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ABSTRACT

The microstructure and the gradient of microstructure that forms in rapidly solidificated
powder were investigated fo‘r different sized particles. High pressure gas atomization
solidification process has been used to produce a series of Al-Si alloys powders between 0.2
pm to 150 wm diameter at the eutectic composition (12.6 wt pet Si). This processing technique
provides powders of different sizes which solidify under different conditions (i.e. interface
velocity and interface undercooling), and thus give different microstructures inside the
powders. The large size powder shows dendritic and eutectic ‘microstructures. As the powder
size becomes smaller, the predominant morphology changes from eutectic to dendritic to
cellular. Microstructures were quantitatively charactrized by using optical microscope and SEM
techniques. The variation in eutectic spacing within the powders were measured and compared
with the theoretical model to obtain interface undercooling, and growth rate during the
solidification of a given droplet. Also, nucleation temperature, which controls microstructures
in rapidly solidified fine powders, was estimated. A microstructural map which correlates the

microstructure with particle size and processing parameters is developed.




1. INTRODUCTION

-In recent years, the powder processing of materials has become one of the important
processing techniques to obtain a material with optimum properties. Because of the ability of
these fine powders to solidify at a rapid rate, a variety of fine microstructures can be obtained
which depend on the solidification rate of the powders. This rapid solidification process also
can give a wide range of microstructures of stable/metastable phases. The undercooling
conditions of powder processing play an important role in achieving these microstructures in
the droplet.

Significant advances in powder processing have been made under rapid solidification
conditions. Levi et al. [1, 2] examined heat transfer inside metal droplets and studied the
relative roles of heat transfer, nucleation and growth on the evolution of microcrystalline
structures in metal powders. The correlation between the two important solidification
processing variables in powder processing (the size of the powder, and the cooling conditions
in the chamber) and the microstructures have been only qualitatively developed, since the actual
conditions under which fine powders solidify are very difficult to measure. The current
knowledge of microstructures in fine powder is primarily based on experimental observations.
Boettinger, Bendersky and Early [3] have mapped out various microstructures that form in
undercooled droplets of Al-Fe as a function of particles size. Although these microstructures
have been broadly related to powder size, significant variation in microstructure occurs within
the powder. This variation in microstructures and the transitions in structures within a droplet
have not been correlated quantitatively with the powder processing parameters.

Most recent studies on the rapid solidification process have been based on the
theoretical models. The model of eutectic growth under the rapid solidification conditions has

been developed by Trivedi, Magnin, and Kurz [4, 5]. Experimental studies on eutectic growth




have been carried out by Herlach and coworkers [6, 7, 8]. They carried out solidification
studies in levitated droplets, and measured the solidification velocity Vr without external heat
flow from heat balance during recalescence in an initially undercooled powder particle, and the
growth rate Ve that was under external heat flow. Flemings et al. have examined the dendrite
growth rate in undercooled melt under rapid solidification conditions [9]. They have been able
to correlate the growth velocity with undercooling. Recently numerical studies of cellular
structure growth have been carried out. The cellular and dendritic growth under rapid
solidification conditons has been studied by Lu, Hunt, Gilgien and Kurz [10]. The relationship
between the cellular spacing and solidification conditions at high velocities has been studied by
Lu and Hunt [11]. These relations have been found to be analogous to those for the dendrite tip
growth model. Only the operating parameter of cellular spacing is different. Rapid laser
resolidification experiments of some alloys[12-15] have also been carried out and analyzed. All
these previous studies confirm rapid solidification models which can thus be used to
quantitatively analyze rapid solidification conditions inside the powders.

The goal of the present study is to examine the theoretical model and make critical
experimental measurements that will clearly establish solidification conditions (i.e. interface
velocity and interface temperature) that exist in powders not only as a function of powder size,

| but also as a function of time in a given particle. The following studies have been carried out:
1) The variations in the volume fraction of different microstructures with particle diameter, 2)
the relationship between microstructure scales and powder particle size, 3) the variation of
solidification conditions, such as interface velocity and interface undercooling, in a given
powder size, 4) calculation of the coupled zone in undercooled Al-Si system to verify the
predictions of this model with microstructure observations, 5) the nucleation region and

nucleation temperature estimation, and 6) The micro-hardness test studies as a function of




powder diameter. The relations between powder hardness, powder particle size, and
microstructures that include microstructure spacing and microstructure volume fraction have

been obtained for the design of optimum processing conditions.




2. LITERATURE REVIEW
An extensive study of all literature pertaining to the rapid solidification of powder and
the resulting microstructures was carried out. Relevant experimental studies and theoretical

models will be used to analyze the solidification conditions in the atomization process.

2.1. Rapid Solidification Studies

Several experimental studies have been carried out to correlate microstructure with
processing variables for atomized powders.

Boettinger, Bendersky and Early [3] have analyzed the microstructural characterization
of aluminum alloy powder containing ~8wt pct Fe. Four distinct microstructures were found in
the size range from 45 pm to 5 pm: microcellular o—Al; cellular 0—Al; 0—Al + AléFe eutectic;
and AlsFe primary intermetallic structure. The various microstructures as a function of powder
diameter were mapped out from micrographs of these powders using the linear intercept
method. The microstructures were broadly related to powder size. The effects of the internal
heat flow and external heat flow were also discussed, but the variation in microstructure that
occurs within the powder was not considered.

The evolution of heat flow, nucleation and growth in metal powders has been studied
by Levi and Mehrabin [1, 18], who developed the solidification thermal history of undercooled
spherical droplets. A mathematical formulation and solution methodology was developed for
simulating the solidification process in an undercooled droplet from a single nucleation event
occurring at its surface [1]. The thermal history of the aluminum droplets solidification was
described by both a Newtonian and non-Newtonian fluids. The results oﬂf the interface velocity
and undercooling as a function of particle size and the variation of the microstructures inside

the powder with the thermal history were discussed.




In a companion paper [18], the microstructures of rapidly solidified aluminum alloy
powders of submicron size was examined. This aluminum alloy powders were prepared by
electro hydrodynamic (EHD) atomization process. The EHD process produced the powders
smaller than 1 um in diameter. Most studies were focused on the segregation in the Al-Si
system, using alloys of 3 and 6 wt pct Si, as well as a high purity (99.999 pct) aluminum
standard. The planar and cellular structures were observed, and the thermal history of
solidification of these powders was shown to be described by the Newtonian model.

Flemings and coworkers have examined the dendrite growth rate in undercooled melt
under rapid solidification conditions [9]. In this study, the solidification of undercooled Ni-25
wt pct Sn alloy has been observed by high-speed cinematography and compared with optical
temperature measurements. This cinematographic measurements were carried out on samples
undercooled from 68 to 146 K. The spacing of dendrites was on the order of millimeters. The
growth front moved at measured velocities ranging from 0.07 meters per second at 68 K
undercooling to 0.74 meters per second at 146 K undercooling. These velocities agreed well
with the dendrite growth model of Lipton, Kurz, and Trivedi [19].

Herlach and Wei have measured eutectic growth velocities and undercoolings under
rapid solidification conditions [6, 7]. These experiments Were carried out in Co-25.5 wt pct
Sb, Co-34.2 wt pct Sn, and Ni-5 wt pct Ag systems with a glass flux undercooling facility
[20] under an 80 kPa He-20% H2 atmosphere. The undercoolings were measured with a two-
colour infrared pyrometer. An infrared photodiode device was designed to measure the
recalescence time during rapid solidification. The velocities were taken as the ratio of sample
size to recalescence time. The results were compared with the Trivedi, Magnin and Kurz model

and Jackson and Hunt model.



2.2. Theoretical Models

The rapid solidification conditions of the powder can be examined by using several
theoretical models. First, Newtonian thermal history model will be discussed.
2.2.1. Newtonian Thermal History Model

According to the Newtonian model, the thermal history of a cooling droplet can be
described by [1]

(1+3BiAF0)8,,, +(Acb,,, —1)g,,, — (v, —1-3BiAFoSte) =0 (1)
where Bi =hr/k; is the Biot number, Fo is the Fourier number or dimensionless time,
Ste=c1 (Tm-Tg)/AHy is the Stefan number, and the subscripts k and k+1 indicate the previous
and current time steps, respectively, separated by an interval AFo.

A nucleation event in the form of a spherical cap is considered occurring at the droplet
surface. The interface follows the axisymmetric geometry depicted in Figure 1. The fraction
solidified is given by

g =0.5(1+ Z*)* - 0.1875(1 + Z*)* 2)
where (1+Z*) is the distance solidified along the growth axis.
Z*,,-Z%,

AFo = 3)

R=(r/aL )V is the dimensionless interface velocity, r is powder radius, oy is thermal diffusivity
in liquid. V is velocity. The dimensionless enthalpy y and temperature 0 are given by
Ac=(cs—c)/ ¢, @

where cL and cs are the specific heats of the liquid and solid, the dimensionless enthalpy,

v =(H—-Hgy)/AH,, and temperature, 6 = ¢(T-T,,)/ AH,,, Hsy and AHp; are the

enthalpy of the solid and the heat of fusion at the melting temperature Tyy.




For a given initial undercooling and partical size, the thermal history of this given
powder can be obtained from above equations. Then the interface velocity and undercooling
inside powder can be calculated.

During rapid solidification a great variety of microstructures can form. They are
eutectic, dendrites, cells and planar front growth. These microstructures depend not only on the
cooling conditions, but also on the alloy composition. From the current knowledge about
composition and solidification conditions, the most important microstructures that appear in
this Al-Si powder rapid solidification are eutectic, dendrites and cells. So these three

microstructures will now be discussed.

INTERFACE o

LIQUID

TGROWTH AXIS

[+

AXISYMMETRIC GEOMETRY
INTERFACE MOVES FROM
Z* = -1 70 7* = 1

Figure 1. Interface geometry used for the Newtonian analysis of undercooled solidification

from a single nucleation event [1].




2.2.2. Butectic Growth Model

The eutectic microstructures are often distinguished into two growth morphologies:
regular eutectic and irregular eutectic. In the regular eutectic, the interface is nearly planar so
that both phases have about the same average undercooling at the interface. There are two
types of the regular eutectic microstructures: lamellar and rod eutectics. In the irregular eutectic,
the two phases have different average undercooling. The eutectic structure can be obtained
under different solidification conditions which vary from low velocity to some critical high
velocity. The theoretical models for eutectic growth have been developed by Jackson and Hunt
[21] at low velocity and Trivedi, Magnin and Kurz [4] at high velocity.
1). JH model:

Assuming that the eutectic spacing, A, is much smaller than the diffusion distance,
DL/V (where DL and V are the solute diffusion coefficient in liquid and the eutectic growth
velocity, respectively), and that the interface undercooling is sufficiently small so that the
interface compositions are approximately the same as equilibrium compositions at the eutectic
temperature, Jackson and Hunt have obtained the relationship between the undercooling, AT,

the growth velocity, V, and the eutectic spacing, A for regular eutectic growth:
AT=KAV+K [ A )
Where Kr and Ko are system parameters, which have the following values [22]:

_ Ima"mﬁl C

K = .
] 20 ©
2(1~ f)|m,|T, sin(8, ) + 2 f|m |, sin(8,)
¢ 20- Dy ey sine .

F= £)(my|+]my))




where me and mp are the magnitudes of the o and f liquidus slopes at the eutectic temperature,

C' is the difference in composition between the ends of the eutectic tie-line and CB, D is

diffusion coefficient in liquid, f is the volume fraction of o phase or B phase. I'e and I'g are the

Gibbs-Thomson coefficient of o and 3 phases, and the angles 6« and 6p are shown in Figure

2.

This general solution of diffusion problem, given by equation (5), predicts that the

eutectic spacing at a given growth rate depends on undercooling, as shown in Figure 3. Only

those spacings which lie in the band Am < A < AM will be stable. The variation in Am with

velocity was calculated by JH. For the minimum stable spacing they obtained the relations:

VA,’=K /K,
ATA, =2K,

ATV =2./K K,

®)

&)

(10)

Figure 2. Schematic diagram of eutectic structure which defines the contact

angles at the triple point junctions and eutectic spacing A [21].
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Figure 3. Relationship between the average interface undercooling and the eutectic spacing at a

fixed velocity, and the regions of stable and unstable spacings [21].

Experimental studies have shown that the observed average eutectic spacing, A, is large
than Am. The deviation from Am is small for regular eutectic, where it is significant for irregular

eutectic. If A/Am=¢), then one obtains:

V(A = ¢°K, | K,=constantl (11)
(AT)XA) = (1+ ¢*)K =constant2 (12)
(AT)INT = (¢ +%)N/K,Kc (13)

where the selection parameter, ¢p=<A>/Am [4].The value of ¢ is different for different systems.

This model has been proven to be very successful for regular and irregular eutectics at low

growth rates where the Peclet number, Pe=VA/2DL is smaller than unity.
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2). Trivedi, Magnin and Kurz model

Rapid solidification processing has challenged the JH eutectic-growth model. Because
the solidification velocity can exceed 1 m/s, the diffusion distance becomes small, the
undercooling becomes very large, and the Peclet number approaches unity, so that the two
assumptions used by JH must be relaxed. Trivedi, Magnin and Kurz have extended the JH

model to high growth velocity. The relations between eutectic spacing and solidification

conditions for eutectic growth:
A =a" 10" (14)
Where QF = (Bf(%-f—))[P*-MaP/ dA)], For constant P(A), this result is similar to that

obtained by JH [21] (with a different value of P). However, the term in the large bracket of QL

will cause V2 to deviate from a constant value at high velocities. Also, if D varies significantly
with undercooling, then VA2 will also deviate from a constant value. The magnitude of the

large bracket is given by the expression:

2
P+A(0P/JA)= 2( )sm(mzf)][ - ﬁlsz Jlinpz (15)

P
ATA = ma*|1 1
e [ +P+/1(8P/8/'t)] (16)

This undercooling at the eutectic interface is equal to the JH result when P(A) is constant.The
eutectic model shows that by measuring A, one can obtain the values of the interface velocity

from equation (14) and the interface undercooling from equation (16).
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2.2.3. Dendritic Growth Model

A dendritic structure is the most frequently observed structure in a solidified pure metal
of alloy. "dendrite" comes from the Greek word "dendron" which means tree, and like a tree
the dendrite is a branched structure with primary, secondary, tertiary, and eventually higher
order branches. There are two distinctly different growth conditions which depend on the latent
heat of fusion carrying away from the interface, Figure 4. They are : 1) Growth from an
undercooled melt in which generally an equiaxed dendritic crystal forms, the latent heat of
fusion being dissipated through the cooler liquid ahead of the interface. In this case the
temperature gradient in the liquid at the interface is negative, whereas that in the solid is nearly
zero. 2) Directional solidification or constrained growth in which a positive temperature
gradient in the liquid is imposed so that the latent heat of fusion is dissipated through the solid.
The dendrite growth direction and heat flow direction are parallel for solidification in the
" undercooled melt condition, whereas they are antiparallel in the directional solidification
process. In an equiaxed crystal, the thermal and solute fields ahead of any given dendrite can
be significantly influenced by the presence of other dendrites in neighboring grains [23].
Several important length scales are : dendrite tip radius, the primary spacing and the secondary
arm spacing, as shown in Figure 5. For dendritic growth from an undercooled melt, the alloy
composition Co and the undercooling AT, control the dendritic growth. The growth rate V, the
tip radius R, and the secondary spacing A2 are important to quantitatively understand dendritic

growth.
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Figure 4. (a), (b) free growth and (c) constrained growth conditions:

compositions and temperature fields are given along dendrite axis [23].
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Figure 5. Important length scales of dendritic structure [23].

1) Dendritic growth in an undercooled melt
Significant studies in the dendrite tip selection process have been carried out [24, 25,

26]. The general dendrite tip radius selection criterion in an undercooled alloy melt as:
VRz[kAT"] G £+ VR AH /¢, £ = 1‘ 17
ID || C, 2Ta,f o a7

Where k is equilibrium distribution coefficient, B=0.5[1+(Ks/K1)], Kiand Ks are thermal

conductivity of liquid and solid, AH is latent heat, ¢y, is volumetric specific heat of liquid, and

ATo=mCo(k-1)/k. ¢* is constant for most dendritic growth, 6*=0.025.
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The dendrite undercooling that relates the tip undercooling with the bath undercooling is
given by:

kAT, Iv(p) + E
1-(A-k)(P) R

AT = (A—H-le(a) +

142

(18)

The function, Iv(p)=Pexp(P)E1(P), in which E1(P) is the exponential integral function. The
variables Pt and P are the thermal and solute Peclet numbers of the dendrite tip, P=VR/2ay and
P=VR/2D.
2) Dendritic growth in directional solidification

In directional solidification, where the melt is superheated, the undercooling is the
dendrite tip undercooling ATt. The dendrite tip temperature is primarily controlled by the solute
diffusion[23]. The temperature gradient is imposed on the system by the process and the
temperature gradient effect becomes important only at high velocities where latent heat
contributions become significant. For directional solidification, the dendrite tip radius selection
criterion and the dendrite tip undercooling can be expressed as:

kAT, || C 1
VR? —0—] —+L ¢ -GR* = — 19
= [Co]éc . (19

_ kAT Iv(p) N r
" 1-(1-KkDI(P) R

(20)

The temperature gradient G is positive and the second term will be negative so that the thermal
effect tends to stabilize the interface. The net driving force for destabilization is given by the
difference in the two gradients, one due to the solute field and the other due to the temperature
field. The left hand side of this equation represents the modified constitutional supercooling at
the dendrite tip at low velocities where Ec=1. Also, at low velocities the latent heat effect is

negligible and if the thermal conductivities, and thermal diffusivities in the solid and in the
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liquid phases are the same, G=G1, the temperature gradient in liquid ahead of the tip, and one
recovers the constitutional supercooling criterion. Note that the thermal gradient effects are
negligible for dendrite tip undercooling at low velocities, although they may become important
for the dendrite tip selection criterion at very high growth rates.
3). Rapid dendritic growth

The deviation of the functions &i from unity in the dendrite tip selection criterion and
nonequilibrium effects at the interface become important at high growth rates. Nonequilibrium
effects are added into the equaFions (17, 18, 19, 20) so that the equations (17, 18) are modified
as follows for rapid dendritic growth in an undercooled melt condition:

Jf AT T 1 JAH g |, 1
R [ ID __1—(1—kv)Iv(P)]§C+VR [2ra1[3 ]51 o @D

3\ v
AT:(S‘E Iv(P,)-i-l: kAT, Iv(p) +(m—m,)Co]+£+—V; 22)
¢ ) 1= (1—k)Iv(P) R o,

The equations (19, 20) can be modified as follows for rapid dendritic growth in an directional

solidification condition:
VR2 kvATg 1 §C _GR2 = 1* (23)
I'D | 1-(1-k)Iv(P) o
AT, =| KAL) +m-m)C, |+ L+ ¥ (24)
1-(1-&,)Iv(P) R

2.2.4. Cellular Growth Model

The cellular structure appears not only at low velocity but also at high velocity. Some
time, the very fine cellular structures formed at high rates are called "microcellular” in order to
differentiate them from the coarse cells that form at low rates. The cellular spacing,

undercooling and tip radius as a function of velocity are shown in Figure 6 [10]. Numerical
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studies of steady-state cellular growth have shown that cellular spacing at high velocities is
similar to the dendritic growth model, i.e. R in equation (17) is replaced by A and ¢* has a
characteristic value for cellular growth. Thus, when cellular structures form, one can determine

the value of V from the measurements of A
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Figure 6. Spacing, undercooling and tip radii plotted against velocity for Al-2 wt% Fe. The

filled circles are the experiment measurements from the laser resolidification experiments [6].
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3. EXPERIMENTAL PROCEDURE
3.1. Materials and Preparation
3.1.1 Composition of droplets
The alloy powder was made by purity levels of 99.999% aluminum and 99.99% silicon
powders. The composition for this alloys system was at the reported eutectic composition. This
composition, as taken from the phase diagram is 87.4 weight percent aluminum and 12.6
percent silicon. The phase diagram for the aluminum-silicon alloys system is shown in Figure

7.
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Figure 7. Al-Si phase diagram [34].
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3.1.2 Gas atomization of droplets

This Al-Si alloy powder samples were prepared in high pressure gas atomization
(HPGA) system. The HPGA is a method to use high pressure air, nitrogen, helium or argon as
a fluid for breaking up a molten metal stream for efficient production of very fine metal and
alloy powders [27]. Figure 8 is a schematic diagram of a vertical inert high pressure gas
atomizer. For high temperature metals, a vacuum induction melter and a closed, inert gas-filled
chamber are used to prevent oxidation.

In the alloy powder preparation procedure, the pure aluminum and silicon powders are
mixed, and melted in vacuum induction melter that must be superheated. Then the plug is
opened and the melt is poured into the nozzle. The discrete gas atomization nozzle can be
described as follows, with reference to the terminology of Figure 9. First, as a melt stream
enters the wake area of the high velocity gas flow at the melt feed tube tip, no extension of the
cylindrical stream is projected into the atomization zone. Instead, as Figure 10 illustrates the
melt forms a complete or partial film immediately on exit from the orifice and the film flows in
a radial outward direction. The melt behavior in this base flow region is probably influenced
both by a local subambient pressure effect, as great as about 0.5 atm below ambient [28], and
by a strong recirculation flow which runs counter to the stream flow direction [29]. These
complimentary effects cause the stream to split and fan outward and the resulting melt film to
accelerate horizontally toward the external edge of the feed tube. A significant portion of the
melt disintegration probably occurs when the melt film makes initial contact with the supersonic

gas flow at the feed tube edge, as Figure 10 illustrates.
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Figure 8. A vertical gas atomizer. The main features are a vacuum induction melter, gas
expansion nozzle, gas recirculation and supply system, free-flight chamber, and powder
collection chamber. An expanded view of the nozzle region is given to show the close

proximity of the gas and melt streams needed for efficient atomization [3 1].
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Figure 9. Schematic of high pressure gas atomization nozzle in a central cross-section view
showing melt and gas feed relationships and nozzle terminology.

[Anderson, Morton and Figliola, 1989].
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Figure 10. Schematic of droplet spray generation by gas atomization nozzle
operating under HPGA conditions.

[Anderson, Morton and Figliola, 1989].
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Figure 11. The formation of a metal powder by gas atomization involves the break-up of the
liquid stream by the rapidly expanding gas. Because of a suction pressure in the
gas expansion zone, the stream first forms into a thin hollow sheet, and

subsequently forms ligaments, ellipsoids, and spheres [31].
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Further disintegration and refinement of the droplets can also occur in the jet focus region at the
bottom of the atomization zone as droplets are pushed through an intense normal shock front
that has been observed at this location. The formation of a metal powder by gas atomization is
shown in Figure 11. Downstream of the atomization zone the atomization gas flow entrains the
fine droplets into a narrow spray cone which gradually broadens as the velocity decays.
Solidification of the droplets occurs during free fall of this spray to produce very fine powder
particles [30]. In the horizontal atomizer, the large filter area retains the powder while allowing
gas to escape. For a contained system such as the vertical inert gas atomizer, it is necessary to
incorporate a cyclone separator. The cyclone allows gas exit (and possible recycling) while
leaving behind the fine particles. The chamber size must be sufficient to allow the largest
particles to solidify before striking the walls.

Gas atomization can be performed totally under inert conditions, thereby maintaining
the integrity of high alloy feedstock. The particle shape is spherical with a fairly wide size
distribution. The gas atomization process has a large number of operating variables, including
gas type, residual atmosphere, melt temperature and viscosity as it enters the nozzle, alloy type,
metal feed rate, gas pressure, gas feed rate and velocity, nozzle geometry, and gas temperature.
Those parameters are adjusted to maintain process control and tailor the powder characteristics
for various uses. The experimental results showed that finer powders resulted from gas
atomization at increased gas nozzle inlet pressures. In practice, gas atomization is capable of
production rates as high as 100 kg/min [31]. The gas jet pressures are up to 28 MPa [29]. The
main advantage of gas atomization is in the product homogeneity and the good packing

properties available with the resulting spherical powder.
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3.2. The Powder Separation

The diameter of atomized powder varied from 0.5 pm to 150 pm. For analysis these
powders were separated according to particle size ranges.
3.2.1 Screening

Screening is a common technique for rapidly analyzing particle size. A square grid of
evenly spaced wires creates a mesh. The mesh size is determined by the number of wires per
unit length. Screen analysis begins with a stack of screens with decreasing mesh openings. The
smallest opening size is at the bottom. The powder is loaded onto the top largest size screen
and the screen stack is agitated for a period of time. The small powder passes through large
size mesh. The large size powder is separated out. These Al-Si powder samples were carefully
screened, using fine wire mesh sieves, and separated int_o four groups. The particle size of
these groups were 150 um ~ 88 pm, 75 pm ~ 63 um, 44 pm ~ 38 wm, and 36 pm ~ 0.5 pm in

diameter.

3.2.2 Sedimentation

From current knowledge, the most important microstructure changes were predicted to
occur in group five. In order to obtain precise particle size of fine powders the finest group
need to be classified in more detail. Sedimentation method was used to separate this smallest
group.

Particles settling in a fluid (liquid or gas) reach a terminal velocity which depends on
both the particle size and the fluid viscosity. Thus, particle size can be estimated from the
settling velocity. According to the particle density and shape, sedimentation techniques are
nominally applicable to particles in the 0.02 to 100 um range [31]. From Stokes law, the

terminal velocity of a sphere particle is
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V=gD*(p, —p,)/ (18n) (25)
Where g is gravitative acceleration (9.8 m/s2 or 32.17 ft/s?), D is particle diameter, pp, and ps
are densities of particle and fluid, n is fluid viscosity. For a given settling distance H, the
settling time is

t=H/V (26)
Obviously, the fastest settling particles are the largest while the smallest can take considerable
time to settle. Two important conditions were required to. settle these powder: 1) the settling
solution can not react with aluminum or silicon at room temperature. 2) the viscosity of the
settling solution is large enough to distinguish different size powder layer during
sedimentation. Hexane (C6H14) just matches both of these conditions. The viscosity and
density of CéH14 are 0.33 cp (or 2.22x10-4 Lb/ft-s) and 0.6594 g/cm3 (or 41.49 Lb/ft3)
respectively. The density of this Al-Si alloy is 2.65 g/cm3 (or 167.06 Lb/ft3). The H is the
depth from liquid surface. Then, V=1.01x106D2(ft/s) or 3.1 14x105D2(m/s).

Using above equations and parameters, the settling velocity V and the settling time that
this size powder deposits from surface of settling solution down to distance H can be roughly
calculated for a given particle diameter D. The powders are first mixed with settling solution in
a small glass bottle, as shown in Figure 12. After mixing with settling solution, powder will
deposit to the bottom of the solution. The different size powders have the different deposition
velocity in the settling solution. The powders of diameter less than and equal to D, and top
layer éettling solution that is down to the settling distance H from the surface are taken out until

“the certain settling time is over. These powders are separated into two groups. One group
diameter is larger than D, another group diameter is less than and equal to D. Hence, this
method can be used to classify finer particle. This sedimentation method was used to separate

the group four into 9 different size classes. The powder diameter of each group was determined
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by optical microscope observation. First, a few powders were taken from each group and
placed on a glass sheet. Then, these powder were observed under a microscope and
photographed. The range powder diameter of each group was converted from the powder
picture magnification. Table 1 shown the initial groups that were separated by screen, and
Table 2 shown the finer groups that were separated group 4 into other 9 groups by

sedimentation. Finally, these powders were classified into 12 groups.

» Powder diameter< D

L
i

PEIE

Powder &
Solution

> Powder diameter> D

Figure 12. Powder sedimentation.
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Group Number

Powder Diameter (um)

1 150 ~ 88
2 75 ~ 63
3 44 ~ 38
4 36 ~ 0.5

Table 1. The four initial groups.

Group Number

Powder Diameter (Um)

14) 36 ~ 34
2(5) 34 ~ 28
3 (6) 30~24
4 (7) 26 ~ 18
5(8) 18~ 14
6 (9) 16 ~ 12
7(10) 14~ 10
3(11) 12 ~ 8

912) 8 ~0.5

Table 2 The 9 new groups that were separated from group 4.
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3.3. Sample Preparation

The first step was to mount the powders for microscopic examination. Struers Epofix
epoxy was chosen to mount the powder samples. This epoxy is a cold-setting resin based on
two fluid epoxy components that were resin and hardener. Before mounting samples, 15 parts
by volume of resin was mixed with 2 parts by volume of hardener for at least two minutes. The
powder samples were mixed with the epoxy on a glass sheet and placed into a small plastic
bottle, which was then evacuated to evaporate the bubbles. After at least 12 hours, the hard
epoxy and powders were taken out from the bottle and placed in the mold. The epoxy mixture
was poured in the mold and allowed to set for more than 12 hours. The sample was then
polished by a polishing machine. The polishing procedure is from GRIT 600 (14 um) to Linde
B (0.05 pm) for each sample. .

The etching solution was made from 15 ml1 HCL, 5 ml HNO3, 5 ml HF (48%), and 7.5
ml H20. The polished sample surface was etched by this solution for couple of seconds
(10s~6s). The etching time depends on the particle size. The big powder was etched a little
longer than a small powder.

For scanning electronic microscope (SEM) observations, the sample was coated with
carbon or gold to make it conductive. Because hundreds of powders were mounted in a sample
by the above method, it was hard to distinguish and keep track of powder. For cross-section
observations, the sample was prepared in a different way. First, a few powders were mixed
with Hexane. Then, they were put on a carbon film by eye-drop. After drying, only a couple of
powders were stuck on the carbon film. Finally, this carbon film and powder were mounted by

epoxy, as shown in Figure 13.




30

Figure 13. The sample of powder put on film was used for powder cross section observation.

3.4. Microstructure Observation
3.4.1 Optical microscope observation

Optical microscope was used to observe the powder with diameter larger than 36 pm.
The magnification of about 500X ~ 2,300X was used. The resolution is about 0.35 pm. The
microstructures of powder were observed and photographed. The objectives of thi§
observation were to examine: a). the microstructures in different size powders, and b).

microstructures in the same size powder but with different cross sections.

3.4.2 SEM observation

When powder diameter is less than 36 pum, the fine microstructure of these powders
can not be observed clearly. So scanning electron microscope (SEM) was used to observe
these small powder samples.

The SEM is a type of electron microscope which produces unique, and often

complementary, images and information. Comparing with the light optical microscope, the
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SEM has greater resolving capabilities, as well as a wider and higher magnification range,
usually between about 10X and 100,000X. In SEM the electron beam strikes the sample
surface and the secondary electrons from the sample surface produce the image. The SEM
requires operation under high vacuum conditions. Specimens for the SEM often require more
extensive preparation than that needed for the optical microscope. Proper specimen preparation
is critical to image quality, and therefore data acquisition, in SEM.

The SEM used in this powder observation were Cmbﬁdge S-200 and JEOL 6100
Scanning Electron Microscopy. The resolution of these machine are about 50 A and 20 A,
respectively. The magnification ranges are about 10X ~ 30,000X and 10X ~ 100,000X. Both
operate under vacuum below 10-6 torr. The operation voltages are 10 kv and 15 kv. The
eutectic microstructure and nucleation region of powders were observed at the magnification

between 2,000X and 16,000X, and photographed for the measurement of spacings.

3.5. Measurement
3.5.1 The measurement of the volume fraction of the microstructures

The linear intercept method was used to measure the volume percentages of cellular,
dendritic, and eutectic structures from the optical and SEM microstructure pictures. First, a line
was drawn on the powder microstructure surface. Then, the length of cellular, dendritic, and
eutectic structures was measured on this line. The percentages of these structures were
calculated. In the same direction, two other lines are drawn , measured, and calculated in the
same way. Next, the three lines were drawn vertically. The percentages of the microstructures
were measured and calculated as above. Finally, The average percentages of each structure

were obtained. For one size powder, more than four different particles were measured.
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3.5.2 The measurement of the microstructural spacing

Within the ranges of solidification conditions and composition used, a eutectic structure
consisted of flake silicon in an aluminum matrix. The eutectic spacing was measured by using
the procedure of Toloui and Hellawell (1976) described by Grugel and Kurz [32]. A line was
drawn at right angles to parallel eutectic flakes on sections. The spacing, A, was determined by
L, the length of this line and n, the number of intercepts, as shown in equation (27) and Figure
2.

n 27
The droplet distance is the length from nucleation region to a point along cells/ dendrites

growth direction inside a powder. Measurements of eutectic spacing and cellular spacing as a

function of distance were made in a given droplet.

3.5.3 The measurement of the hardness

The hardness of these powders were tested by micro-hardness machine. The particle
sizes were from 120 pm to 20 pum. Because the smallest test prob size of this micro-hardness
machine is 10 um, the smallest powder that was tested by this machine is around 20 pm.

The samples were mounted with epoxy and polished to Linde B level. The cross
sections of these powder were tested by using a load of 10 gmf (gram of force). The hardness
value was determined by measuring the indenter mark on the surface of the powder cross
section. The unit of the hardness was HV. For large powders, at least three hardness tests were
carried out in each powder. For each size powder, at least four particles were tested. The
hardness value of the epoxy was also tested. Because if the epoxy is not hard enough, the
powder will cause deformation of epoxy during powder hardness test. The diamond hardness

test mark on the powder surface is not very precise. The test hardness value of the powder may

S W —————— — - C ——ee—— - T e —— - - e —————
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be higher than real value, if the hardness of the epoxy has an influence on the powder hardness

value, particularly for small particles.

3.5.4 The measurement of the particle size

The observed powder size can be roughly decided from pre-classification. But this
diameter was not very precise. The method of precise diameter determination was carried out
from the powder microstructure pictures. In this way, every measured powder must be close to
at least one another powder that can be examined. The particles are illustrated in Figure 14.
Because these powders have been classified by screen and sedimentation methods, the powder
diameters are very close in each group. When some powders were mounted by epoxy, they
almost deposited at bottom because of gravity. If a couple of powders were close together and
at the same level, the real particle diameter cross-sections of these powders must touch side by
side, as shown in Figure 14. This was the only way to determine the powder diameter since it

is hard to determine isolated powder's diameter without successive sectioning.

Figure 14. The determination of powder particle size.
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4. EXPERIMENTAL RESULTS

4.1. Microstructures Transition Map

The volume fractions of cellular, dendritic, and eutectic microstructures as a function of
powder diameter were characterized and shown in Figure 15. The observation of the
microstructure was carried out from large powder to small powder. At the beginning, only the
eutectic and dendritic structures were observed inside the powder. When powder size
decreased to around 85 pm, the volume fraction of the dendritic structure equaled to the volume
of the eutectic structure. The predominant morphology changed from eutectic to dendritic, as

the powder size became smaller. The cellular structure appeared around 30 um diameter

powders. At that time, the volume fraction of dendritic structure began to decrease. The cellular

structure had the largest volume fraction when powder diameter was less than 14 pm.
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Figure 15. The Al-Si powder microstructures transition map.
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4.2. Microstructural Spacing
4.2.1. The eutectic spacing in a given particle

Figures 16 and 27 show the microstructure of the solidified droplets of diameter 27 pm
and 15 um, respectively. Although the composition of the alloy corresponds to eutectic
composition, both cellular and dendritic sﬁuctﬁres were also observed along with the eutectic
structure. These structures became coarser as the solidification proceeded further away from
the nucleation region. The eutectic spacing as a function of droplet distance is shown in Figure

18.

o]l

Figure 16. The microstructure of the solidified dfoplets of diameter 27 um.
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Figure 18. The eutectic spacing as a function of droplet distance with diameter 27 pm, and 15

lm size powders.
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4.2.2 The eutectic spacing in whole range of powders

Figure 19 shows the microstructures of different size powders. The spacings of the
eutectic structure are different in whole range of powders. The eutectic structuré between the
dendritic and cellular was measured. As particle size decreases, the eutectic spacing decreases.
As Figure 18 shown, the eutectic spacing also changes inside powders. So for each size of
particle, a range of eutectic spacing can be measured. The average eutectic spacing as a function
of powder diameter is shown in Figure 20. The maximum and minimum eutectic spacing are

also shown in this figure.

Figure 19. The microstructures of different size powders, (a) powder diameter is around 70

pm (X2600), (b) the diameter of the powder is around 18 um (X2600).
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Figure 20. The eutectic spacing as a function of powder diameter.

4.2.3 The changing of the cellular spacing

N9t only the eutectic spacing but also the cellular'spacing are function of the droplet
distance a}nd the particle size. The fine cellular spacing was found near the nucleation region.
The cellular spacing became coarser as the solidification proceeded further away from the
nucleation region. The cellular spacing as a function of droplet distance is shown in Figure 21.
The cellular spacings of whole range of powder are also different. Actually, the cellular
structure first appeared in particle size around 30 pm. As particle size decreasing, the average
cellular spacing decreased. Figure 22 shows the average cellular spacing changing from 30 pm

to 10 m.
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4.3. Powder Hardness

The hardness value as a function of powder particle size is shown in Figure 23. The
highest hardness value was around 75 HV, found at large powder. The hardness decreased as
particle size decreasing. When powder size decreased to 36 pm, the lowest hardness value was
found. It was around 45 HV. If continually decreasing the powder diameter, the hardness
value began to raise. The epoxy that was used to mount the powder must have some influence

on powder hardness test, particularly on small particles. The epoxy hardness was around 17

HV.
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Figure 23. The powder hardness as a function of particle size.
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4.4. Cross Section Microstructure

For determination of nucleation region, the cross sections of a given powder were

observed layer by layer. The powders of diameter 19 um, 11.5 m and 10 um were observed

by optical microscope. The cross section pictures of these powders are shown in Figure 24,

25. There were dendritic, cellular, and eutectic structures at the top layers, as shown in Figure

o
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24 (a-f) and Figure 25 (a-c). When the cross sections of these powders were polished to the
layers that are shown in Figure 24 (g) and Figure 25 (d), the nucleation regions appeared in
area A. The dendritic and cellular crystals growth direction were from point A to far away from
these nucleation regions. After polishing to the bottom layer, the nucleation region disappeared,
Figure 24 (k, ). Two types nucleation region, as shown in Figure 24 and Figure 25, were
observed. One type solidifies at one or more points and crystal grows continually from these
points. The nucleation region in this kind of droplet is shown as the area 'A’ in Figure 24 (8).
Another type solidified around these small particles and crystal grows from the surface of small

particles. The nucleation region is shown as the area 'A’ in Figure 25 (d).
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5. DISCUSSION

Theoretical models for the rapid solidification of powders have been developed
[Anderson and Trivedi] [30] which correlate growth microstructures with undercooling of bath
to predict the selection of microstructures as a function of rapid solidification conditions. Two
major constraints of this model are: 1). The application of the model to experimental data
requires quantitative correlation between the undercooling, droplet size and cooling conditions
in the chamber. This has not been possible so far, so that one generally obtains a qualitative
prediction by assuming that the interface undercooling increases as the droplet size decreases.
2). The solidification conditions within a droplet are changing with time so that the
undercooling and velocity are not constant but they vary with time. The actual variation of
solidification conditions within a droplet has not been modeled quantitatively. A detailed model
of heat transfer problem in a solidified droplet has been developed by Levi and Mehrabian [1]

to characterize growth conditions within a powder.

5.1. Analysis of Eutectic Growth and Powder Solidification Conditions

High pressure gas atomization (HPGA) is a rapid solidification processing of powders.
During this solidification processing, the cooling conditions (undercooling and velocity) in the
chamber are hard to measure. However, the microstructures inside powders show the
solidification process and must have some rélations with solidification conditions. So the
microstructure growth model can be used to obtain the powder solidification conditions. Three
kinds of microstructures have been found in whole range powders. They are cellular, dendrite
and eutectic. In order to obtain these powder solidification conditions two important conditions
are required: 1) the microstructure must appear in whole range particles, and 2) the

microstructural scales must be easy to be measured. Comparing these microstructures, the
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cellular structure was found when powder size decreases to 30 pm. Although dendrite
appeared at all size particles, the shape of the dendritic structure was not regular. It is not
possible to measure the tip radius, primary, and secondary arms of dendrite. The eutectic
structure which appeared between dendrite and cellular satisfies above two conditions.

The eutectic structure is independent of temperature gradient, so that the eutectic
spacing is determined by the magnitude of interface velocity only. The JH model of eutectic
growth at low velocities has been extended to high velocities by Trivedi, Magnin and Kurz
(TMK) [4] using these models, it is a possible to derive tile powder solidification conditions
from the measurements of eutectic spacing.

Two major characteristics of eutectic growth at low velocity are : 1) A2V= constant],
and 2) AAT= constant2. Both these laws are found not to be true at high velocities. At high
velocities the variation in A2V with the Peclet number shows a non-constant behavior and the
variation in AAT with the Peclet number has a similar effect. However, the model JH and
model TMK just show the big difference only at very high velocities, as shown in Figure 26.

The JH model shows the relations between the velocity, eutectic spacing and
undercooling, as given by equations (8, 9, 10). For Al-Si alloy, the eutectic structure is
irregular eutectic so that the JH model is modified to equation (11, 12, 13), with the values of
the constant1=6.89x10-7 mm3/s and constant2=8.9x10-3 mm-K.

The TMK model is more complicated than the JH model, as shown in equation (14-
16). A detailed experimental study has recently been carried out by Gilgien et al. [33] in Al-Si
and Al-Fe systems, who have developed a program for the calculations of dendritic and
eutectic charactristics under rapid solidification conditions in these systems.

The effect of velocity on eutectic spacing in Al-Si system of two models were

compared, as shown in Figure 26. For velocities < 0.3 cm/s or the eutectic spacing > 0.3 pim,
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the results of two models are very close. Thus, for larger Al-Si powders the simpler JH model
can be used to derive the powder solidification velocities from the eutectic spacing for powder
diameter > 36 |tm. The maximum velocity for Al-Si eutectic growth predicted by TMK model
was 6.5 cm/s. From 0.3 cm/s to 6.5 cm/s or eutectic spacing < 0.4 pim, two models deviations
were observed and increased as eutectic spacing decreases. It is indeed possible that first the
temperature-dependent diffusion coefficient effect and then the high Peclet number effect may
become important to give this spacing variation behavior at high velocities. The JH model can
not be used to derive the powder solidification velocities for powder diameter < 36 pum. The
TMK model was used to approach this high velocity solidification conditions.

The effect of undercooling on eutectic spacing in Al-Si system predicted by the two
models were almost same at small undercooling conditions, as shown in Figure 27. The JH
model was thus used to calculate the undercooling of these powders when undercooling was
under 32 K or eutectic spacing > 0.2 pm. At large undercooling conditions, the TMK model

was used.

R S ———— e e
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Figure 26. Calculation results on the effect of velocity on eutectic spacing in the Al-Si system.

Theoretical predictions of the JH and the TMK model are

shown for comparison.
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Figure 27. Calculation results on the effect of undercooling on eutectic spacing in the Al-Si
system. Theoretical predictions of the JH and the TMK model are

shown for comparison.
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The experimental results on the eutectic spacing as a function of distance in the droplet
for particle size 15 um and 27 pum, are shown in Figure 18. From this figure, the eutectic
spacing is seen to increase as the solidification proceeds further away from the nucleation
region. The eutectic spacing curves of two particles are almost parallel. The average eutectic
spacing of the 15 {m size powder is finer than 27 um size powder's.

Using the theoretical model, the eutectic spacing data were converted to velocity and
interface undercooling whose variations with distance in a given droplet, are shown in Figures

28, 29.
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Figure 28. The interface velocity variation with droplet distance in 15 [im and 27 pm size

powder .
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Figure 29. The undercooling variation with droplet distance in 15 pm and 27 pm size powder.

The interface growth velocities inside the droplets varied from 42 mm/s to 8 mm/s for 15 pm
size powder and from 20 mm/s to 5 mm/s for 27 pm size powder. The interface undercooling
varied from over 117 to 36 degrees and 79 to 30 degrees as a result of the recalescence effect in
both powders. The highest velocity and undercooling for each powder were both observed at
the nucleation region. The smaller the powder particle size, the larger average growth velocity
and average interface undercooling. In other word, the smaller powder has lower nucleation
temperature. As the melt is undercooled, the temperature gradient at the interface also varies
with distance in a given droplet. Thus, the external cooling also has some influence on these

powder solidification processing.
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The whole range of spacing data were also converted to interface velocity and interface
undrecooling which were determined as a function of powder diameter, as shown in Figure 30,
31. Vmin, Vmax, and Vave represent the minimum velocity, maximum velocity, and average
velocity in these given size particles respectively. ATmin, ATmax, and ATave are the minimum
undercooling, maximum undercooling, and average undercooling in these given size powders.
However, the Vmax and ATmax are not real maximum velocity and undercooling inside the
powder. Because the nucleation region are not included. The nucleation area is always quite
fine structure and hard to resolve under SEM. In only two given size powders nucleation

regions were observed and measured, as shown Vnuc and ATnuc in the plots.
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Figure 30. The interface velocity variation with particle size.
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Figure 31. The interface undercooling variation with particle size.

The velocity and undercooling at the nucleation region are the real maximum values.
The smaller particle size, the larger velocity and undercooling values. These solidification
conditions also vary more severely in small powders. Since both cellular and eutectic structures
or dendritic and eutectic structures have been found to exist in all sizes studied, the
solidification must occur outside the coupled zone. The microstructures transition and Al-Si
alloy coupled zone will be discussed to verify these powder solidification conditions in next

section.
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5.2. Microstructures Transition and Coupled Zone

These powders belong to eutectic alloy, but the microstructures of these powder always
show the presence of dendritic and cellular structures besides the eutectic structure. This
phenomenon can be explained by examining the coupled zone. The range of compositions and
solidification conditions which give a fully eutectic microstructure are conveniently summarized
by the coupled zone [16]. Figure 32 illustrates the procedure for calculating a coupled zone
under undercooled melt conditions. In Figure 32 the results of the calculated interface
temperatures of eutectic (Ti¢) and of dendrites (Tid) are given for a specific alloy composition,
Col. The phase that will be present will be the leading phase which has a higher interface
temperature. A higher interface temperature for eutectic is a sign for pure eutectic
microstructure. A higher tip temperature of dendrites indicates formation of dendrites and
interdendritic eutectic. According to this criterion, a eutectic structure will be present above
velocity Vi, whereas the dendritic structure will be present below the velocity Vi. One can also
represent these microstructure transition conditions in terms of interface temperature. The
eutectic microstructure for composition Coi will be present below the eutectic temperature Ti,
whereas a dendritic structure will be present above the interface temperature of Ti. These
results can now be represented either in the velocity-composition or the interface temperature-
composition plots, as shown in Figure 32 (b and c). Such calculations, when carried out for all
compositions, give the regimes of preferred steady state growth of eutectic and dendritic
microstructures, as shown in Figure 32 (b and c). The suberposition of microstructures on a
phase diagram, given in Figure 32 (c) allows one to scan through all possible microstructures
as a function of composition and interface undercooling. At the same time, the processing

conditions for the required microstructure are obtained from Figure 32 (b) [17].
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1). Eutectic growth model:

For this Al-Si alloy, the eutectic growth belongs to irregular eutectic, thus:

V(A)* = ¢°K, /| K =constantl (11
(ATXA) = (1+ ¢*)K.=constant2 (12)
(AT)INT =<¢+§>«/K,Kc | (13)

Where the extremum condition, ¢=<A>/Am [14].The interface temperature of eutectic structure,
T obeys a law of the form [18]

T=T,-AT (28)

Te is the equilibrium eutectic temperature. The parameters of Al-Si eutectic composition system
are shown in Table 3. These parameters were substituted into equations (6, 7) to get constants

Kr and Ke. Then Kr and K. were substituted into equations (11, 12, 13) to obtain

constant]1=6.89x10-7 mm3/s, constant2=8.9x10-3 mm-K_

2). The dendritic growth model:

The interface temperature, or undercooling, for dendritic growth in an undercooled melt

condition (free growth) [20] is given by:

T = [—ALIVE) ]+[£]+[;ﬂ1v(a)] 29)
1

1-(1-k)Iv(P) R

T=T,-AT (30)

Where T is the interface temperature of dendritic structure, Ti is the liquidus temperature.
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Parameter Name Parameter Value
Diffusion Coefficient (D) 5X 10° m%s
Length of Eutectic Tie-line (C") 98.2 wt %
Eutectic Growth Series Term (P') 8.9X 103
o, Phase f;‘raction (fo) 0.873
B Phase Fraction (fp) 0.127
0. Phase Liquidus slope (mo) 7.5 Kiwt %

B Phase Liquidus slope (mg) 17.5 Kiwt %
Gibbs-Thomson Coefficient (T'c)) 1.96 X 10-7Km
Gibbs-Thomson Coefficient (I'g) 1.7 X 10-7Km
Angle of o Phase (Ba) 300

Angle of B Phase (8p) 65°

Extremum Condition(¢) 32

Table 3. The parameters of Al-Si alloy eutectic composition system.

The interface temperature/growth rate curves of the eutectic, Al dendrite and Si dendrite
for compositions near the eutectic composition were plotted in the same rectangular axes, as
shown in Figure 33. Then, the cross points of these curves were plotted onto the phase

diagram, as shown in Figure 34.




59

Al-12_6%Si
850

849,09 WL T ,

848 ALST et : ‘\

846

Temperature K)
1,/

Al-p .atelet-/dendrite

844 [

842

840.9

840

10°® 10°  0.0001 0.001 0.01 0.1 1
Velocity (crms)

Figure 33. The interface temperature/growth rate curves for the competing morphologies (Al-Si

eutectic, Al platelet dendrite and Si platelet dendrite) at Al-12.6% Si composition.
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The eutectic coupled zone area of Al-Si alloys has been calculated, as shown in Figure
34. The shaded region is the coupled zone area. If an Al-Si alloy can be supercooled into this
shaded region, it will be found to solidify with eutectic structure; if it is outside this shaded
region, it will have a planar or cellular or dendritic growth with eutectic structures in the
interdendritic region. Since dendritic, cellular and eutectic structures were found in all different
size powders studied. That interface temperature of these range of powders must be outside the
eutectic coupled zone area during the solidification processing. Figure 34 shows that the
maximum undercooling for the coupled zone is 9 K.

The coupled zone diagram can be used to compare with the powder solidification
conditions which were calculated by using the JH and TMK models. First, the maximum
undercooling of each size powder were obtained from Figure 31. They must be found near the
nucleation region. Then they were converted to the interface temperature by equation (29). The
interface temperatures were found to vary from 731 K to 838 K, which were outside the
eutectic coupled region. Thus, single phase Al-dendrites or cells plus eutectic structure were
observed inside the powders. These results show that the JH and TMK models can be used to

determine rapid solidification conditions inside the powders.

5.3. The Calculation of the Undercooling Inside Powder by Newtonian
Thermal History Model:

The variation of the interface undercooling inside 27 pm size powder is also calculated
by using the Newtonian thermal history model. The initial undercooling is chosen the same as
the eutectic spacing calculation, 79 K. Other parameters are shown in Table 4.

The dimensionless temperature 6 for different interface inside powder can be obtained

from equations (1~4). The interface undercooling can be converted by using the relationship

e e
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AT=-AHO6/Cy. The results of thermal history calculation are compared with eutectic spacing
data, as shown in Figure 35. The thermal history model qualitatively agrees with the general
behavior exhibited by experimental results. The quantitative agreement, however, is not good

in particle diameter range between 1 and 5 um. Also, the calculation were carried out by

adjusting the parameters, Bi and Ky, so as to obtain a better fit with the experimental results.

Parameter Name Parameter Value
Heat Fusion (AHM) 135.87 cal/g
Specific Heat Liquid(cy ) 0.254 cal/g°C
Specific Heat Solid (cs) 0.209 cal/geC
Thermal Diffusivity (oL) 3.1X10-5 m?/s
Melting Temperature (Tiy) 850K
Stefan Number (Ste for Tg=300K) 1.18
Powder Radial (ro) 27 um
Biot Number (Bi) 0.002
Kinetic Parameter (Ky) ’ 0.074

Table 4. Parameters for Newtonian model.
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Figure 35. The interface undercooling for 27 pum size powder, one is obtained from eutectic

spacing, another is obtained from Newtonian model.

5.4. Hardness, Particle Size and Microstructural Spacing

The relation between particle size and hardness is shown in Figure 23. The hardness
decreases with particle size decreasing, when powder diameter is larger than 40 pm. From 40
pm to 20 pm, the hardness increases with particle size decreasing. It is hard to measure the
powder diameter less than 20 pm.

The finer grain size, the higher hardness. The eutectic structure is the hardest inside the
powder. The cellular structure is harder than dendritic.

The microstructure transition map (Figure 15) shows that the volume of dendritic

structure increases from diameter 106 pum to 38 pum, and the volume of eutectic structure
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decreases at this range. But the average eutectic spacing in this range particles changes just a
little. The volume fraction change of microstructures has more affect to hardness than eutectic
spacing change at this range size powders. So the hardness of the powder decreases from 120
pm to 40 pm. From 40 pm to 20 pm, the volume of the dendritic structure decreases very
severely. At the same time, the cellular structure appears and its volume fraction increases as
the diameter decreases. The cellular spacing is much smaller than dendritic spacing, and it
decreases sharply, as shown in Figure 22. The volume fraction of the eutectic structure,
however decreases very slowly. The powder hardness was compared with microstructural
spacing and volume fraction, as shown in Figure 36 (a, b). The eutectic spacing changes
significantly, but the volume fraction of the eutectic structure is quite low. At this range size
powders (40 pm ~ 20 pm), the volume of the cellular structure and cellular spacing are the
keys to the increase in the hardness.

So the average hardness of these powders must be as a function of the volume fraction

of these three microstructures and the spacing size of each microstructures, according to the

following equations:
Hzfe‘he+fd.hd+fc'hc (31)
fi=f(D) (32)
b = f(s,(D)) (33)

H is the hardness of the powder; fe, fg and f;; are the volume fraction of the eutectic, dendritic,
and cellular structures, which are also factions of the particle diameter (D); he, hg and h¢ are the
hardness of the eutectic, dendritic, and cellular structure, they also are factions of the

microstructure spacing (sj) and the particle diameter (D).
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The epoxy hardness is round 17 HV. The hardness of these powders is much higher
than the hardness of the epoxy. The epoiy is not hard enc-)ugh. During powder hardness test,
the powder must be pressed into epoxy. The diamond hardness test mark on the powder
surface is not very full. So the test hardness value of the powder is higher than the real value.
This phenomenon is more serious in small powder. The present data shows the general trend

of hardness variation with microstructure.

5.5. Nucleation Region

So far two kinds of nucleation region have been already found from the series cross
section pictures of diameter 19 pm and 11.5 pm size powders. They were: 1) self-start
nucleation region, and 2) second-start nucleation region. If melt solidifies at one or more points
and crystal grow continually from these points, the nucleation region in this kind of droplet is
the self-start nucleation region, as shown the area 'A' in Figure 24 (g). If melt meet some
small particles before nucleating, the nucleation will be around these small particles and crystal
will grow from the surface of small particles. This kind of nucleation belongs to the second-
start nucleation, as shown the area ‘A’ in Figure 25 (d).

For these two kinds of nucleation regions, measurements of the microstructure scales
are different for the calculation of the nucleation region solidification conditions. For the self-
start powder, the measurement was carried out at that first solidified region; For the second-
start powder, the measurement was carried out at the outside of that first solidified small
particle. The microstructures of the nucleation region could be planar, cellular, and some

eutectic structures. They will depend on the nucleation cooling condition.
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6. CONCLUSION
From the experimental study of atomized Al-Si alloy powders, the following
conclusions can be made concerning the solidification of powders, powder microstructural
transitions, and powder micro-hardness property that are used to optimize powder in the
intelligent processing of materials.

(1) The powder rapid solidification conditions (undercooling and velocity) have been calculated
by using TMK and JH's eutectic growth models from the eutectic spacing measurements
inside these powders. For this Al-Si system, the TMK model is used when the particle size
less than 36 pm. The JH model can be used for larger size powders.

(2) The growth velocity and interface undercooling as a function of droplet distance in a
given particle has been calculated. The highest value of the solidification conditions are
found near the nucleation region.

(3) The interface undercooling and velocity, as a function of powder size, have been measured
over the whole range particles. The highest value of the solidification conditions are found
in the smallest particle.

(4) Rapidly solidified powders of Al-12.6 wt pct Si exhibit three characteristic
microstructures: eutectic, dendrite, and cellular. The cellular structure appears as the
powder size decreases to 30 pm. The volume fractions of these three microstructures as a
function of powder diameter have been measured.

(5) The interface undercooling and velocity inside powder have also been calculated by using
the Newtonian thermal history model. The results agree qualitatevely with the eutectic

spacing calculation.
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(6) The hardness property of the powder size from 20 |im to 120 pm are also as functions of
microstructural spacings and particle size. 40 um ~ 35 pm size powders show the
minimum hardness, 45 HV. Decreasing or increasing powder size from this point, the
hardness is found to increase. It is hard to measure the small powder's hardness property,
so the maximum hardness can not be determined preciesly.

(7) Two kinds of nucleation regions are found in these powders. One is self-start nucleation
region. Another is second-start nucleation region. The first one is the most common

nucleation event. The second-start nucleation region is observed in about 30% of powders.
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