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On the Cooling Rate-Microstructure Relationship
in Molten Metal Gas Atomization

DARIO GIANOGLIO, NEVAF CIFTCI, SARAH ARMSTRONG,
VOLKER UHLENWINKEL, and LIVIO BATTEZZATI

Gas atomization is the most used powder production technique since it provides good control
on particles shape, surface oxidation and dimension. It is a rapid solidification technique
involving fast cooling rates, which are strictly correlated to particle size. This relationship is
typically described with a power law function that can be determined experimentally by
measuring the microstructural length-scale or through the application of a heat transfer model.
Both paths were exploited in the present work focusing on a gas-atomized Al-4.5Cu alloy.
Atomized powders were characterized by means of X-ray diffraction, differential scanning
calorimetry, light and scanning electron microscopy to investigate the relationship between
cooling rate and microstructure length-scale. A recently proposed semi-empirical model was
validated and discussed in terms of a physically based heat transfer approach. The change in
gas-to-melt mass flow ratio (GMR) was also investigated showing that it does not affect
appreciably the relationship between solidification rate and particle size, but does increase the
Cu supersaturation in the powders of finer size.
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I. INTRODUCTION

POWDER metallurgy provides feedstock material
for processes such as Metal Injection Moulding, Hot
Isostatic Pressing, Cold Spray Deposition as well as for
cladding, welding and coating purposes. The interest in
powder production has further increased with the
advent of Additive Manufacturing (AM) processes as
strictly controlled powder size distribution (PSD) is
required to obtain dense products. For techniques such
as Laser Powder Bed Fusion (LPBF), a wide PSD will
affect the powder flowability causing inhomogeneity of
the powder layer. This results in high porosity or
unmelted regions in the final object with serious impact
on its mechanical properties.

Gas atomization (GA) is the most used powder
production technique for AM purposes because it gives
spherical particles with tailorable PSD and limited
surface oxidation. The cooling rate (CR) in the temper-
ature range of solidification is typically linked to the
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particle size (d,). In case of unsteady-state heat flow
solidification, the dependence is commonly expressed by
a power law function:

CR:LZ() 'd;l [1]

in which d, is the particle diameter, ayp and a; are two
alloy-dependent parameters that can be determined
experimentally or by means of thermal heat transfer
models.["”

Microstructural features in solidification,

47 e rega-
tion events® !¢

! and the atomization process'""'? have
been studied and simulated. The microstructural
length-scale is conventionally measured and correlated
to the cooling rate afterwards as it is difficult to directly
measure cooling rates during melt atomization experi-
ments. A semi-empirical correlation based on the
characterization of the microstructural features of a
Cu-Sn alloy has been recently proposed to express the
parameters in Eq. [1].1'"¥ In the present work, the
correlation is checked for gas-atomized Al-4.5Cu. The
Al-Cu system has been chosen because of the availabil-
ity of previous studies on atomization and solidification.

In conventional castings following the equilibrium
phase diagram,!"*'®! Al-Cu alloys solidify with primary
dendritic structures, then Cu segregates in the interden-
dritic zones where the Al-6-phase ecutectic is
formed.!"” ! The microstructure depends on the cool-
ing rate® affecting grain size as well as primary and
secondary dendrite arm spacings of primary Al (41, 4»).
For a given alloy composition processed through any
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rapid solidification technique, all of these features
become finer the faster the cooling rate.*!! The increase
in cooling rate determines the transition from dendritic
to cellular growth of the primary phase up to a critical
solidification front velocity above which solute segrega-
tion is hindered and solidification occurs as single- phase
planar front.”? Such an event is extremely rare in
gas-atomized powders and was observed in Al-6wt pct
Si pdrtlcles of sub— mlcrometrlc size but not in Al-Cu
ones.!??) Serreal er al® reported the discrete distribu-
tion of the 0-phase around primary dendrites in an
Al-4.9Cu alloy produced by melt spinning where the
cooling rate was estimated to be 1700 K/s. Liu et al.*”
found a cellular microstructure in gas-atomized Al-al-
loys powder, with the Cu content varying from 1 to 5
wt pct and the particle size ranging from 10 to 40 um.
The cell and grain sizes were comparable although some
small cells showed low-angle grain boundaries in a single
grain. Cu segregated at grain boundaries and the
eutectic network appeared more continuous the higher
the Cu content in the alloy. The increase in Cu content
leads to finer dendrites and to microstructure refine-
ment.’*?” Bedel er al®® studied impulse-atomized
Al-4.5Cu particles focusing on particles sizes smaller
than 300 um. They identified four solidification mor-
phologies in similar droplets belonging to the same
powder batch, which were apparently subjected to a
range of solidification velocities. They reported that the
cooling rate is strictly correlated to the droplet diameter,
and it has a small influence on the solidification
morphology allowing the coexistence of cellular and
dendritic features independently from the microstruc-
tural length-scale. The probability of multiple nucle-
ation events was estimated to be lower than 5 pct. This
result was confirmed by a statistical analysis carried out
by Valloton et al.?®! The probablhty of having multiple
heterogeneous nucleation sites is low for small droplets
and increases as the particle size increases with two
consequences: multiple nucleation events are more
probable in large particles and nucleation occurs at
different undercooling levels as a function of the droplet
size. Solute trapping can take place in small particles.>”’
Recalescence contributes to the particle temperature
increase and the cooling rate decreases with increasing
particle size. A transition in the solidification
microstructure from planar to cellular to dendritic
occurs.*! Despite the presence of different microstruc-
tures, Prasad er al’* proved that the microstructural
length-scale can be considered constant in each particle.
Therefore, for solidification at steady-state heat flow,
the aver 3%6 4 value that depends on the cooling rate is
given byl

J=a-CR® 2]

The present study is aimed to characterize gas-at-
omized Al-4.5Cu powders as well as to investigate the
efﬁmency of the semi-empirical model proposed by Ciftci
et al"* which predicts the cooling rate in molten metal
gas atomization. Results are compared with literature
and a heat transfer model is used to get insight into the
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role of convection, conduction and radiative dissipation
when atomizing Al alloys. The effect of the gas-to-melt
mass flow ratio (GMR) on cooling rate is also studied.

II. MODELLING BACKGROUND

This work is aimed at verifying a predictive route for
the determination of the pre-exponential parameter a, in
Eq. [1]. The model was presented in detail earlier.!'™ It
has mainly an applicative approach aiming at correlat-
ing the behaviour of different alloys and atomization
plants. It compares average cooling rates derived from
Eq. [1] and calculated average cooling rate derived from
the secondary dendrite arm spacing method (SDAS). It
also allows the investigation of critical process param-
eters such as gas-to-melt mass flow ratio and the initial
gas temperature. The model is based on thermophysical
properties of the melt to obtain the overall heat released
by the droplets in the temperature interval of solidifica-
tion according to the equilibrium phase diagram and
considers the surrounding gas cooling power in terms of
the difference between the alloy average temperature
and the gas temperature. The alloy average temperature
is assumed to be the temperature at solid fraction

f; = 0.5. The a, parameter is obtained according to the

following equation:

Ah Tp +Ts, -1
a, pr (o [Te, = Ts )+ Ahy) - (To, = Ts,)- (T - Tg)

a0,

= TS, -1
Phy” (CPL,U/ [TLw/ - TS,.U,] + Ah"e.f) ! (T Ly =T Sre/) : (T T, g)
3]

where p, is the den51ty of the melt droplet at solid
fraction of 0.5, ¢, is the specific heat capacity of the
liquid melt droplet, A/ is the latent heat of fusion.7;, Ty
and T, are the liquidus, solidus and gas temperature,
respectively. Subscript “x” refers to thermophysical
quantities of the alloy under investigation (Al-4.5Cu in
the present work), which are related to the correspond-
ing parameters of a reference system, identified by the
subscript “ref”, i.e. the Cu-6Sn alloy gas atomized in
argon atmosphere of Reference [13]. This model is
independent of the atomization equipment used and it
can be in principle applied to different alloys since it
only requires basic physical quantities of a reference
system which may be available from literature data-
bases Its efﬁmency was proven using the data of Mullis
et al.! with promising results and will be further verified
in this work.

III. EXPERIMENTAL

The atomization plant was equipped with 2 litres
graphite crucible and a stopper rod that controls the
melt flow through the nozzle. Al-4.5Cu powders were
gas-atomized  after melting pure Aluminum
(99.999 pct) and an AlsgCuso pre-alloy (KBM
AFFILIPS) at 1271 K with a melt superheat temper-
ature of 350 K. The temperature was kept constant for
20 minutes to homogenize the liquid. Nitrogen was
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used as atomization gas but also to control the
atmosphere in the atomization plant. The oxygen
content was below 0.5 ppm at the top of the plant and
increased up to values of few thousands ppm in the
cyclone (particle separator) after solidification by
purging from the bottom of the plant a mixture of
gas composed by nitrogen + 3 vol. pct oxygen whilst
atomization occurred. This was necessary to control
surface passivation since explosion issues may occur in
aluminium powders. During atomization experiments
the pressure above the melt is increased automatically
to compensate the volume difference in the crucible
and to ensure a steady state flow condition of the melt.
The atomization pressure was set to 1 MPa leading to
a gas mass flow of 0.11 kg/s. A close-coupled atomizer
was used with a 0.8 mm annular slit (CD-CCA-0.8).5%
Different nozzle diameters (1.5, 2, and 3 mm) were
used resulting in different GMR values ranging from
2.4 + 0.2 to 7.2 &£ 0.2. The powders were air-sieved
with 25, 45, 63, 90, 125, 150, 180, 200, and 250 um
sieves into corresponding particle class sizes. The
particles were then embedded in cold mounting resin,
ground and polished with a 1 um diamond suspension.
The microstructure was revealed by etching in a
NaOH and distilled water solution (1:9 in weight)
for 15 s. The cells spacing (A1) was measured with an
Olympus BXS51 optical microscope equipped with an
Olympus DP27 high-resolution camera. A SUPRA 40
(Zeiss) scanning electron microscope equipped with a
backscattered electron detector was used to measure
cells spacing on unetched particles smaller than 25 pum.
Ten particles were analysed for each size fraction and
five cells spacing measurements were performed on
every particle using the linear intercept method™:

L
;L:
n—1

[4]

where L is the length of the line drawn on the
micrograph crossing (n-1) cells and n is the number of
cell borders encountered. The A average value is
calculated from 50 measurements for each particle size
fraction. Data were collected from particles having
cross-section diameter in the range of the correspond-
ing size fraction to avoid contributions from bigger or
smaller particles which are not eliminated by sieving.
For the rest of this work, we will refer to the mean
particle cross-section diameter to indicate particle
sizes.

Phase identification and supersaturation levels were
determined by means of XRD analysis carried out with
a PANalytical X’Pert PRO diffractometer by Philips
equipped with an X’Celerator detector and Cu anode
whose Ko radiation is 1,5418 A. The investigated 20
angle range was 20-140° in continuous scan mode with a
step size of 0.0167°. Rietveld refinement was carried out
employing the Maud programme.*®

Calorimetric analyses were performed with a DSC TA
Q100 device in the temperature range from 232 K to
773 K with a heating rate of 20 K/min.
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IV. RESULTS AND DISCUSSION

A. Microstructure

Figure 1 shows the microstructure variability
amongst particles of similar size (a, b), and the change
in microstructure length-scale depending on particle size
(c). The microstructure of the particles consists of
cellular primary Al and eutectic at its boundaries.
XRD analysis confirms the presence of fcc Al and
tetragonal Al,Cu (®-phase). Because of Cu supersatu-
ration in solid solution, less Cu is available to form the
eutectic. Therefore, the eutectic network is often inter-
rupted. A dendritic microstructure was also observed in
a few particles. The eutectic continuity at grain bound-
aries and dendrite formation seems to be independent of
particle size which is in agreement with previous
findings.*®

B. Cooling Rate — Particle Diameter Correlation

After measuring the cell spacing as a function of the
particle size as previously described, the cooling rate was
calculated for each A value using the following correla-
tion obtained by Mullis et a/. which is based on several
experiments performed on Al-Cu alloys in the last
50 years!':

) =58.7-CR 3% 5]

The correlation proposed by Mullis et al. was
considered as a reliable reference to evaluate the quality
of our data and of the models proposed in this work.
Figure 2(a) shows the calculated cooling rate as a
function of the droplet diameter. The experimental data
in this work is compared with the results of the
semi-empirical model (Eq. [1]), and with a model
presented by Mullis et al. based on SDAS analysis for
the particle size considered in each work. An average
cooling rate is considered for the entire solidification
time interval.

The semi-empirical model by Ciftci er al.!'*! focuses on
agy determination whilst a; was imposed equal to -1.67.
Despite the a; value obtained from the linear fit of
experimental points being higher in absolute value, the
empirical correlation is in good agreement with the
results of Mullis ez a/.!"! The exponential and pre-expo-
nential parameters for Eq. [1] are reported in Table I.

C. Insights from a Heat Transfer Model

The correlation between cooling rate and particle size
was studied by several authors through the years makin
use of the well-established heat transfer theory.**¥73
The correlation can be achieved by means of a model
based on the heat balance equation,*” considering the
heat removed by conduction, convection and radiation
including the latent heat of solidification. The model
describes the solidification rate of a spherical droplet
during gas atomization cooled in Newtonian condition
assuming negligible evaporation from the surface of the
particle and homogeneous nucleation according to the
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Fig. I—Miicrostructure of gas-atomized Al-4.5Cu particles belonging to different particle size classes: (a, b) 25-45 um; (c) 180-200 pum.
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Fig. 2—(a) Average cooling rate for Al-4.5Cu gas-atomized powders calculated in the solidification time interval as a function of the mean
particle cross section diameter; (b) conductive, convective and radiative contributions to the overall average cooling rate obtained from the heat

transfer model.

classical nucleation theory. The cooling rate can be
expressed according to*”:

T _6[heff(Tp —Ty) + SG(T; - Tv‘v)]
dr PpdpCsp

[6]

where p,, d, and ¢, are the droplet density, diameter
and specific heat, respectively. A is the effective heat
transfer coefficient, ¢ is the droplet emissivity and o is
the Stefan-Boltzmann constant whilst 7),, T, and T,
are the particle, gas and wall temperatures. The tem-
perature across each particle is supposed to be instan-
taneously homogeneous and the wall temperature is
fixed at 300 K. The temperature of the gas is calcu-
lated as a function of the position with respect to the
particle motion according to the relationship proposed
by Grant er al.* The specific heat in the temperature
interval where solidification occurs accounts also for
the latent heat of fusion (AHy) according to:
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AH; Cs]F Css
_ ) ) 7
CS,P TL _ TS 2 [ ]

in which T is the liquidus temperature, Ty is the solidus
temperature, c¢,; and ¢, are the specific heat in the liquid
and solid-state, respectively. The alloy physical proper-
ties used for the simulation are listed in Table II.

In order to highlight the effect of droplet diameter in
different processes, it is useful to develop the effective
heat transfer coefficient which is defined as a function of
Reynolds number (Re) and Prandtl number (Pr) as
follows:

P k(2 +0.6\/R./P;) 8]
eff — dp
d,

Re = YPs% 9]
Hg
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Table I. ay and a; Values Relative to Eq. [1]

ap ap

This work 2.96(%0.12) x 10° —1.67(+0.08)
Heat Transfer Model (This Work) 2.310(£0.015) x 107 —1.59(+0.02)

Mullis et al. " 1.87(—) x 10° —1.67(—)

Semi-empirical Model ¥ 2.32(—) x 10° —1.67(—)

Table II. Physical Properties of the Al-4.5Cu Alloy
cry(
Quantity Value References CR; = f (; l 0 [12]
ke : [41]

gp ;?85 [ E?ltllli:v::lzlff] at where the integral is calculated in the solidification
sL kK ] 0 interval from the moment the first crystalline
Cs.s U785k Mullis et al. stable nucleus is formed (f; = 0), to the complete
AHy 381900 Quaresma er al.!' droplet solidification (f; = 1) and i refers to each
Cop 6069 ngK Calculated from ('] contribution once at the time. The overall average
T 921 K TCS Al-based Alloy 2020b!*? cooling rate is calculated by considering the conduc-
Ts 845 K TCS Al-based Alloy 2020b*?! tive, convective and radiative contributions at the
T 821 K TCS Al-based Alloy 2020b*? same time and plotted in Figure 2(a) whilst a direct
comparison of these is reported in Figure 2(b) as
described in Eq. [11] to compare the mutual effect on
the overall average cooling rate experienced by the
Clt particles. The radiative contri'butiqn play§ a minor
Pr=—">"% [10] role across all the range of particle size considered and
ke it is negligible without introducing consistent errors in

where kg, ¢, Py and p, are the gas thermal conductiv-
ity, specific heat, density and the dynamic viscosity,
respectively, whilst v is the difference between the par-
ticle and gas velocity in absolute values. Eq. [6] can
now be expressed as a function of the droplet diameter
according to:

dr ppcw,
ppcs,p _
660-<73 B Ti) d—l

ppc‘Y»P r
= Feond(T) + cFeom(T) + rraa(T) [11]

where the terms with different exponents of d can be
referred to conduction, convection and radiation pro-
cesses, respectively. The thermophysical and processing
parameters to be inserted into Eq. [11] which are
assumed constant are listed in Table II. Physical prop-
erties of the Al-4.5Cu alloy. The quantities depending
from the temperature, such as the relative velocity, the
gas dynamic viscosity and the gas thermal conductivity,
are calculated together as a function of the position of
the particle with respect to the point where atomization
takes place. A maximum value of emissivity (¢ = 1) was
considered for this work.

The average cooling rate is calculated for each
contribution as a function of the particle size according
to
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the CR correlation. Convection is the main mecha-
nism responsible for the final CR, whilst conduction
gains importance as the particle size decreases. The
convective contributions for the case studied is three
times higher than the conductive one for 20 um
particles, but it reaches a factor of 10 for 200 um
particles. From Eq. [11] it becomes apparent that the
contributions to the particles cooling rate depend on
the alloy in terms of density, specific heat, emissivity
and melting temperature. Nonetheless, convection,
conduction and radiation vary with the gas properties
for a fixed alloy composition. The main parameters in
this case are the thermal conductivity of the gas and
the Reynolds number. The hierarchy of the CR
contributions is thus defined by the experimental
conditions and can change accordingly, e. g. for other
alloys. Overall, the heat transfer model provides
overestimated results for the cooling rate because of
the approximations inherent in Eq.[8] and in the
parameters taken as constant. Also, it predicts a lower
a; parameter with respect to the empirical and Mullis’
ones. This is due to an overestimated Reynolds
number giving more importance to the convective
factor and to the absence of particles interactions. The
model considers just one particle solidifying at a time
in absence of other particles which otherwise would
contribute a local temperature increase resulting in a
lower cooling rate. However, it highlights the rele-
vance of the convection, conduction and radiation
contributions to heat subtraction and suggests further
advances in terms of modelling.
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D. Effect of the Gas-To-Melt Mass Flow Rate

1. Cooling rate

The GMR is expected to affect particles cooling rate
during solidification. The larger the amount of gas
flowing and interacting with the molten droplets, the
higher the heat flux from the surface of the particles
should be. A higher cooling rate should correspond to
finer microstructure.

The GMR was varied using different nozzle diame-
ters. A nozzle diameter reduction leads to an increase in
GMR. In the previous work,!"?! the following power law
relationship between cooling rate, droplet diameter and
GMR was proposed:

CR=bo-d) - GMR" [13]

Equation [13] is used to fit the experimental data
obtaining by = (6.2+0.2):10°, b, = —1.86+0.07 and
b, = 0.08+0.11. The pre-exponential factor and the
particle diameter exponent are very similar to those
presented by Ciftci er al."*! On the other hand, the
value of b, is close to zero and carries high relative error.
This suggests that the cooling rate of gas-atomized
Al-4.5Cu is not affected by the relative amount of
atomization gas interacting with solidifying droplets.
This behaviour is probably linked to the negligible
radiative heat transfer coefficient for Al alloys with
respect to the convective one.*’) For alloys having
higher melting temperature, such as Fe based alloys, the
radiative contribution may gain importance by decreas-
ing the cooling rate as GMR decreases.

2. Copper supersaturation

Cu supersaturation in the primary Al phase was
investigated by means of DSC and XRD analyses.
Figure 3 shows two successive DSC traces for the
extremes of the size classes with free cooling in between.
The second scan is helpful to recognize reversible and

Normalized heat flow (W/g)

— 0-25um
—— 150-180 pm

T T T M T T T T T T T T T T T T T
350 400 450 500 550 600 650 700 750
Sample temperature (K)

Fig. 3—DSC analysis of Al-4.5Cu powders with a particle size class
of < 25 um and 150-180 um, respectively. The dashed lines represent
the corresponding second heating ramps.
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irreversible transformations in the sample and to prop-
erly attribute each signal to the corresponding phe-
nomenon occurring in the material. The first heating
ramp shows a wide exothermic signal from 500 K to
630 K and an endothermic contribution above 700 K in
both cases. The exotherm is apparently composed of
overlapped signals: the first maximum is higher for the
smallest particles. This thermal effect is attributed to ¢
precipitation from the supersaturated solid solution. It is
followed by the signal due to the formation of the
equilibrium 6 phase occurring in a wide temperature
range because of the powder variability. Fatmi ez al.*¥
have also observed a single exothermic peak which was
attributed to the formation of both 6’ and 0 phases. The
endothermic signal at high temperature is due to the
0-phase dissolution once the temperature exceeds the
solvus line. Metastable phases were fully precipitated
during free cooling. The second DSC trace is character-
ized by an exothermic peak and a final endothermic one
confirming the sequential precipitation and dissolution
of the #-phase as reported for Al-Cu alloys.?* 4

Nevertheless, significant broadening of fcc-Al reflec-
tions is detected in the XRD patterns. The reasons for
peak broadening are fine crystals and solute trapping
produced by rapid solidification. This is shown by the Al
lattice parameter lowering. A gradient in Cu content is
expected across each Aluminium cell® which is an
additional cause for peak broadening. However, Riet-
veld refinement was performed simplifying the system
with two Al phases: the major one is closer to the overall
peak shape and generally defines the position of the
reflections whilst the second one mostly accounts for the
background enhancement. Figure 4 reports the (420)
reflections and the Rietveld analysis for the powders of
the two extreme size classes showing the contributions of
the two Al phases. In large particles, the Al-rich phase
predominates in quantity whilst the contributions are
similar in small particles indicating a varied amount of
trapped solute as a function of cooling rate.

The Al lattice parameter of the average Al phase was
calculated with the cosfcotf method. The supersatu-
rated Cu amount is obtained for each particle size
fraction by means of the following equation'*":

a4 = 4.04949 — 0.00483 - ¢, [14]

where aa; is the measured lattice parameter of the fcc
phase and y, is the Copper content expressed as atomic
percentage. The Al lattice parameter and the corre-
sponding Cu content are reported in Figure 5. The
reference value in Figure 5 is obtained after annealing a
representative amount of powder at 803 K for one hour
and by cooling in a closed oven overnight approaching
as much as possible the equilibrium state. The aajis
lower for particles up to 45 um indicating they have a
higher amount of Cu solute in the Al matrix with respect
to larger powders where the Cu content appears on
average constant. Although it does not vary consider-
ably, it results larger than the maximum solubility given
by the equilibrium phase diagram. This quantity ranges
from 1.6 to 1.1 wt pct in particles of different size.
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Fig. 5—(a) Al lattice parameter calculated with the cosOcotf method and (b) Cu content in the Al matrix as a function of particle size.

A dependence of the lattice parameter on GMR is
evidenced, contrary to the data on particle size
(Figure 2(a)). Apparently, the larger amount of gas
interacting with fine particles caused faster cooling.
Since this was not observed in terms of microstructural
features, the more effective heat extraction must have
occurred when the powders were already solid. Residual
heat and recalescence would have caused Cu precipita-
tion from the primary phase after solidification.

V. CONCLUSIONS

Gas atomization was employed to produce Al-4.5Cu
powders. The cell spacing derived from the powder
microstructure is the key for the experimental
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determination of the correlation existing between the
cooling rate and the particles size. The correlation was
confirmed by a semi-empirical model which can
transfer the knowledge derived from atomization
experiments performed on different alloys. The process
was discussed utilizing a heat transfer model which
also predicts the cooling velocity in gas atomization.
The physical variable governing the cooling rate was
proven to be the convective heat transfer coefficient
and the ratio between inertial forces and viscosity
during droplet solidification, which is expressed by the
Reynolds number. The model can be useful when
coupled with the semi-empirical model in predicting
the CR as a function of the particle size for in
principle any alloy before running the relative
experiment.
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From the results of the microstructure analysis, no
dependence of the cooling rate during solidification on
the GMR can be detected. A combination of XRD and
DSC analyses showed that a different fraction of Cu is
supersaturated in the Al primary phase depending on
droplet solidification rate. The average Cu content
varies with particle size and GMR. If the Ilatter
increases, the higher the Cu supersaturation. Combining
these findings, it is concluded that GMR affects the
cooling in the solid-state after solidification causing
retention of solute supersaturation in small particles
whereas precipitation occurs in larger ones.
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APPENDIX
See Table Al.

Table A1. Process Parameters From the Atomization
Experiments and the Resulting GMR Values

Atomization Run

Gas Flow Rate [m?/h] 248 248 248

Gas Mass Flow Rate [kg/h] 384,48 384,48 384,48
Melt Mass Flow Rate [kg/h] 158,50 99,70 53,69
GMR 2,43 3,86 7,16
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