a function of
height through the simulation box. In
Fig. 8, this calculated ratio is shown at
the beginning of the simulation and
after 15 ns of simulation time. From
these graphs, it is clear that although
the Al is well mixed in the Ag at the
beginning of the simulation, the Al
rapidly and preferentially moves to the
interface. It is reiterated that there are

no reactions possible in these simula-
tions, indicating that either the Al is
preferentially attracted to the Kovar™
substrate, or that a difference in sur-
face tension is leading to segregation.
     A calculation was made of the sur-
face tension, , of both of the pure
metals and the alloy through the me-
chanical definition of the surface
stress (Ref. 17). The calculated values
of  are incorrect, including the order-
ing, for both metals [(Ag) = 725
mN/m and (Al) 874 mN/m] com-
pared to experiment [(Ag) = 917
mN/m and (Al) = 814 mN/m (Ref.
18)]. The difficulty in predicting sur-
face tensions with EAM has been doc-
umented previously (Ref. 19), and is
not unexpected. While the incorrect
ordering, however, could lead to
anomalous behavior of the two met-
als in the alloy, the ratio of (Ag)/
(Al) is close to 1.0 in both cases
(0.83 for simulations and 1.1 for ex-

Fig. 6 — Binned radius as a function of
time on fixed Kovar™ from 0 to 4 Å
above the surface of pure Al (circles),
pure Ag (squares), Al in the alloy (trian-
gles), and Ag in the alloy (plus signs).
Also shown for comparison are the bulk
drop spreading of Al in the alloy (solid
line) and Ag in the alloy (dotted line).
The bin representing the bulk drop is
taken from 8 to 12 Å above the surface.

Fig. 8 — Ratio of number of Al atoms to
number of Ag atoms as a function of
height above the Kovar™ surface at
simulation times of 0 ns (solid line) and
15 ns (dashed line).

Fig. 7 — Spreading of the bulk drop
from 8 to 12 Å above the Kovar™ sur-
face. Shown are pure Al (circles), pure
Ag (squares), Al in the alloy (triangles),
and Ag in the alloy (plus signs). 

Fig. 9 — Force vs. separation curves for
pure Al (solid line), pure Ag (dashed
line), and the alloy (dotted line). Curves
have been averaged to appear
smoother and reveal more detail.

Fig. 10 — Binned data for pure Al on
the mobile substrate. Data are shown
for bins from –4 to 0 Å (solid line), 0 to 4
Å (circles), 4 to 8 Å (squares), and 8 to
12 Å (triangles).
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periments), and thus these effects
should be weak.
     To understand the effects of surface
tension on wetting and spreading, it is
necessary to be able to calculate the
liquid/solid interfacial tension. While
methods do exist for calculating this in
simple systems (Ref. 20), extending
these methods to species like metals,
that are characterized by collective in-
teractions, is challenging. Because of
this difficulty, it was decided to calcu-
late force-separation curves for the
various liquids approaching the Ko-
var™ substrate. For these simulations,
a slab of liquid metal (either pure Al,
pure Ag, or the Al15-Ag85 alloy), infi-
nite in the x-y plane but with thick-
ness ~ 3 nm in the z dimension, was
equilibrated. The slab was then
brought into contact with a Kovar™
substrate at a fixed velocity of 2 m/s,
and the force on the liquid was meas-
ured as a function of separation. 
     Figure 9 shows approach curves for
pure Al (solid lines), pure Ag (dashed
lines), and the Al15-Ag85 alloy (dotted
lines). The zero of separation is arbi-
trary, and serves as a reference point.
Figure 9 shows clearly that the Al has a
much stronger adhesive interaction
with the substrate. This point can be
seen both in the earlier start of adhe-
sive forces, as well as the larger magni-
tude of the adhesion. Stronger adhe-
sion leads to the preferential move-
ment of the Al to the substrate, which
enhances the movement of Ag. While
this adhesion is an atomistic phenom-

enon, it likely implies a
strong tendency for the
Al to alloy with the constituents of the
Kovar™, forming the experimentally
observed aluminides (Ref. 4).

Results – Mobile Substrate

     The wetting and spreading of the
Al, Ag, and 15Al-85Ag alloy on mobile
Kovar™ (i.e., in which reactions with
the substrate are allowed) follow a
similar pattern as on the fixed sub-
strate. In Fig. 10, binned data are
shown for pure Al spreading on the
mobile substrate. Nevertheless, when
compared to Fig. 4, which shows the
wetting and spreading of pure Al on
the fixed substrate, several differences
are immediately apparent. On the mo-
bile substrate a line was included that
indicates the spreading of Al below the
surface of the substrate, from –4 to 0
Å. These data indicate that the Al re-
acts with the substrate near the initial
location of the drop, but does not
spread significantly beyond the initial
reaction zone. The next two higher
bins, from 0 to 4 Å and from 4 to 8 Å,
have spreading behavior nearly identi-
cal to each other, reaching the edge of
the substrate in less than 15 ns. When
compared to the highest bin shown, it
can be inferred that the two interme-
diate bins show some advanced
spreading of a rather thick precursor
foot above the reaction zone.
     The spreading behavior of the pure

Ag on the mobile substrate, shown in
Fig. 11, is qualitatively similar with the
notable exception of the bin from 0 to
4 Å, which spreads only slightly more
quickly than the subsurface bin. This
implies that the Ag reacts strongly
with the substrate throughout these
first two layers, and only above this
(i.e., from 4 to 8 Å) can a foot begin to
spread. This interpretation is further
validated through analysis of the
spreading of the separate components
in the 15Al-85Ag alloy, shown in Fig.
12. Both below (–4 to 0 Å) and at (0 to
4 Å) the surface, Al and Ag show simi-
lar dynamics. It is only in the next
higher layer that the foot dynamics are
revealed, where it is clear that Ag in
the alloy spreads significantly faster
than Al in the alloy, and comparison to
Fig. 11 shows that Ag in the alloy
spreads faster than the pure Ag alone.
     The changes in spreading rates in
the alloy as compared to the pure com-
ponents can only be ascribed to the
competitive wetting of the two con-
stituents. In Fig. 13, a comparison is
made between the spreading of the pre-
cursor feet in the pure metals and the
separated components of the alloy. For
the reasons discussed above, the bin
used to describe the foot is from 4 to 8
Å. While in the case of pure metals, Al
spreads somewhat faster than Ag, com-
petitive wetting in the alloy leads to sig-
nificantly different behavior. The Al in
the alloy spreads much more slowly
than either of the pure metals, or the

Fig. 11 — Binned data for pure Ag on the mobile substrate. Data
are shown for bins from –4 to 0 Å(solid line), 0 to 4 Å(circles), 4 to
8 Å(squares), and 8 to 12 Å(triangles).

Fig. 12 — Binned data for the separate components of
the 85Ag-15Al alloy on mobile Kovar™. Data shown for Al
are –4 to 0 Å (circles), 0 to 4 Å (squares), 4 to 8 Å (up tri-
angles) and for Ag –4 to 0 Å (down triangles), 0 to 4 Å
(solid line), 4 to 8 Å (dotted line).
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Ag in the alloy, while the Ag in the alloy
spreads at the rate of pure Al. These re-
sults suggest that it is possible to con-
trol the speed at which certain compo-
nents of an alloy spread by tailoring the
composition of that alloy. Wetting can
also be affected by pretreating the fay-
ing surface with a coating that changes
spreading behaviors. 
     To investigate this concept, two
cases were studied, the first was an al-
loy with a higher Al content, namely
30Al-70Ag, and the second by prewet-
ting the surface with a monolayer of
pure Al. The results of the spreading of
the 30Al-70Ag alloy are also shown in
Fig. 13, where it is clear the increase of
the Al content has essentially no effect
on the spreading of the Ag, but results
in faster spreading of the Al itself. As
the percentage of Al in the filler mate-
rial increases, so should the rate of
spreading of the Al, approaching that
of the pure metal.
     The effects of pretreating the sur-
face by creating a Kovar™ substrate
with a monolayer of Al already pre-wet
on the surface were investigated. This
substrate was created by starting from
the simulations of pure Al spreading on
the fixed substrate. When the Al had
fully spread on that substrate, a mono-
layer of Al atoms was removed from the
top of the fixed Kovar™, and added to
the top of a mobile Kovar™ substrate.
This simulation was then equilibrated
before the half-cylinder of 15Al-85Ag
alloy was placed on top and allowed to

spread. In Fig. 14, the results of the Ag
component of the alloy spreading on
the monolayer are shown, and com-
pared to the spreading of Ag in the
same alloy on the mobile surface with-
out the pre-wet layer. The presence of
the monolayer makes the identification
of the correct bin for the foot slightly
more difficult, as the bin from 4 to 8 Å
shows some irregularities. Therefore,
the data from the next higher bin have
also been included. It is clear, especially
in comparison to the data without the
pre-wet layer, that an existing coating
of Al causes the Ag in the alloy to
spread significantly faster than over an
untreated substrate. While this effect
has been seen previously and ascribed
to lubrication of the substrate by the
precursor film (Ref. 3), the present
work seems to point at a different ex-
planation that is addressed in the next
section. 

Discussion

     The results presented here show
the Al liberated from the oxidation-
reduction reaction at the ceramic sur-
face quickly moves through the braze
filler material to the Kovar™ surface.
This effect seems to be mostly due to a
higher affinity of the Al for the Ko-
var™ (as compared to the Ag that
forms the bulk of the filler material),
although surface energy effects cannot
be completely ruled out at the present

time. Experiments found that Al has a
lower surface energy than Ag, and
thus would be expected to preferen-
tially coat a surface. In our simula-
tions, however, the situation is re-
versed. The calculations presented
here find that the Al has a slightly
higher surface energy than Ag, and
would tend to allow the Ag to cover
the surface. In both simulations and
experiments, however, the surface en-
ergies are close to each other, implying
that this effect would not be very
strong. Experiments can be strongly
affected by oxidation, which can alter
the surface energies, but these calcula-
tions indicate that other factors domi-
nate the spreading.
     Regardless of the cause, the pres-
ence of Al at the Kovar™ surface in all
cases enhances the rate of spreading
of the Ag, and it is likely that this is
the source of the instability leading to
runout. This could be ascribed to a lu-
brication effect, as discussed else-
where (Ref. 3), but this does not ap-
pear to be the case in our simulations.
Additional simulations in which a
thin monolayer stripe of Al is present
on the Kovar™ surface along the wet-
ting direction were performed. This
stripe was 1 nm in width (i.e., per-
pendicular to the spreading direction)
along the entire length of the sub-
strate. With the 15Al-85Ag alloy on
top of this prepared substrate, there
is no enhancement of the Ag spread-
ing rate over the system in which the

Fig. 13 — Spreading of the precursor foot for pure Al (cir-
cles), pure Ag (squares), Al in the alloy (up triangles), and
Ag in the alloy (down triangles). Also shown are results for
Al (solid line) and Ag (dashed line) as separated compo-
nents in a 30Al-70Ag alloy.

Fig. 14 — Binned data for Ag in the 85Ag-15Al alloy spreading
on a mobile Kovar™ substrate. Data shown are for spreading
over a monolayer of Al from 4 to 8 Å (circles), 8–12 Å
(squares), and without the monolayer, 4–8 Å (solid line) and
8–12 Å (dashed line).
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stripe was not present. Examination
of snapshots of these simulations
show the Ag preferentially moves
along the edges of the stripe, rather
than on top, implying that a lubrica-
tion mechanism, if it exists in this
system, is not a strong effect. Note
that the diffusivity of Al on the Ko-
var™ substrate necessitates that these
“stripe” simulations be performed
with a fixed substrate (and stripe) to
maintain the structure of the pre-wet
Al stripe. 
     In previous simulation work, it has
been found that spreading is en-
hanced in reactive systems (Refs. 13,
14). While the present simulations
show a slight enhancement of the
spreading of Ag on a mobile substrate
compared to a fixed substrate (not
shown here), this is for the pure met-
al only. The Ag component of the
15Al-85Ag alloy, on the other hand,
shows essentially no difference in
spreading behavior on the two sub-
strates. Similarly, the Al in the alloy
spreads at nearly identical rates on
the fixed and mobile substrates. The
pure Al, in contrast, shows a signifi-
cant decrease in spreading on the mo-
bile substrate compared to the fixed.
These results imply that the changes
in spreading rates between reactive
and nonreactive systems is strongly
dependent on the specific elements,
and more work will need to be per-
formed to understand these results.

Conclusions
     In this work, the wetting and
spreading of pure Al and Ag on a (001)
Kovar™ substrate was studied, as well
as the spreading of two different Al-Ag
alloys, with the goal of understanding
the cause of filler material runout in
active brazes. The results presented
show that while in the case of pure
metals Al spreads more quickly than
Ag, the multicomponent interactions
in the alloy lead to nonintuitive re-
sults. On both frozen substrates (in
which interactions between the filler
material and the substrate are sup-
pressed) and mobile substrates (in
which all interactions are allowed to
proceed), the presence of Al in the al-
loy leads to faster spreading of the Ag.
It is proposed that this competitive ef-
fect is the mechanism behind runout.
Elemental Al is liberated from the

Al2O3 during the brazing process, and
quickly migrates through the braze al-
loy to the Kovar™ surface. The pres-
ence of Al at the Kovar™ results in
faster spreading of the Ag in the braze
alloy, leading to potential runout.
While these results are atomistic in
nature, what is clear is that there ex-
ists one aspect of the wetting and
spreading that is atomistic in nature
(the precursor foot), and one that is
more macroscopic (the spreading of
the bulk drop on top of this precursor
foot), and thus representative of ex-
periments. The differences in spread-
ing rates, both in the precursor foot as
well as in the bulk drop, should accu-
rately reflect the spreading seen exper-
imentally, within the accuracy of the
potentials used.
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Corp., for the U.S. Department of En-
ergy’s National Nuclear Security Ad-
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94AL85000. 
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