A Mathematical Model of the Spray Deposition Process
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Spray deposition is a recently developed atomization process designed to produce high
density, bulk metal shapes directly from the melt. The process consists of two basic steps: first,
a molten metal stream is atomized using a gas; the spray thus produced is then collected onto
a suitably designed substrate. In this paper a mathematical model for the analysis of heat transfer
during SD is described. The model is in two parts: the first part calculates the thermal histories
of atomized droplets in flight, whereas the second part computes the transient temperature pro-
files inside the growing preform. More specifically, the mathematical model estimates droplet
size distribution, temperatures, fractional solidification and microstructures of the atomized droplets
in the spray, and the temperature field and microstructure of the resulting deposit. In contrast
with established views, the computed cooling rates during solidification in the preform are rel-
atively low (1 to 10 °C/second). The results also indicate that a small fraction of liquid mixed
with solid exists at the top of the growing preform during deposition. The tiny pools of liquid
may play a role in the formation of the characteristic equiaxed grain microstructure of as-de-
posited preforms. The results of the calculations are very sensitive to the value of the enthalpy
of the impinging spray. Therefore, the production of good quality deposits requires accurate

control of the heat fluxes during deposition.

I. INTRODUCTION

ALTHOUGH numerous property improvements have
been demonstrated to result from rapid solidification,
commercialization has been limited, due to the difficulty
involved in the production of bulk shapes and also to the
oxide formation almost always associated with the par-
ticulate nature of the products of processing.!!-'!1942
However, the recently developed spray deposition tech-
niques, such as Osprey and the liquid dynamic
compaction process, appear capable of producing dense,
fine-grained, bulk specimens directly from the melt and
with a minimum of oxidation.!'>?2 Significant property
improvements have been demonstrated to result from these
processes in several alloy systems.!!6-22

The spray deposition process consists of two steps: first,
a molten metal stream is fragmented by means of high
speed gas jets; the resulting droplet dispersion is then
collected onto a suitably designed substrate,?>2%261 which
may or may not be cooled, but generally is. Figure 1 is
a schematic representation of a typical spray deposition
process. Figure 16 shows the SD set-up at the University
of California, Irvine. The spray formed during the atom-
ization stage is rapidly quenched by the moving gas, so
that the thermal conditions of the spray at the moment
of impact with the deposit are determined by the amount
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of energy extracted from the drops by the gas. It should
be noted that the thermal history of the preform is the
result of the combined effects of the enthalpy content of
the impinging spray, the heat loss from the top surface,
and the rate of heat extraction by the underlying sub-
strate. Since the structure and properties of the deposit
are related to the thermal conditions during solidifica-
tion, it is of interest to have some means of estimating
heat transfer rates during spray deposition. The objective
of this work is to obtain a better quantitative understand-
ing of the process while using only a minimum of
mathematics.

In the sequel, the formulation of the mathematical model
of the spray deposition process is presented first, fol-
lowed by a discussion of the main simplifying assump-
tions used in the model. The second half of the paper
includes a discussion of results and a list of conclusions.

II. FORMULATION

Since spray deposition is a two-step process (i.e.,
atomization and spray collection or deposition), it is use-
ful to construct the model also as a two-part numerical
algorithm. The first part is dedicated to the computation
of the thermal histories of the atomized droplets in flight,
whereas the second part computes the temperature dis-
tribution in the resulting preform during deposition. The
mathematical formulation of these two parts of the mod-
el is presented in this section. Additional details can be
found in References 72 and 73. '

A. The Atomization Step

In order to compute the temperatures of the droplets
in the spray one must calculate first their sizes and ve-
locities. It is well known that the results of liquid metal
atomization experiments often obey a correlation first
given by Lubanska®! and then modified by others.26!
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Fig. 1—Schematic representation of the spray deposition process.

According to this, the so-called mass mean droplet di-
ameter (i.e., the opening of a screening mesh which lets
through 50 pct of the mass of the powder resulting from
an atomization experiment performed in the absence of
a collecting substrate), ds, is given by

1/2
md a’m Jmc
dso = K, [”—2— (1 + ‘)] [1]
NeVeOm Sgas

Jmert = 24,0 Cp(2gh)'"? [2]

where

and

1/2
)]
Joas = Ar | Y000y — [3]

v+ 1
and
p, = 2.7(1.6317* 1079 p, + 1.0585) [4]

The meanings of all the terms in these equations are col-
lected in the Nomenclature at the end of the paper.
Some comments are in order regarding Egs. [1] through
[4]. First, an empirical factor of two has been included
in Eq. [2]} to account for the frequently observed “as-
piration” of metal from the crucible by the atomizing
gas.!! Equation [3] is rigorously valid for quasi-one-di-
mensional flows in choked nozzles,'®3! while the flow in
typical atomization nozzles is tridimensional, turbulent,
and much more complicated. Ultimately, the calculation
of gas flows in commonly used atomization nozzles must
be done using numerical techniques.®*! Equation [3] is
used here because it gives an estimate of the prevailing
gas flow rate, and there does not seem to exist any other
alternatives of comparable simplicity. Also, an effective
throat area of nozzle A, has been used. Although A, is
somewhat different from the actual throat area, it leads
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to good agreement between calculated and measured val-
ues of the gas velocity at the exit of the nozzle.'?52 The
exit gas velocities used in our calculations correspond to
a Mach of 1.9, which is well within the range of the
values recently measured and reported in Reference 52.
Finally, Eq. [4] is simply an empirical correlation to ac-
count for the effect of the plenum pressure and the ex-
pansion cooling on the gas density.

By introducing appropriate values as given in Table I,
Eqgs. [1] through [4] give ds, = 80 microns. Moreover,
from the statistical properties of the drop size, distri-
bution one also obtains d;¢ = 23 microns and dg; = 275
microns. The values 23 microns and 275 microns are
considered as characteristic of, respectively, the smallest
and largest droplet sizes present in the atomized spray.
These values of atomized particle size are within the range
encountered in the laboratory when no collecting sub-
strate is used and the droplets solidify in flight.*" There-
fore, we assume that Egs. [1] through [4] provide a means
of estimating the droplet size distribution obtained dur-
ing gas atomization of liquid metals.

Once the droplet size distribution has been determined
(either by using Eqs. {1] through [4] or by any other
means, e.g., empirically), the droplet velocities can be
calculated from a simple force balance on a given drop
of volume V 3%,

dv,
pdvdgt_ = Valpa — )8
+ (Ad/g)cdrag pg (Vg - Vd)‘(vg - vd)‘ [5]
Table I. Input Data (Units as Given in Nomenclature)

Quantity Value

a 45

A, 0.0153
A, 0.0000056
b 0.25

Cp 0.959

C, (gas) 518.8

C, (melt) 862.5

d, 0.0026
H, 397,746.0

1 198,873.0

Ao 500.0

Miop 21.0

k (gas) 0.01636
k (melt) 209.2

K 2.0

K, 162
Po 2.5%10°
On 0.0308
T, 0.0

T, 740.0

T 660.0

T 25.0

Y 1.65

AT, 50 to 300
AT, 20 to 40
Ty 0.840
P 1.654
Prm 2700.0

e 1.7%107°
Mo 0.001
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The two terms on the right-hand side of Eq. [5] rep-
resent, respectively, the gravitational force acting on the
droplet and the accelerating force exerted on the droplet
by the atomizing gas. Furthermore, the instantaneous
position of the droplet along the atomization chamber
can be readily obtained by solving

dz
=— 6
Va dr (6]

As expected, only a fair agreement has been obtained
when using Egs. [5] and [6] for the calculation of droplet
trajectories in other atomization systems of engineering
interest (e.g., combustion of liquid fuels™). Despite this,
Eq. [5] provides a quick estimate of droplet velocities
which is of the correct order of magnitude. More work
is required in this case also in order to verify the appro-
priateness of this expression.

The value of Cy,, can be obtained from Reference 33

Carng = 0.28 + 6 /N2 + 21 /Ng, [7]

as suggested in Reference 44 and despite the fact that
the value of Ny, in Spray Deposition is equal to or great-
er than the upper limit of validity for this correlation.
Finally, the gas velocity, v,, is assumed to be a quadratic
function of the flight distance,” although other func-
tions can be readily incorporated. Indeed, recent ex-
perimental work®? indicates that the rate of decay of the
gas velocity with distance from the atomization point is
faster than that calculated from a quadratic relationship.
Since we did not have available the information in Ref-
erence 52 when these calculations were carried out, the
results presented below assume a quadratic dependency
of the gas velocity on the vertical distance. Summing up,
although it is not expected that Eq. [5] can provide ac-
curate values of droplet velocities, it should give results
of the correct order of magnitude, and this is all we are
aiming for in this first effort at tackling the problem.

The microstructure of the final deposit in a limited way,
is, related to the state of the droplets impinging on the
top surface of the growing preform. Therefore, in order
to characterize the state of the droplets at the time of
impingement on the preform, a thermal balance on the
flying droplets must be carried out. The atomized drop-
lets lose heat mostly by convection to the surrounding
gas. For any given droplet, there are several possible
states at the time of impingement, depending mostly on
its size and on the presence of internal crystallization
nuclei. Some possible states are:

(a) fully solid droplet (particle);

(b) fully liquid droplet with a temperature above the
liquidus;

(c) partially solidified droplet with a temperature be-
tween the liquidus and solidus;

(d) fully liquid droplet with a temperature below the lig-
uidus (undercooled droplet).

Since the spray contains particles with sizes in the range
between, say 20 and 300 microns, one can expect that
the largest droplets will be in conditions such as (b) and
(c) above while the smallest droplets can be expected to
be in conditions such as (a) and (d).1*! In any case, the
actual condition of the spray at the point of impingement
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with the preform is quite complex, and this is an area
where more research work is required.

To calculate the temperature of a droplet of volume
V, as a function of the distance from the point of atom-
ization, we assume that the spatial variations of the
temperature inside the droplet can be neglected
(lumped-parameter representation®¥). A simple heat bal-
ance equating the rate of change of the sensible and la-
tent heats in the drop to the rate of heat extraction from
the droplet surface by the atomizing gas gives

dar
PuViCp—=hT —T,)A, [8]
dt
where
Cu» forT>Ty
C,=4H*/(Tx — Ts), forTg<T<T, [9]
Cps» for T < Ty

is an effective specific heat.® The heat transfer coef-
ficient & is estimated from the Ranz-Marshall correlation
for the flow around spheres.!® Once again, although work
is required in order to verify the appropriateness of this
assumption, it provides a simple means of estimating the
heat exchange between droplets and gas.

It is well known™? that when a solid phase nucleates
inside an undercooled liquid drop, the droplet undergoes
recalescence. Recalescence is simply the rapid rise in the
droplet temperature resulting from, on the one hand, the
rapid release of the latent heat of solidification, and, on
the other, the inability of the surrounding gas to dissipate
this energy outburst.’® As the temperature of the droplet
increases during recalescence, the rate of release of the
latent heat decreases, and it becomes comparable to the
rate of heat extraction by the gas when the so-called re-
calescence temperature is reached. This recalescence takes
place within microseconds of the onset of nucleation,
and it finishes when the rate of latent heat release be-
comes equal to the rate of heat extraction, i.e.,

df;
Hev, %
dt

= h(Tr — T,)A, [10]

Equation [9] can be used to calculate the maximum
recalescence temperature 7. The rate of increase of the
fraction solidified during recalescence is assumed to be
a linear function of the undercooling, i.e.[*!!

%=K0—n) [11]
dt

For the calculations described below, the nucleation
temperature 7y has been considered part of the input data
while the coefficient in Eq. [11] has been taken as given
in Reference 37. As the results below will show, the
fraction of solid formed in any given droplet during re-
calescence is not much different from 0.1. This is to be
expected since the undercoolings assumed in our cal-
culations were only between 20 and 40 °C. Therefore,
further solidification of the droplets after recalescence
occurs more like in conventional casting, and we can try
to estimate the size scale of the resulting microstructure
from standard correlations such as the one given in Ref-
erence 54.
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Equations [1] through [11] constitute the mathematical
formulation of the model of the atomization stage of the
spray deposition process. It should be noted that a sim-
ilar model has been independently developed and is de-
scribed in Reference 44. Also, general modeling ideas
that may be applicable to the analysis of spray deposition
have been presented in Reference 38. Finally, a more
involved computational study of the fluid flow phenom-
ena in a somewhat related system has been presented in
Reference 48.

B. The Deposition Step

In Section II.A, a methodology has been described
which can be used to compute the thermal state of the
atomized droplets at the moment of impact with the pre-
form. In this section, we proceed to describe the second
part of the mathematical model, namely, the computa-
tion of the temperatures and solidification rates in the
growing preform during (and after) deposition. It should
be noted that since the thickness of the preform is orders
of magnitude larger than the diameter of typical droplets
in the spray, spatial variations in the temperature across
the deposit must be taken into account (i.e., a distributed-
parameter representation® is mandatory).

First, from an overall metal balance, the instantaneous
deposit thickness is readily obtained as

X =(Q,/pn A [12]

The temperature distribution in the growing deposit is
calculated from the differential thermal energy balance
equation, assuming that heat conduction takes place only
in the direction of the deposit thickness. Therefore, for
the schematic arrangement shown in Figure 9, the en-

ergy equation is
0H 9 [du
—=—\|— {13]
at  9Ix \ox

where
(u — us)/oy + He, foru >
H =4 (u/u)Hy, forO <u<uy [14]
u/ag, foru <0
and
M@ -Ty, forT>T;
“= {ks(T - T, forT<T, [15]
and
us = k (T, = Ty) [16]

The problem described by Eqs. [12] through [16] is
subject to the following initial and boundary conditions:

(a) The temperature of the spray at the moment of the
first impact on the substrate is given by the solution of
the problem described in Section II.A above

(b) At the preform-substrate interface, x = 0,

oT
k— = hyo (T — T) {17]
0x

(c) At the top surface of the deposit (x = X),
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oT _
k— = (H — Hy,) Q./A,
dx

+ (T —T,)+ T [18]

where the heat transfer coefficient for the convective ex-
change of cnergy between the chamber atmosphere and
the top surface of the deposit, A, is assumed to be at
least one order of magnitude smaller than %,,. Also, the
emissivity has been put equal to unity, and the temper-
ature on the wall of the atomization chamber is assumed
negligible in comparison with the temperature of the de-
posit. All these assumptions seem reasonable, but more
work is required in order to verify their general
applicability.

It should be noted that the first term on the right-hand
side of Eq. [18] represents the heat input to the preform
from the impinging spray and becomes equal to zero once
deposition is over.

Equations [12] through [18] constitute the mathemat-
ical formulation of the model of the deposition stage in
spray deposition. Together with Eqgs. [1] through [11],
the entire set of equations constitutes the model of the
spray deposition process.

III. COMMENTS ON THE
ASSUMPTIONS OF THE MODELS

In the previous section, the formulation of the math-
ematical model of the spray deposition process has been
presented. However, little was said about the simplify-
ing assumptions introduced in order to make the problem
tractable. In this section we proceed to comment and dis-
cuss the most important assumptions. Since the model
is composed of two parts (i.e., the atomization step and
the deposition step), the discussion of the assumptions
is also presented in two parts.

A. The Atomization Step

A fine dispersion of droplets is formed when a liquid
metal stream is impacted by high speed gas jets, and are
rapidly quenched while in flight. In order to calculate
droplet temperatures as functions of time, it is necessary
to know the relative velocity between individual droplets
and the gas. The relative velocity depends, in turn, on
the size distribution of the droplets in the spray. The main
assumptions made in the development of the first part of
the model are as follows:

(a) The droplet size distribution in the spray is estab-
lished immediately upon atomization, and it does not
change afterward; therefore, the short period of time re-
quired for the disintegration of the molten stream is ne-
glected. This assumption has been shown to be adequate,
at least for the case of the ultrasonic gas atomization
process.!4!

(b) The droplets acquire spherical shapes as soon as they
form. It has been shown elsewhere®! that this is indeed
the case during liquid metal atomization due to the high
surface energies characteristic of liquid metals.

(c) The droplets in the spray move in a rectilinear fash-
ion driven by the combined effects of their own weights
and of the acceleration forces exerted on them by the
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moving gas. Therefore, the small amount of fluid ad-
hered to the particle, which must also be accelerated, is
neglected. Also, the dependence of the instantaneous ac-
celeration on the state of development of the fluid mo-
tion around the spherical droplet is disregarded. These
assumptions are harder to justify and more research work
is needed in order to verify their appropriateness. How-
ever, based on prior experience with the use of Eq. [5],
it is intuitively felt that results of the correct order of
magnitude can still be obtained from: it.

(d) The droplets are quenched during flight by the mov-
ing gas at a rate specified by a heat transfer coefficient.
The value of this coefficient for a particular droplet is a
function of the droplet size and of the relative velocity
between the droplet and the gas phase. Moreover, the
actual value of & can be estimated from the Ranz-
Marshall correlation mentioned in Section II.A. This
assumption is also hard to justify since the actual con-
ditions during atomization can be different to those cor-
responding to the domain of validity of the correlation.
The assumption is introduced here mainly as a last resort
and in view of the lack of better alternatives. An attempt
toward a more rigorous analysis of the heat transfer pro-
cesses in two-phase sprays has been recently de-
scribed;!*® such an approach is much more complicated
than the one described here and necessarily involves longer
computation times. Furthermore, the analysis presented
in Reference 48 appears to be restricted to the case when
the two phases in the spray possess similar physical
properties, and this obviously excludes the gas-metal
systems in which we are interested.

(e) The temperature gradient along the droplet radius is
neglected. This implies that the droplet temperature is
computed using a lumped-parameter model to represent
the heat transfer process between droplet and gas. This
assumption has been shown to be appropriate because of
the smallness of the Biot number involved.’”! To illus-
trate this point, Figure 2 shows the temperature-time
curves for three different particles calculated according
to (i) a lumped parameter model, and (ii) a distributed-
parameter model (i.e., taking temperature gradients across
the droplet into account). The distributed-parameter model
uses a finite difference method to solve the differential
thermal energy balance equation in spherical coordi-
nates. The temperatures calculated for the three droplets
from the two models are so close to each other that they
cannot be resolved in this figure! The excellent agree-

ment between the two models indicates that the temper-
ature gradients across the droplet radius can be safely
neglected for the droplet size ranges of interest. This is
very advantageous since the lumped-parameter model is
easier to program and much faster to execute in the
computer.

B. The Deposition Step

The formulation of the deposit in spray deposition is
accomplished by collecting the spray onto a suitably de-
signed substrate. Fine, uniformly sized, low-segregation
and equiaxed grains have been observed through the en-
tire thickness of the deposit when the operation is per-
formed correctly.®®>31 Excellent properties have been
obtained in samples of several different alloys prepared
by liquid dynamic compaction.’* %% In order to effec-
tively control the structure and the properties of the as-
deposited material, it is necessary to understand the role
of the processing variables. The mathematical model
proposed here can be used, in conjunction with experi-
ment, in order to obtain a better understanding of the
role of processing on the properties. Since it is well known
that thermal histories usually determine the microstruc-
ture of castings,’®! it is important to know the thermal
history in the preform during spray deposition. Although
conditions during spray deposition are quite different from
those encountered during casting solidification, the
knowledge of the temperature distribution during the for-
mation of the preform is a necessary first step toward an
understanding of the solidification process in the new
process. Moreover, temperature measurements are rel-
atively easy to perform and the results of such measure-
ments can then be compared with the results of computer
calculations.

The calculation of the temperature distribution in the
deposit as a function of time can be carried out as de-
scribed in Section II.B above. However, some com-
ments are due regarding the simplifying assumptions
introduced. These are:

(a) The deposition rate is assumed to be spatially uni-
form and independent of time. This assumption is made
in order to simplify the analysis and because reliable
measurements of this parameter do not seem to have been
performed. In practice, the deposition rate is often non-
uniform and also time dependent. However, uniformity
can be approached by careful control of the process
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Fig. 2—Comparison of temperatures calculated according to a lumped-parameter model and distributed-parameter model for three typical droplets.
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parameters.!>”58%) This assumption is not vital for the
model, and, if required, spatial and temporal variations
in the deposition rate can be readily incorporated into
the model. However, in particular, the incorporation of
the spatial variation will significantly increase the com-
putational task. Experimental work is also required in
order to characterize the deposition rate.

(b) The transfer of heat through the deposit takes place
only along the through-thickness direction (unidirection-
al) and is by conduction only. This seems justified since
most of the thermal energy of the deposit is extracted by
the substrate, and the temperature gradient across the de-
posit thickness is larger than along any other direction.
This is also done for simplicity since the flows of heat
on the plane of the preform can be readily incorporated
into the model. The computational load, however, would
be significantly increased.

(c) The rate of transfer of thermal energy from the spray
into the deposit is directly related to the average enthalpy
content of the spray at the moment of impact with the
deposit. The average enthalpy content of the spray at the
time of impact with the preform is simply the weighted
average of the total heat content of each and every drop-
let in the spray. The total amount of heat contained with-
in every droplet is calculated as described in Section IT.A.
This assumption is reasonable since the hot metal drop-
lets constitute the most important source of heat for the
deposit.

Besides the energy brought into the deposit by the metal

drops, heat is lost from the top surface of the preform
by convection into the gas phase and also by radiation
into the atomization chamber walls. Our understanding
of these heat transfer mechanisms during spray deposi-
tion is quite poor and only order of magnitude estimates
are possible at this point. More experimental work is also
required in this area in order to clarify the relative im-
portance of these heat transfer mechanisms.
(d) The rate of heat transfer from the deposit into the
substrate is assumed to be given by a heat transfer coef-
ficient. Because of thermal stresses at the preform-
substrate interface the thermal contact is expected to be
significantly less than ideal (i.e., at the interface, the
substrate and the preform will have different tempera-
tures). We are not aware of any measurements of this
thermal resistance in a spray deposition system. How-
ever, there are some measurements available for castings
systems with sections similar to the ones produced by
spray deposition. Therefore, as a first approximation and
in view of the lack of a better alternative, the value of
the heat transfer coefficient at the substrate-preform in-
terface has been taken from the compilation presented in
Reference 60.

1V. COMPUTATIONAL CONSIDERATIONS

Computer programs have been prepared for the exe-
cution of the calculations required by Eqs. [1] through
[18]. The programs have a modular structure; the two
main modules being the calculation of the temperature
in the droplets and the calculation of the temperature in
the deposit. These two main programs can be used to-
gether or independently of each other. In order to un-
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derstand the sequence of computation, one should
concentrate on a given droplet formed at the atomization
point (say ds,) and then follow its path as it travels down
the atomization chamber. Once the droplet hits the sub-
strate, it loses its identity and becomes part of the pre-
form. The calculation then proceeds to find the
temperature distribution in the preform.

For the calculations in the atomization stage, the drop-
let size distribution is first computed from Eqs. [1] through
[4] using the data in Table I. Then, the droplet velocity
is calculated as a function of the flight distance by nu-
merical integration of Eq. [5]. Finally, the droplet tem-
perature is obtained by solving Egs. [7] through [11}
numerically.®®” The calculation of the temperature of the
various droplets stops when the distance traveled by them
becomes equal to the separation between the atomization
point and the collecting substrate. The average enthalpy
content of the spray at impact is then calculated.

The calculation of the temperature distribution in the
preform as a function of time is carried out by solving
Eq. [13] subject to the constraints posed by Eqs. [11]
and [14] through [18]. To solve Eq. 13} an explicit fi-
nite difference method is used.®® In this method, the
partial derivatives are approximated by finite differences
ratios over a previously selected computational network
of grid points. The calculation for the deposit proceeds
as follows: first, an assumed initial deposit thickness x,,
not larger than 10 pct of the final preform thickness, is
introduced and its temperature assumed equal to the tem-
perature of the impinging spray. This artificial initial
thickness is introduced in order to be able to use a rel-
atively coarse computational grid. The finite difference
analogue of Eq. [13] is then solved to obtain a new tem-
perature profiie in the growing preform. The calculation
is repeated until the value of X from Eq. [12] becomes
greater than X, by one-half of the grid spacing. At this
point, the deposit thickness is increased by one grid
spacing and Eq. [13] solved in the now thicker deposit
to obtain a new temperature profile. The calculation is
repeated in this fashion until the end of deposition when
the preform reaches its final thickness. ‘

For reasons of numerical stability, the time step must
be a quadratic function of the grid spacing.%®! Therefore,
the finer the grid, the smaller the time step and the long-
er the computation. During the course of this investi-
gation, it was found that 101 grid points across the final
deposit thickness is the minimum number of points re-
quired in order to obtain reasonable accuracy. For the
most part, the calculations reported below have been done
using 201 grid points.

Typically, the calculation of droplet temperatures can
be done in about 2 minutes in an IBM-XT computer,
while the computation of the temperature field in the de-
posit requires about 30 minutes in either a MicroVax II
or an Apollo Domain 3000 workstation.

V. RESULTS

Some results of computations carried out using the
model described in Section II are presented in this sec-
tion. In order to maintain coherency with the formula-
tion, the results for the atomization step of the process
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are presented first. Results of computations for the de-
position step are presented in the second half of the
section.

A. The Atomization Step

As the behavior of the various droplets is qualitatively

similar and for brevity, only results for the particle of-

size ds, will be presented. Results for other particle sizes
will be similar except for the difference in scale.

The computed velocity for a particle of size ds; is shown
in Figure 3 together with the assumed gas velocity. As
expected, the droplet is rapidly accelerated by the mov-
ing gas, although the rate of change of the velocity de-
creases as the droplet moves down. Once the maximum
velocity is reached, the particle travels down at approx-
imately constant velocity for a considerable distance. All
droplet sizes exhibit qualitatively the same behavior but,
of course, the smaller droplets accelerate faster initially.
The values in Figure 3 can be compared with recent
measurements reported in Reference 52. Although the
results in Reference 52 were not available to us when
the calculations were carried out, the calculated veloci-
ties appear to be of the same order of magnitude as the
measured ones. However, the measured values are
somewhat higher than the computed ones. Work is in
progress to account for the discrepancy.

Figure 4 shows the computed heat transfer coefficient
at the drop-gas interface for the same droplet as before.
" It is seen that the value of the coefficient decreases
monotonically with the flight distance since the relative
velocity between the gas and the drop also decreases.

Figure 5 shows the computed temperature as a func-
tion of the flight distance for the same droplet. There are
four distinct regions in this curve. First, the temperature
falls quite rapidly due to the intense quenching effect of
the gas on the fully molten droplets. Then, the temper-
ature rises sharply as nucleation and recalescence take
place, and the liberated latent heat is released so fast that
it cannot be dissipated by the cooling gas. After this, the
temperature falls off again, this time at a somewhat slower
rate, due to the release of the remaining latent heat con-
tained in the droplet. Finally, once solidification is com-
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Fig. 3—Computed gas and droplet velocities for drop ds; as functions
of distance along the atomization chamber.
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Fig. 4—Computed heat transfer coefficient from droplet ds, as a func-
tion of distance along the atomization chamber.

plete, the droplet temperature decreases rapidly again.
These four stages can be more clearly appreciated in the
cooling rate vs flight distance plot shown in Figure 6. It
is seen there that the initial quenching rate of the liquid
droplet is of the order of 2% 10° °C/second. This very
high cooling rate turns into a heating rate which reaches
up to about 2 * 10° °C/second, when recalescence takes
place upon nucleation of the solid phase. The tempera-
ture rise stops when the recalescence temperature, as given
by Eq. [10], is reached. After that, solidification con-
tinues in the more conventional way (i.e., on cooling),
under a cooling rate of about 1 * 10* °C/second. Finally,
when solidification is complete, the cooling rate rises
again somewhat, this time up to about 110’ °C/sec-
ond. Note that for the calculations shown in Figures 3
through 6, the droplet is assumed to travel down the
chamber for a distance of up to 1 m. Therefore, if a
substrate were placed in the way of the flying droplet at
a distance of, say 0.5 m from the atomization point, the
droplet would be just about 100 pct solid at the time of
impingement on the substrate.
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Fig. 5—Computed temperature for droplet ds, as a function of dis-
tance along the atomization chamber.
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Fig. 6—Computed time rate of change of temperature for droplet ds,
as a function of distance along the atomization chamber.

Although the behavior of droplets with sizes different
from ds is qualitatively similar, the calculations show
that the smaller drops (i.e., d < dy4) solidify entirely
within the first few milimeters of flight, whereas the
largest drops (i.e., d > dg) may even be fully molten
after a flight distance of about 3 m.

From a practical standpoint, it is important to know
the metallurgical condition of the droplets during flight,
namely, the fraction solidified and the dendrite arm (or
cell) spacing. Figure 7 shows the computed fraction of
droplet that has solidified as a function of the flight dis-
tance. As expected, this is a monotonically increasing
function since the droplet solidifies on cooling through
the melting range. The curve indicates that the initial 10
pct of solid phase forms very rapidly, at a distance of
about 0.2 m, during the recalescence following nucle-
ation. Finally, Figure 8 shows the calculated dendrite/
cell spacing in the flying droplet, from the empirical re-
lation® A = 50 (T)™°° and the cooling rate of about
1% 10* °C/second in Figure 6, as a function of the frac-
tion of droplet that has solidified. For the droplet in
question (dsy), the cell size of about 3 microns is nearly
independent of the fraction solidified (and, thus, of the
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Fig. 7—Computed solidified fraction contained in droplet ds, as a
function of distance along the atomization chamber.
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Fig. 8—Computed size of dendrite arm spacing as a function of the
fraction solidified inside droplet dso.

flight distance). Therefore, the cell size in the droplets
which solidify in flight depends mostly on the droplet
diameter. These predictions are in rough agreement with
the results of experimental measurements."*”) For ex-
ample, Figure 17 shows a 60-micron atomized alloy par-
ticle, obtained using the set-up shown in Figure 16, in
which the dendrite (or cell) spacing is of the order of 2.5
microns.

B. The Deposition Step

A schematic representation of the deposition step in
spray deposition is shown in Figure 9. It is seen that the
spray of atomized droplets (some of them liquid, a few
solid, and some in between) impinges on the partially
grown deposit which in turn is being cooled from below
by the substrate. Figure 10 shows the computed tem-
peratures for two points in the preform as functions of
time. Two main regions can be distinguished in these
curves, especially in the one corresponding to the top
surface of the deposit. These regions correspond to ¢ <
t4ep @and ¢ > fg,,, respectively. While the spray is falling
on the partially grown deposit (i.e., for ¢ < t,.), the
temperature of the top falls first and then rises during
deposition. The temperature at the lower surface de-
creases continuously. Once deposition is over, the two
temperatures fall relatively rapidly, and the temperature -
difference between top and bottom surfaces of the de-
posit is reduced. In all cases, however, the temperature
does not rise too much above the solidus but hovers around
this value (660 to 680 °C) until the end of deposition. A
possible explanation for the temperature rise at the top
surface of the deposit is that the rate of heat extraction
by the substrate is marginally overcome by the rate of
heat input due to the impinging spray as the preform
grows. Note that the temperature at the top surface ini-
tially drops (for ¢ < 5 seconds) and starts rising only
when the deposit becomes thicker than about 4000 mi-
crons. The accumulated energy results in a mild, local-
ized heating of the preform.

From the temperatures displayed in Figure 10, one can
readily calculate the corresponding cooling (heating) rates

METALLURGICAL TRANSACTIONS A
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Fig. 9—Schematic representation of the deposition stage of the SD
process.

at various points in the deposit as functions of time. Fig-
ure 11 shows the computed time rates of change of the
temperatures for the top and bottom surfaces of the de-
posit. The two characteristic regions mentioned before
can also be seen in this plot., i.e., the regions for ¢ <
laep and 7 > 4., Tespectively. A striking feature of these
curves is that the computed cooling rates during solidi-
fication (i.e., for 18 < t < 22 seconds —Jower curve—

70|..l
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Fig. 10—Computed temperature histories for two points in the deposit.
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Fig. 11—Computed cooling rates for upper and lower surfaces of
deposit.

and for 31 < ¢t < 37 seconds, —top curve—) are of the
order of 1 to 10 °C/second and, therefore, are much
smaller than the rates calculated for typical droplets in
the spray. Of course, much faster rates are calculated
during the first few milliseconds of deposition, but they
are short-lived. The much lower rates calculated in the
preform in comparison with those in the droplets are per-
haps to be expected since the characteristic heat transfer
dimension in the droplets (i.e., the radius) is several or-
ders of magnitude smaller than the thickness of the
preform.

Even after completion of the solidification, when the
computed cooling rates are highest, the values are only
about 100 °C/second. Of course, the microstructure of
the as-deposited preform is a result of the solidification
process, and the cooling rates in the solid state have a
negligible effect on it. Prior microstructural observations
of as-deposited preforms have produced grain sizes such
as those shown in Figure 12, i.e., between 6 and 25
microns.! Using A = 50 (T) °?, one obtains 1173 and
10 °C/second for the grain sizes indicated. These cool-
ing rates during solidification, estimated from the mi-
crostructure, are up to three orders of magnitude larger
than the ones predicted by the model! Other microstruc-
tural features, such as the reduced segregation and the
equiaxed nature of the grains, also suggest that the so-
lidification times are much smaller than what the cal-
culations suggest. This evidence has been used to support
the claim that the spray deposition process is just another
rapid solidification technique.!'®

Alternatively, one can argue that what is unexpected
is the reduced segregation and fine grains typical of spray-
deposited preforms. As mentioned before, the charac-
teristic distance for heat transfer in the preform is of the
order of centimeters, and it is well known that one can
not achieve cooling rates in excess of 10° °C/second when
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Fig. 12—Comparison of computed and measured grain sizes across
the deposit thickness. Measurements are from Ref. 49.

the section to be cooled is thicker than about 10 mm.
Therefore, it would seem that the cooling rates estimated
from the microstructure are in contradiction with estab-
lished heat transfer theory. However, it should be noted
that when a single droplet impacts the growing preform,
it loses heat at a rate much faster than the cooling rate
of the preform at the top surface. It must be recognized
that the SDP has some unique features.

On the one hand, the process makes use of atomized
droplets which, because of their small sizes, cool very
rapidly. On the other hand, the process produces bulk
shapes with sections not very different from those that
can be produced by more conventional casting tech-
niques. In this sense, spray deposition brings together,
in the same process, features of rapid solidification and
features of conventional casting. In doing this one avoids
some of the most important limitations of those pro-
cesses as thick sections with fine grains and reduced
segregation can be produced in a single operation. The
cooling rates during solidification calculated using the
model are indeed similar to the values encountered dur-
ing processes such as die-casting and thin slab casting.
The resulting as-deposited microstructures, on the other
hand, are similar to those obtained by rapid solidification
processing. The computed results would suggest that the
process actually operates instead under a cooling regime
which has been designated as medium rapid.!®'! Recent
experimental measurements of preform temperature dur-
ing deposition!®? have produced cooling rates during so-
lidification which are very close to the ones predicted by
the model.

The temperature measurements reported in Reference
62 suggest another possible explanation for the large dis-
crepancy between the computed cooling rates and the
cooling rates derived from microstructural measurements
in as-deposited preforms. For the temperature measure-
ments, Bewley er al. used simply a thermocouple
embedded in the growing preform. It is clear that the
temperature recorded by the thermocouple is really an
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average value over the volume occupied by the hot junc-
tion; i.e., temperatures in volumes smaller than this hot
junction volume cannot be measured with this instru-
ment and a finer junction is required. A very similar sit-
uation is encountered when doing numerical calculations.
The resolution of the calculation is limited by the size
of the grid employed. For a grid consisting of 201 points
in a 0.0254 m thick preform, the grid spacing is 127 mi-
crons. Therefore, if there were temperature variations in
the deposit over distances smaller than 254 microns, these
would not be detected by the calculation. Now, since a
100-micron diameter droplet turns into a 5 to 10 micron
thick pancake when it strikes a solid surface,’"! it is easy
to see that the computed temperature at a grid point real-
ly represents some sort of average over many such pan-
cakes. Therefore, the thermal histories of individual
pancakes cannot be resolved by the computation. How-
ever, the thermal history of the process depends strongly
on the thermal behavior of these individual pancakes which
are not being considered by the model! This fact alone
can explain the discrepancy between predictions and
measurements. Obviously, more work is needed in order
to resolve this difficulty. ,

Figure 11 also shows that the cooling rates as func-
tions of time (including during solidification), for the top
and bottom surfaces of the preform (and, of course, for
all points in between) are quite similar to each other.
This would indicate that the thermal histories of various
points in the preform are all very similar. Therefore, the
solidification time is also very similar everywhere in the
preform, and one can expect the microstructure as well
to be quite similar from point to point. This homogeneity
of the microstructure is indeed one of the most attractive
features of spray deposition."”

Once the thermal history of the deposit has been de-
termined, one can try to estimate the size of the mi-
crostructural features (i.e., grains) from the cell size/
cooling rate correlation, as was done in the case of the
atomized droplets. Figure 12 shows a comparison be-
tween the computed grain size and the grain size mea-
sured in a typical deposit produced by the liquid
dynamic compaction process developed at MIT. The curve
shows that the grain size of preforms increases mono-
tonically with distance from the substrate at a rate of
about 300 microns/m. This is a rather small rate of in-
crease, indicating that the microstructure is quite uni-
form across the preform thickness.

Although the computed grain size increases with dis-
tance at a rate approximately equal to the measured val-
ues, the actual grains are about half as large as the
predicted grain size! This is the same discrepancy be-
tween model and experiment mentioned before, but this
time in terms of the grain size rather than in terms of
the temperature.

If we assume that the calculated cooling rates and so-
lidification times are of the correct order of magnitude,
this would indicate that perhaps the thermal history is
not the only factor determining the final grain size in
deposited preforms.

In order to show that factors other than the cooling
rate during solidification may be important in determin-
ing the structure, Figure 13 shows the evolution of the
isofraction solid lines in the preform during (and after)
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Fig. 13—Computed isofraction solid curves.

deposition. These curves are obtained from the temper-
ature profiles in Figure 10 by assuming that the fraction
solidified at any given point in the preform is equal to
(T, — T)/(T, — Ts). As seen also in Figure 10, Figure 13
shows that the top layers of the preform contain a small
amount of liquid which increases gradually with time and
reaches a value of about f; = 0.25 toward the end of
deposition.

First, during the initial stages of deposition (i.e., for
t < 15 seconds), the top portion of the deposit consists
of a mushy region with a high content of solid and of
approximately constant thickness. During the second part
of the deposition stage (i.e., for 15 < ¢ < 30 seconds),
the thickness of the mushy zone increases rapidly and
the proportion of solid phase inside it decreases, espe-
cially at the very top of the deposit. However, for the
conditions of this calculation, the fraction solid at the
top surface of the deposit never goes below 0.75. Fi-
nally, once deposition is complete (for ¢+ = 30 seconds),
the mushy zone contracts and disappears in a few sec-
onds, leaving a fully solidified deposit.

It is quite possible that the partially solidified grains
present in the mushy region are not able to grow as large
as the prevailing solidification time would allow. This
may be so since the solid material in the mush is in the
form of an interconnected network, which contains tiny
pools of liquid in the interstitial spaces. The maximum
size that the grains can attain under these conditions is
restricted by the size of the pockets of liquid. The size
of these pockets depends in turn on the size of the bits
of solid present in the mush as well as on the total frac-
tion of solid phase. Finally, the size of the bits of solid
in the mush is a function of the size of the solid grains
in the atomized droplets at the time of impingement. Al-
though perhaps many of the droplets in the spray will be
fully liquid at the time of impact with the preform, the
smaller droplets (say d < 20 microns) most likely will
be fully solidified by the time they hit the preform. For
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the conditions assumed in our calculations, even droplets
as large as dso will contain significant amounts of solid
phase at the time of impact with the preform.

It should be stressed that the results described by Fig-
ures 10 through 12 correspond to a specific set of pro-
cess variables, given by the values in Table 1. Numerical
experiments using, for example, a larger value of A,
lead to preform top surface temperatures which stay be-
low the solidus throughout deposition. Experimental
measurements of preform temperatures as well as of the
heat transfer coefficient at the substrate-preform inter-
face are absolutely necessary in order to compare the
predictions of the model with reality.

The model can be useful in the investigation of the
effects of changes in the process parameters on the na-
ture of the resulting deposits. For example, Figure 14
shows the calculated temperature profiles through the
deposit thickness as functions of time for the case when
the average enthalpy of the impinging spray is 50 pct
larger than in Figures 12 and 13. As expected, the in-
creased thermal energy content of the spray in this case
results in higher deposit temperatures both during and
after deposition. Although the computed behavior is
qualitatively very similar to the one described before, the
time for complete solidification is significantly delayed.
The increased enthalpy content of the spray has also an
effect on the final structure of the as-deposited preform.
Since the mushy zone now spans almost the entire thick-
ness of the deposit and because of the smaller fraction
of solids at the top, the microstructure can be expected
to be less uniform, coarser, and, in general, of a lower
quality. Note, in particular, that the collapse of the mushy
zone at the end of deposition now takes almost twice as
long as in the previous case.

The average enthalpy content of the spray at impact
is directly related to the nozzle-substrate separation (Fig-
ure 5), and the results indicate that the thermal history
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Fig. 14—Computed thermal histories for the case of large spray
enthalpy.
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of the deposit will be dependent strongly on the value
of this separation. This is hardly unexpected, but the ex-
treme sensitivity of the results to the value of this pa-
rameter is an indication of its importance.

V1. DISCUSSION

A mathematical representation has been developed to
describe the temperatures, cooling and freezing rates, and
the microstructures obtained in the droplets and in the
deposits formed during spray deposition. The first part
of the model calculates the thermal histories for the at-
omized droplets while in flight, whereas the second part
addresses temperatures in the growing deposit.

The model equations are highly simplified (a lumped-
parameter-model and empirical correlations are used for
the droplet computations, and one-dimensional conduc-
tion with change of phase is assumed for the deposit).

Fig. 16—Spray deposition facility at the Department of Mechanical

Engineering of the University of California, Irvine.
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Fig. 17—Representative atomized powder obtained in the set-up shown

in Fig. 16.

Nevertheless, the computed results have provided use-
ful, hitherto not available insight into the behavior of

spray deposition processes.
The principal findings of the work may be summa-

rized as follows:
(1) When the process is properly controlled, there is a
good balance between the rate of heat supply from the
droplets in the spray on the one hand and the heat re-
moval by the substrate on the other. Under these con-
ditions, the cooling rates are relatively uniform through
the entire deposit thickness, giving a more or less spa-
tially uniform grain size, a highly desirable feature. This
finding has been verified experimentally (Figure 12).
(2) The temperature history of the deposit is dependent
very markedly on the average enthalpy of the arriving
metal drops. Even small changes in the value of this en-
thalpy can give rise to very marked variations in the tem-
perature profiles, in the extent of fractional solidification,
and on the performance of the process in general.
(3) The theoretically predicted cooling rates during the
solidification of the deposit were found to be of the order
of 1 to 10 °C/second. These are in good agreement with
the experimental measurements of Bewley et al.,!*” but
are up to three orders of magnitude smaller than com-
monly accepted cooling rates derived from microstruc-
tural measurements. Indeed, the cooling rates found for
spray deposition in this study are comparable to those
encountered in processes such as thin-strip casting and

die-casting.
(4) Upon calculating the grain size from the cooling rate
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using conventional correlations, it was found that this,
while giving the correct slope in relation to the deposit
thickness, overestimated the size by about a
factor of two. This apparent discrepancy may be ex-
plained by the fact that here we are not dealing with the
solidification of an unconstrained melt, but have to be
concerned with a rather more complex situation. Spe-
cifically, we have to deal with the freezing of a melt
which contains partially solidified droplets and, hence,
an appreciable fraction of solids. As discussed above,
during their flight the smaller drops will partially or fully
solidify at very high cooling rates, which would give
dendrites of the order of a few microns. The end result
is a solid, with a grain size which is an intermediate
between these two extremes; that is, the dendrites con-
tained in the partially solidified droplets and the equiaxed
grains that would be produced in the preform if they were
allowed to grow unhindered during the time available for
solidification. Clearly, the analysis that has been pre-
sented must be regarded as a first step in the study of
this rather complex process.

VII. CONCLUSIONS

The principal practical conclusions that may be drawn
from this work are the following:

1. When properly controlled, the spray deposition pro-
cess has the potential of producing solid deposits with
a relatively uniform grain size through the thickness.
The grains in the deposit are equiaxed and relatively
free of segregation.

2. For the process to be successful the rate of heat sup-
ply and the rate of heat removal have to be balanced
carefully; indeed the performance of the process ap-
pears to depend quite critically on the ability to con-
trol the enthalpy of the (partially solidified) droplets
in the impinging spray.

3. Computer programs based on the model described are
now available and can be useful both in the designing
and in the operation of actual spray deposition systems.

4. Further work would be desirable in the following two
areas:

(a) The development of a better understanding of
droplet formation and heat transfer in the spray
in general, and

(b) A better mathematical representation of the so-
lidification process in the droplets and in the
deposit.

5. It would be interesting to try to extend the usage of
spray deposition into the production of other diffi-
cult-to-produce materials. A case in point would be
the deposition of metal-matrix composites.™!

NOMENCLATURE
a coefficient in cell (micron/(°C/sec)”)
size—cooling rate
correlation
Ay droplet surface area (m?)
A, cross-sectional area of (m?)
metal jet
A, area of substrate (m%)

METALLURGICAL TRANSACTIONS A

hbot

htop

Sfies

H*

J gas

melt

effective throat area of
gas nozzle

exponent in cell size—
cooling rate
correlation

drag coefficient for
motion of sphere in
fluid

discharge coefficient
from crucible

specific heat

specific heat of liquid

specific heat of solid

droplet diameter equal
to the upper bound
of 16 pct of the
droplets

mass mean droplet
diameter

droplet diameter equal
to the upper bound
of 84 pct of the
droplets

diameter of molten
metal stream from
the crucible

fraction solid

gravitational constant

heat transfer
coefficient between
droplets and gas

heat transfer
coefficient at
deposit-substrate
interface

heat transfer
coefficient at the top
surface of deposit
(after the end of
deposition)

height of melt in
crucible

enthalpy

average enthalpy of
impinging spray

fraction of latent heat
remaining at the end
of recalescence

latent heat of fusion

gas flow rate

melt flow rate

thermal conductivity

average thermal
conductivity of
metal

thermal conductivity
of liquid

thermal conductivity
of solid

kinetic growth
coefficient for
undercooled
solidification

(m?)

(=)
(=)

=)
(Joule/kg °C)
(Joule/kg °C)
(Joule/kg °C)
(m)

(m)
(m)

(m)

(=)
(m/sec?)
(W/m? °C)

(W/m? °C)

(W/m> °C)

(m)

(Joule/kg)
(Joule/kg)

(Joule/kg)
(Joule/kg)

(kg/sec)

(kg/sec)
(W/m °C)
(W/m °C)
(W/m °C)
(W/m °C)

(m/sec °C)
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K, coefficient in powder
‘ size correlation

Ng; Biot number (=hr,;/k)

Nre Reynolds number (=2

rdpgvg/ I-"g)

Do plenum pressure of
atomizing gas

0. deposition rate

rq droplet radius

t time

Laep deposition time

T temperature

T, temperature of gas

T, liquidus temperature

Ty nucleation temperature

Tx maximum recalescence
temperature

T solidus temperature

Tow substrate temperature

time rate of change of

temperature

u transformed
temperature

vy droplet velocity

Ve gas velocity

V, droplet volume

x vertical distance in the
deposit (measured
from the substrate-
preform interface

X instantaneous deposit
thickness

z vertical distance
(measured
downward from the
point of atomization

o thermal diffusivity

vy C,/C, for atomizing
gas

AT, initial melt superheat

AT, maximum droplet
undercooling

A dendrite arm (or cell)
spacing

g Stefan-Boltzmann
radiation constant

o, melt surface tension

P droplet density

P gas density

Pon melt density

M, kinematic viscosity of
gas

M kinematic viscosity of
melt

Mg gas viscosity

o melt viscosity

Subscripts

I, L liquid

s, S solid

84—VOLUME 20A, JANUARY 1989

=
(—)
=)
(Pa)

(kg/sec)
(m)
(sec)
(sec)
§©)

)

O

O

O

°C)

O
(°C/sec)
(W/m)
(m/sec)
(m/sec)
(m?)

(m)

(m)
(m)

(m* sec)
=)
(°C)
°C)
(micron)

(W/m? K%

(kg/sec?)
(kg/m)
(kg/m)

(kg/m’)
(m®/s)

(m*/s)

(kg/m sec)
(kg/m sec)
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