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ABSTRACT

The present work investigates porosity formation in spray de-
position processes. The emphasis is on one possible mechanism
of micro-pore formation during droplet spreading and solidifica-
tion: liquid-jet overflow. To this end, the Navier-Stokes equa-
tions are solved numerically using finite differences and the free
surface is tracked using the Volume Of Fluid method. A pre-
viously developed multi-directional solidification algorithm is
adapted and implemented in the Navier-Stokes solver to perform
numerical simulations of liquid-metal droplet impact, spreading,
and solidification. The results obtained allow a detailed descrip-
tion of the liquid-jet overflow mechanism and of the resulting
solidified disk morphology. The influence of the Weber and
Reynolds numbers, the solidification constant, and the contact
angle is investigated.

NOMENCLATURE

contact angle

droplet diameter

volume of fluid function

body forces

gravity acceleration

latent heat of solidification
thermal conductivity

pressure

= VD /a, Peclet number

= VD /v, Reynolds number
curvilinear coordinate
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time
velocity vector
droplet impact velocity
e = pV?D /o, Weber number
radial coordinate
axial coordinate

Greek symbols

thermal diffusivity

solid fraction

volume fraction open to flow
surface tension coefficient
density

solidification constant
kinematic viscosity
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Subscripts
l liquid
s solid or substrate

Diacritics
_— vector

INTRODUCTION

Spray deposited materials (using spray forming, plasma spray-
ing, and other droplet processes) usually exhibit a larger amount
of non-interconnected porosity than materials produced using
more conventional processes, ingot casting for instance. Depend-
ing on the type of end-use that the material is intended for, it may
be desired to minimize porosity (higher strength and resistance
to cyclic deformation) or to enhance it (better thermal insulation,
noise damping, and crush resistance). Therefore, controlling the



porosity of spray deposited materials is an important goal as it
would significantly widen their possible range of applications.

The understanding of porosity formation during spray deposi-
tion has improved over the past few years. Extensive microstruc-
tural characterizations have provided a classification of the vari-
ous types of pores found in spray-deposited materials (Lavernia
and Wu, 1995), and formation mechanisms have been proposed;
gas entrapment (Benz et al., 1994), solidification shrinkage (Cai
et al., 1994), and interstitial porosity (Lavernia, 1989). Much
remains to be done however; some mechanisms have not yet
been identified and the existing knowledge remains quite phe-
nomenological. Further insight can be obtained through an im-
proved mechanistic understanding of droplet impact, spreading,
and solidification. Because the thrust of relevant research efforts
has hitherto been experimental (Lavernia, 1989; Zhang et al.,
1993; Sampath and Herman, 1993; Orme, 1993; Passow et al.,
1993; Inada and Yang, 1994; Sobolev and Guilemany, 1994), it is
hoped that supplementary and edifying information can be pro-
vided by numerical simulations. Indeed, this motivation is at the
source of recent endeavors to simulate these phenomena (Tra-
paga et al., 1992; Liu et al., 1993; Fukai et al., 1993; Liu et al.,
1994).

The objective of the present work is to provide a quantitative
insight into porosity formation during droplet spreading and so-
lidification. We focus more particularly on one possible mech-
anism of micro-pore formation; liquid-jet overflow. This phe-
nomenon has been identified through numerical simulations (Liu
et al., 1994; Delplanque et al., 1995) and observed experimen-
tally (Inada and Yang, 1994). Liquid-jet overflow occurs when
the high-velocity liquid metal flowing on top of the solidifying
disk overflows and forms a liquid layer which extends radially
without touching the substrate. This liquid layer re-attaches at a
farther radial location where solidification also starts. Our goal
here is to provide a detailed understanding of this mechanism
and to identify the relative influences of the Weber and Reynolds
numbers, the solidification constant, and the contact angle.

MODEL DESCRIPTION

In order to simulate accurately the impact, spreading, and so-
lidification of a liquid-metal droplet on a colder substrate (cf.
Fig. 1) it is necessary to solve the full Navier-Stokes equations
and track both the deforming liquid free-surface and the grow-
ing solid/liquid interface. The model presented herein combines
a 2D axisymmetric Navier-Stokes solver for fluid flow with free
surfaces (RIPPLE) developed at the Los Alamos National Labo-
ratory (Kothe and Mjolsness, 1992) and a multi-directional solid-
ification algorithm developed by the authors (Delplanque ef al.,
1995). The fluid flow equations:
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FIGURE 1: GEOMETRY OF THE PROBLEM. DROPLET IMPACT,
SPREADING, AND SOLIDIFICATION.

are solved using a two-step projection method, including an in-
complete Cholesky conjugate gradient solution of the pressure
Poisson equation. 8 is a function which characterizes the pres-
ence of the growing solid which acts as an obstacle internal to the
solution domain (f= 1 in the fluid or void and 0 in obstacles). The
distribution of the liquid is given by a Volume of Fluid transport
equation:

agi (0F)+V - (0FV) =0 3)

where F' is the Volume of Fluid function (¥'= 1 in the fluid and O
in the void). Surface tension effects are modeled using the con-
tinuum surface force approach. More details concerning RIPPLE
may be found in Kothe and Mjolsness (1992) .

The solidification process is described using a locally 1D
multi-directional algorithm (Delplanque et al., 1995). The
solid/liquid interface is tracked in a Lagrangian manner using
uniformly distributed markers. The displacement of each marker
is evaluated assuming that the solidification process can be ap-
proximated locally by the solution to a modified Stefan solidifi-
cation problem:
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where L is the shortest distance to the substrate and the solidifica-
tion constant, J, is obtained from a heat balance at the interface:
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where Ste; and Ste, are the solid and liquid Stefan numbers.
More advanced heat transfer models including substrate remelt-




ing are currently being developed by our group (Rangel and Bian,
1996). For a time increment of At, each marker is therefore dis-
placed along the local normal to the solid/liquid interface by:

oS
AS = At 6
En (6)
The algorithm allows for interface merging and accounts for the
effect of possible pores on heat transfer. A complete description
may be found in Delplanque et al. (1995) .

NUMERICAL ISSUES

The numerical approaches used for the fluid flow model
and the solidification algorithm have been described else-
where (Kothe and Mjolsness, 1992; Delplanque et al., 1995) and
will not be repeated here. However, the coupling of the solidifi-
cation algorithm with the fluid flow solver raised some numerical
issues which are discussed next.

The first issue is related to the local Stefan approximation. The
amount of growth prescribed by the solidification model (Eq. 4)
is a maximum value since the Stefan problem considers a semi-
infinite domain (unlimited liquid). It must therefore be corrected
to account for liquid availability. Hence, before moving a marker
from its old location to the new one liquid availability is checked
along the local solidification path (7). If the path intersects a
void, the marker position is set at the closest intersection to its
old location.
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FIGURE 2: BUILDING INTERNAL OBSTACLES FROM LA-
GRANGIAN MARKER DATA.

Another important issue inherent to the present model is its
hybrid Lagrangian/Eulerian nature. Since the solidifying solid is
represented by internal obstacles to the fluid flow, it is necessary
to translate the Lagrangian information provided by the markers
into Eulerian data, the solid fraction distribution (y = 1 — 6).
This transformation will result in volume conservation discrep-
ancies which have to be minimized. The approach chosen is the

following. First, the marker datais used to determine the logi-
cal coordinates of the interfacial cells. The value of +y in each of
these cells is then obtained from the location of the intersection,
I, of the interface with the vertical median of the cell and the nor-
mal, 7z, to the interface at I. (cf. Fig. 2). 7 is obtained from the
gradient of +y at the previous time-step, calculated using a 9-point
interpolation formula. For added accuracy on the determination
of the normal, two sweeps could be performed. Note also that
the resulting new local solid fraction must always be less than
one minus the old void fraction.

A major advantage of the Lagrangian/Eulerian approach, how-
ever, is its ability to simulate liquid-jet overflow, splashing, and
the resulting non-connected solidified disk morphology. Solution
techniques using deforming finite elements (Fukai et al., 1993)
are limited by their grid generation technique (Poulikakos and
Waldvogel, 1995) which restrict their ability to simulate these
phenomena, inherent to the high velocities encountered in spray
atomization and deposition and plasma spraying.

All computations were performed on a DEC/Alpha 3000/500.
Typically, the algorithm requires 3ms floating-point CPU per
mesh point per time step. For the reference case defined below,
this corresponds to 3.5 hours CPU for 422 cycles on a 132x72
mesh. The predominant time-step constraints are the Courant
conditions.

RESULTS AND DISCUSSION

The parameters characterizing droplet spreading and solidifi-
cation are (Delplanque and Rangel, 1995) the Reynolds num-
ber (Re = VD /v), the Weber number (We = p,DV?/c), and
the solidification constant (). The liquid/solid contact definitely
plays an important role too (Bennett and Poulikakos, 1993).
However, the motion of the contact line and the associated non-
slip condition paradox are still unresolved problems (de Gennes
et al., 1990; Popov, 1992; Hocking, 1992; Anderson and Davis,
1994). Furthermore, the paucity of contact angle data and the
many factors which affect them, such as solid surface rough-
ness (Drelich and Miller, 1994) and mass transfer (Bourges and
Shanahan, 1993), make it difficult to evaluate them properly at
present.

A base case representative of practical spray deposition pro-
cesses is defined: Re=25,000, We=1744, and A=2. This case
corresponds, for instance, to a 100xm tantalum droplet at 3250K
(the melting point for tantalum) impinging on a 300K substrate
at 50m/s. Without much reliable data available, the liquid/solid
contact angle is taken to be 135° and will be varied to investigate
its influence.

The predicted behavior is shown in Figure 3. In this figure, the
light shaded area represents the substrate while the dark shaded
region represents the growing solid. The solid line is a VOF
isopleth (0.75) and, although it gives a good indication of its lo-
cation, it does not constitute a reconstruction of the free surface.
Therefore, the small irregularities visible on the isopleth are only
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FIGURE 3: PREDICTED BEHAVIOR OF THE SPREADING AND SOLIDIFYING DROPLET AFTER IMPACT. REFERENCE CASE.

indicative of the small amount of smearing that the VOF field
undergoes despite the second-order accurate advection scheme.
It is believed that the perturbations introduced in the flow field
by the growing solid are the source of this smearing since it is
not observed in the absence of solidification. Similarly, the small
floatsams and jetsams present towards the end of the solidifica-
tion process are most likely caused by these perturbations.

The droplet initially spreads by a succession of small over-
flows, too small in fact to be well resolved. At 1.25us, liquid-jet
overflow is initiated. At 2.4pus, the liquid layer re-attaches on the
substrate 13um from the edge of the primary solidification disk
where solidification starts. The growth of the secondary solidifi-
cation ring narrows the trough initially created but at the end of
solidification it is still 10m wide and 11pm deep. In this case,
the volume conservation discrepancy due to the above-mentioned
Lagrangian/Eulerian transformation is about 7%. This is a typi-
cal value. Most of the error is produced after re-attachment and

further successive mesh refinement in this region would reduce
it. However, such a procedure would seriously affect the com-
putational requirement of each case since several runs would be
needed to refine the mesh.

The histories of the solid fraction (f,) and the expansion co-
efficient (¢ = 2R,/ D, where R; is the maximum radius of the
solidified disk) are plotted in Figure 4. The plateau at 1.66 ex-
hibited by £ from 1.25us to 2.4us corresponds to the period of
time during which the liquid jet overflows the solidified layer and
extends radially outward without touching the substrate. During
this time, solidification proceeds only vertically since there is no
liquid/substrate contact that would result in radial growth of the
solidified disk. This results in a somewhat lower total rate of
solidification (dfs /dt).

Inada and Yang (1994) have recently observed this phe-
nomenon experimentally. They used laser holographic interfer-
ometry to monitor the liquid/solid contact during the impact and
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FIGURE 4: REFERENCE CASE. SOLID FRACTION AND SOLID
RADIUS HISTORIES.

solidification of a lead droplet on a quartz substrate (Re=10,000;
We=50; A=1.27). The photographs that they obtained using a

t=15pus
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FIGURE 5: REFERENCE CASE. DETAIL OF THE LIQUID-JET
OVERFLOW REGION.

high-speed camera clearly show the formation of a primary so-
lidification disk which stops growing radially at about one fifth
of the total solidification time, followed by what they describe
as the “slipping of the molten phase at the interface” and “ra-

dial solidification.” This radial layer is separated from the sub-
strate by a thin layer of air which is apparent on Inada and Yang’s
photographs because its interference with the laser creates a so-
called “Newton ring.” However, Inada and Yang did not detect
the secondary solidification ring.

A closer look at the overflow region (Fig 5) indicates that so-
lidification rate, and radial and axial velocities are important fac-
tors in this phenomenon. The axial solid growth rate must be
larger than the downward velocity for overflow to occur, while
the magnitudes of the radial and axial velocities control the re-
attachment length.

50 S :
t=1.5us
40 ]
—30 ]
g
=
>20f E
r=70 um
00102030 20 50

u [m/s]

FIGURE 6: REFERENCE CASE. VELOCITY PROFILES AT TWO
RADIAL LOCATIONS DURING LIQUID-JET OVERFLOW.

The axial profiles at ¢ = 1.5us of the radial velocity, u, at
r = 20um (droplet core) and r = 70um (jet tip) show (Fig. 6)
that u is about 4 times larger in the tip of the jet than in the
core of the spreading droplet. However, liquid-jet overflow is not
to be confused with the “sideway jetting” observed during high-
velocity impact of non-solidifying droplets (Rein, 1993). Both
phenomena are characterized by velocities high radial velocities
in the region of the jet tip, but sideway jetting is the result of com-
pressibility effects and impact shock wave propagation within the
liquid, whereas liquid-jet overflow is essentially the result of the
interactions of the fluid flow with the growing solid. Indeed, the
numerical model used here neglects compressibility effects and
yet liquid-jet overflow is predicted. In fact, liquid-jet overflow
is a form of splashing which has been shown to be enhanced by
surface roughness (Rein, 1993; Liu et al., 1995). In this case,
the growing solid introduces additional roughness thus promot-
ing splashing.

Influence of Re, We, and A

In order to determine how liquid-jet overflow is affected by
each of the process parameters, the cases listed in Table 1 were
considered. The corresponding predicted morphologies of the fi-
nal solid disks are shown in Figure 7. The value of the contact
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Case Re We A c

a 25000 1744 2.0 135°
b 25000 1744 2.0 45°
c 25000 1744 2.0 90°
d 2500 1744 2.0 135°
e 25000 6976 2.0 135°
f 25000 1744 25 135°

Table 1: CASES CONSIDERED

angle is found to have a significant effect on both the solidifi-
cation history and the final solid disk morphology. This is un-
fortunate since, as mentioned above, this property is extremely
difficult to determine. Smaller contact angle yield a shorter
re-attachment length but promote splashing, thus resulting in a
rougher final morphology. This feature would promote the cre-
ation of pores as subsequent droplets impinge on this rough sur-
face. Lower Reynolds number (case d) tend to reduce the occur-
rence of liquid-jet overflow because of the reduced liquid mo-
mentum, therefore resulting in a smoother solid disk. Note, how-
ever, that this disk also has a smaller radius (a lower Re reduces
spreading) hence, it is thicker and it could enhance the forma-
tion of interstitial porosity. The effect of the Weber number is
more complicated. One would expect higher Weber numbers,
smaller surface tension coefficients, to promote liquid-jet over-
flow since less energy is required to increase the liquid surface
area. In fact, the simulation (case e) show that because of the
reduced surface tension, the liquid layer collapses early, there-
fore re-attaching much closer to the primary solidification disk
than in the Reference Case (a). The resulting final disk is smaller
and smoother than in the reference case. This demonstrates the
important role of surface tension in the liquid-jet overflow phe-
nomenon. Expectedly, higher solidification constants (case f) re-
sult in a more rapid growth of the disk thickness, thus enhancing
liquid-jet overflow.

CONCLUSIONS

The impact, spreading, and solidification of a liquid-metal
droplet on a flat substrate was investigated numerically. The so-
lution procedure combined a multi-directional solidification al-
gorithm with a Navier-Stokes solver for flows with free surfaces.
The results show that, in the cases considered, which correspond
to practical spray deposition processes, droplet spreading and so-
lidification proceeds by a succession of fluid overflows: the lig-
uid metal spreading on the solidifying disk flows over the edge of
this disk and lands on the neighboring substrate where solidifica-
tion is initiated. For high values of the solidification rate or the
Reynolds number, the liquid-jet may land far enough (13pm for
the 100um diameter droplet considered in the base case) from the
primary solid disk edge to result in the generation of a secondary

solidification ring and, eventually, a trough in the final solid disk.
However, larger Weber numbers could hinder the overflow mech-
anism by causing the liquid layer to collapse prematurely. The
simulations also show that these behaviors are noticeably sensi-
tive to the value of the liquid/solid contact angle used, therefore
stressing the necessity of obtaining more accurate angle of con-
tact data, and defining more accurate and workable contact line
motion models.
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