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MICROSTRUCTURAL EVOLUTION IN RAPIDLY SOLIDIFIED Cu-Nb
POWDERS

K. L. ZEIKY, |. E. ANDERSONZ, P. R. HOWELL', & D. A. KOSS!'.

! Department of Materials Science and Engineering

Pennsylvania State University, University Park, PA 16802

2 Ames Laboratory, lowa State University, Ames, IA 50011

Abstract

High pressure inert gas atomization (HPGA) has been used to produce rapidly
solidified Cu-21.2wt%Nb powders with a range of particle sizes and microstructures.
The associated microstructures depend on particle size. Specifically, fine-scale

panticles (<15 um) are characterized by a predominance of Nb-rich, multiphase

spheroids and a small population of nearly pure Nb dendrites in an almost pure matrix
of Cu. In contrast, large particles (45-75 Um) contain only Nb dendrites in a Cu matrix.
The volume fraction of "second phase" is much lower in the latter instance than in the
former. The change in microstructure with particle size is believed to be a result of
both the amount of undercooling and cooling rate of the liquid droplets prior to and
during solidification. In particular, the large undercoolings in the fine particles are
believed to induce a non-equilibrium liquid phase separation which results in a high

volume fraction of spheroidal, multiphase Nb-Cu particles within a Cu-rich matrix

containing Nb dendrites. _
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1. Introduction

The copper-niobium alloy system has been of considerable interest as a basis for
fabrication of superconducting materials in the form of cast and drawn fine wires [1,2].
Research on these materials led to the discovery that the Cu-Nb wires exhibited
anomalously high strengths, exceeding that predicted by a rule of mixtures analysis [3-
5]. The extensive mechanical reductions of cast microstructures, characterized by
random arrays of niobium dendrites dispersed within a continuous copper matrix,
caused the formation cf an zligned, filamentary "in-sitlu” composite. Tne size and
spacing of the aligned, discontinuous niobium filaments was found to determine the
strength [5]. It was subsequently shown that the size and spacing of the niobium
filaments were dependent on the scale of the original cast microstructure. Thus,
techniques which could produce an enhanced refinement of the dispersed second
phase in the initial solidified microstructure could also lead to improved mechanical
properties with a reduced level of deformation processing [6].

Powder metallurgy (PM) techniques for producing copper-niobium alloys have
emerged recently with the potential to generate niobium dispersions which are much
finer than those produced by conventional chill casting. For example, mechanical
alloying of blended Cu and Nb powders has been used to produce a particulate
composite, characterized by a dispersion of pure (<0.1um) niobium particles dispersed
within a pure copper matrix [7]. This approach has the potential to produce high
conductivity, high strength alloys in bulk forms, provid2d the microstructure is of
sufficiently fine scale.

In this study, another PM technique, the rapid solidification of a gas atomized Cu-
21.2 wt% Nb alloy, has been used as a method of producing alloy powder particles
with a fine-scale microstructure. As will be shown, the microstructural features which
characterize the rapidly solidified powder panticles are much different from those in a

conventionally cast counterpart. One significant observation to the present study is




that of Verhoeven et al. [8] who observed the appearance of niobium-rich muitiphase
spheroids in chill cast Cu-15wt%Nb and Cu-20wt%Nb alloys which had been
contaminated with oxygen. Another observation by Verhoeven et al. [6], perhaps more
pertinent to the study, is the observation of fine Nb-rich spheroids in thin, rapidly
quenched splates (0.5mm) that was attributed to the onset of a metastable monotectic
reaction which occurs in Cu-Nb alloys at high solidification rates. This suggests that it
might be possible to induce a liquid nhase separation reaction and subsequently
solidify the Nb-rich liquid as discrete spheroids dispersed throughout a Cu-rich matrix.
An examination of the copper-niobium equilibrium phase diagram shown in Fig. 1
supports this hypothesis; metastable miscibility gaps have been observed to occur in
similar systems in which smooth, flat liquidus lines extend over a range of
compositions [10-12]. Rather than stabilizing the miscivility gap with oxygen
contarnination, the present study utilizes high pressure gas atomization and the
associated benefits of rapid solidification as a means of inducing metastable liquid
phase separation and, subsequently, maintaining the inhomogeniety into the solid
state. The microstructural evolution of the resulting Cu-21.2wt%Nb powder particles
will be shown to depend on particle size and is analyzed in terms of the influence of
atomization and rapid solidification on undercooling and the associated solidification

sequence.

2. Experimental
2.1 High Pressure Inert Gas Atomization

Atomization of a copper - 21.2wt% niobium alloy was performed at the Ames
Laboratory, USDOE, where a new high pressure gas atomizer has been designed and
constructed. An HPGA atomizer’ differs from other atomizers which are commercially

used in that the intense gas shock effects induced by the special nozzle design and

‘ U.S. Patent 4,619,845




.

the elevated atomization gas pressures can produce a substantial yield of fine
(«10um) powders [13]. This process utilizes the high kinetic energy generated from
the interaction of iocused supersonic gas jets on a close-coupled melt stream to cause
disintegration of the alloy into highly dispersed droplets of metal [14]; see Fig. 2. The
overall design of the atomizer, as shown in Fig. 3, is also unique. It consists of a large
upper chamber, in which induction melting of up to 5 kg of material is possible, a long,
slender lower chamber, wherein atomization of the melt is performed, and a powder
collection facility, which includes a tornado-type separator to remove and isolate the

powder from the atomization gas stream. To reduce the risk of powder contamiiaiion,

the entire system can be evacuated and subsequently backfilled with an ultra-high
purity (UHP) inert gas prior to use. In addition, the powder collected from an
experiment can be remotely isolated under UHP inent gas and removed to proper
storage facilities without exposure to the environment.

In the present study, a Cu-Nb alloy was atomized using the high pressure inert
gas atomizer described above. The initial charge consisted of a consumable arc
melted ingot of Cu-19.6 wt.% Nb composition. The charge was heated and

' subsequently held for 5 minutes at 2000°C, which is approx. 270°C above the meiting
point of the alloy, in a molybdenum-based crucible under UHP argon at 1.1 atm.
pressure. Atomization was accomplished using UHP argon gas at an inlet pressure of
1750 psi, which was previously determined to produce the optimum yield of fine
powders [15]. The resulting Cu-Nb powder was isolated under UHP argon and

subsequently transferred into a vacuum glove box for storage.

2.2 Material Characterization
Before any microstructural characterization could be performed, an ATM Sonic
Sifter was used to classify the atomized powder into several specific size ranges. An

ISI SX40A Scanning Electron Microscope (SEM) was used to study the powder




surface features as a function of powder particle size. Samples were prepared by
suspending a small portion of powder in ultrapure trichlorotrifluoroethane, dispersing
this slurry on an aluminum stub, vacuum drying, and then sputter depositing the
surface with a thin layer oi gold to improve secondary electron imaging.

To evaluate the microstructures of the individual powder particles, a multistep
metallographic technique was developed. This involved suspending approximately
0.5 grams of each size class of powder particles in a small aniount of epoxy, allowing
this to cure, and then remounting this "minisample” in additional epoxy to produce a
small area containing a high concentration of powder particles, which were well
bonded together and supported by the additional epoxy. The cross-sections of the
powders were exposed by first carefully grinding with 400 and 600 grit SiC paper and
subsequently polishing with diamond compounds suspended in pure kerosene. The
final polish consisted of 0.05um alumina suspended in deionized water.

The amounts and morphologies of the various phases present within the
microstructures of the powder samples were determined using a backscattered
electron detector attached to the SEM described above. With proper image analysis,
this technique permitted a determination of the amount of Nb-rich phases as a
function of powder size. To study the size and morphologies of the Nb-rich second
phases, a deep-etch technique was used to remove the Cu matrix prior to SEM
observations with a secondary electron detector. This was accomplished by
immersing the samples in a solution consisting of 30% H3zPO4, 15% CH3COOH, 10%
HNOQOj3, and 45% ethyl alcohol for approximately 20 seconds, after which each was
carefully rinsed with trichlorotrifluoroethane, vacuum dried, and finally sputter-coated

with a thin layer of gold to enhance electron imaging.




3. Results

The atomization experiment produced approximately 1000 grams of powder
smaller than 88um (170 mesh) in diameter, with a size distribution as presented in
Figure 4. The size distribution was determined by scanning electron microscopy
(SEM) revealed that powder particles of diameters up to approximately 63um had
spherical shapes; see Fig. 5. Particles larger than 63um tended to be irregular in
shape. Excessive agglomeration of powder particles was not observed, although
some attachment of small (0.5 to 1 micron) particles to larger ones is seen, arrowed 1
in Fig. 5.

A chemical analysis of a representative sample of the full size distribution of as-
atomized powders, presented in Table |, indicated that ihe Nb content of the HPGA
powder was 21.20 wt.% rather than 19.6 wt.% NDb, the nominal charge composition.
Because of this result, the alloy is referred to, throughout this report, as Cu- 21.2 wt.%
Nb. This apparent Nb enrichment of the alloy most probably resulted from selective
vaporization of the Cu from the molten atomizer charge during the temperature
excursion up to the pour temperature of 2000°C that was required for alloy
homogenization and atomization superheat. The analysis also detected a Mo content
of 1.80 wt.%. The apparent source of the Mo was a sluggish dissolution of the Mo-
based crucible inner wall (increase in radius of about 1.3mm) that was noted after the
atomization experiment. This residual Mo probably is present in the alloy powders in
solid solution form within the Nb-rich phase an is not likely to significantly affect the
phase relationships of Cu and Nb. An analysis of the residual gas content in the
powders by a vacuum fusion technique detected an oxygen content of 290 ppm (wt.),
as listed in Table 1. This purity level compares favorably with the results of
Verhoeven, et al. [8] on bottom pour chill cast Cu-20 wt.% Nb ingots, where a variety of

different refractory crucible materials were tested for residual oxygen contamination




properties. The best crucible material, Y203, produced an ingot with an oxygen

content of 180 ppm, converted to a wt.% basis.

As summarized in Table Il, the microstructures generated during the HPGA of the
Cu-Nb alloy depend on powdier particle size. The "large" powder, classified herein as
those particies between 45um and 75um in diameter, exhibited a microstructure which
is typified by Fig. 6. The Nb-rich phase volume fraction was approximately 22%, as
measured by quantitative metallography techniques. This measured volume fraction
agrees will with the calculated value of Nb appeared as well formed, fine-scale
dendrites (stalk diameters of 0.3 to 0.5um) distributed within the Cu matrix. It should
be noted that essentially all of the Nb present in a Cu-21.2wt%Nb alloy is present as a
Nb second phase since Cu and Nb have nearly complete mutual solid state isolubility
(9]

In contrast to the above, the microstructures of the "fine" powders, classified as
those less than 15um in diameter, consist primarily of a distribution of spheroidal
panticles together with a few dendrites distributed within the copper matrix; see Fig. 7.
Within the fine powder particles, the volume fraction of the Nb-rich phase measured
about 35% (10% dendrites + 25% spheres). This indicates that the spheroids are not
pure niobium (assuming that the dendrites are nearly pure niobium). A cross-sectional
view of the spheroids is shown in Fig. 7b and reveals that they are, in fact, multiphase.
Backscatter SEM imaging in conjunction with EDS micro-analysis indicates that the
spheroidal particles have Nb-rich shell, arrowed 1 in Fig. 7b, and an intenor consisting
of both Nb- and Cu-rich phases, arrowed 2 and 3, respectively. The significant
amounts of Cu in the spheroidal particles results in the enhancement of the "second”
phase volume fraction from =22% in the large powder particles to =35% in the fine
particles. The diameter of the spheroid particles within the fine powders varied from
<0.1 to 2.0um. In addition, a few small dendrites were observed at both the powder

particle surface and randomly distributed within the interior.




The "medium" size powder particles, classified as those between 15 and 45um in
diameter, possess microstructures as shown in Fig. 8. Within this powder size range,
as paricle size increases, the volume fraction of dendrites increase relative to the
volume fraction of spheroids. As the dendrite volume fraction nears total dominance
over the spheroids the overall volume fraction of the second phase(s) decreases
toward 22%. As previously noted, this value compares favorably to the volume fraction
of a pure second Nb second phase as predicted from the chemical analysis of the Nb

in this alloy: 21.9 vol%.

4. Discussion

The microstructural observations indicate that rapid solidification via high pressure gas
atomization of a Cu-21.2wt%Nb alloy produces powders whose microstructures vary
with particle size. Fine powders (<15 um in dia.) consist primarily of Nb-rich spheroids
dispersed within a Cu matrix. The microstructure of large powders (>45um in dia.)
contains the Nb phase in well-formed dendrites within a Cu matrix. Medium sized
powders (15 to 45um in dia.) have a mixed spheroid/dendrite Nb phase morphology
with the Cu matrix phase. In order to interpret the observation of two distinct particie
microstructure types in small and large powder sizes and of a mixed morphology in
medium powder sizes, the impact of undercooling and the evolution of rapid
solidification in gas atomized powders must be examined.

The formation of Nb-rich spheroids within the fine powders suggests that a liquid-
liquid phase separation had occurred during cooling of the atomized droplets, before
solidification was initiated. As the literature indicates, a liquid-liquid miscibility gap
may be an equilibrium feature of the Cu-O-Nb ternary system, that is accessed by alloy
liquid undercooling, prior to a solidification reaction. Verhoeven and Gibson [8] report
that the typical solidification morphology of a Cu-20 wt.% Nb alloy casting consists of

well-formed Nb dendrites in a Cu matrix for oxygen concentrations of less than 544




ppm (wt.). A sprerical Nb-rich phase morphology was observed for oxygen contents
greater than uoout 544 ppm. The authors concluded that for high oxygen contents an
equilibrium liquid-liquid miscibility gas could be stabilized. This shift in phase
equilibria behavior was applied to explain an earlier Cu-Nb equilibrium phase
diagram study [16] that had reported a monotectic reaction in this system, i.e., the
melting environment used earlier had provided an elevated level of oxygen
contamination. It should be noted that the oxygen content of the HPGA powder (290
ppm) compares favorably to the lowest reported vlevel (180 ppm) for a chill cast jngot
[8], in spite of the much greater surface area per gram of the powder. The low oxygen
content of the as-atomized powder coupled with the observation of well-formed Nb
dendrites in the large powders (> 45um) strongly indicates that the oxygen content of
the powders was not sufficient to stabilize an equilibrium ternary Cu-O-Nb monotectic
reaction.

Previous studies also have found the microstructures of gas-atomized powders to
be a strong function of particle size [17], especially if fine (<10 um dia.) powders were
included in the investigation. A shift in solidification reaction path with a reduction in
particle size implied by the observation of different particle solidification microstructure
types was attributed to the onset of high undercooling behavior [17]. Specifically,
Anderson and Kemppainen [17] demonstrated that <5um dia. inert gas-atomized
powders of Cu-Si and Cu-Al alloys could experience high undercoolings of 0.23Tm
and 0.28Tm, respectively. Such high undercooling behavior is promoted by a "mote
isolation” effect [18] which occurs in a finely divided melt and by the clean,
"containerless” conditions of solidification during free fall in an atomization chamber
containing an inert atmosphere. The mechanism of the mote isolation effect begins
from the assumption that a certain population of potent heterogeneous nucleation
catalysts, or motes, exists within a given volume of an alloy melt. Upon atomization of

the melt into a collection of fine droplets, the probability that any one of the droplets




contains a heterogeneous crystal nucleation site depends on the random distribution
of the motes within these isolated liquid droplets, where the mote-free fraction of

powder particles, X, can be estimated by:

X = exp (-Mv) (1]

where M is the total mote concentration in the melt and v is the volume of each
resulting droplet. On cooling, a large value of X, which is enhanced as particle size is
reducad, indicates that a large fraction of droplets are mote-free, promoting rapid
solidification at high undercoolings. This hypothesis is valid only if the surfaces of the
isolated liquid droplets, e.g., an inert gas-atomized droplet spray duri~g free fall, are
maintained in a clean (low catalytic activity) condition. In other words, the gas
environment must be controlled to inhibit growth of a thick crystalline oxide layer, for
example, on the powder surfaces to minimize their possible catalytic influence on
crystal nucleation.

The high pressure gas atomization process, used to produce the Cu-Nb powder,
appears to satisfy both of the criteria for encouraging high undercooling. Namely, the
particle size distribution of the powder yield, shown in Figure 4, indicates a high
degree of droplet dispersal, i.e., mote isolation, and the low oxygen content and
spherical shape of the powders, summarized in Table | and Figure 5, indicates the
clean conditions of droplet freefall during the process i.e., containerless solidification.
Therefore, a metastable liquid spinodal was likely to have caused the spherical Nb
phase morphology development that was observed in the fine (<15um) Cu-Nb alloy
powders, promoted by a high undercooling level. A schematic of the metastable
miscibility gas and its probable location on the equilibrium Cu-Nb phase diagram is

given in Figure 9.

10




The solidification morphology of the Nb phase in large (>45um in dia) gas-
atomized powders, well-formed, finely-spaced dendntes (0.1 to 0.5um arm dia.),
appears to result from a well understood solidification process extended to include the
rapid quenching conditions of a high pressure gas atomizer. Iin other words,
constitutional supercooling of the Cu-Nb alloy appears to promote the level of
morphological instability necessary to cause rapid dendritic growth within the large
alloy droplets during solidification. The high probability (essentially certain) of mote
contamination within these large droplets precludes the development of high liquid
undercoolings but the rapid gas cooling (about 105 °C/sec.) of the droplet surfaces
allows sufficient interfacial supercooling for very rapid dendritic growth to occur.
Numerous observations of this level of refinement in dendrite arm dimensions have
been made in comparisons of ingot castings with rapidly quenched ribbons and gas
atomized alloy powders [19]. In fact, this scaling "law" forms part of the basis for
conventional estimates of the cooling rates of numerous rapid soaliditication
approaches.

The medium size powder particles (15 to 45um in dia.) contain spheroids and
dendrites of the Nb phase suggesting that the solidification reaction path in these
Cu-Nb droplets depends on both undercooling and rapid growth. A kinetic
competition appears to have been established between liquid-liquid phase separation
and nucleation and growth of Nb dendrites. Evidence for this competition is found in
the typical locations of the dendrites within the particle microstructure, both randomly
oriented within the particle interior and attached radially to particle exterior surfaces. It
is likely that the random dendrites nucleated on Nb-rich liquid pockets because of the
enhanced supersaturation of these regions. Also, the ‘radially oriented dendrites may
have nucleated on the droplet surface due to various favorable influences and
apparently grew from the droplet exterior surface inward because of the radially

outward heat flow direction that operates in spherical gas atomized particles.

11




Metallographic observations suggest that the fraction of dendritic Nb phase in the
mixed particle microstructure is reducec as the particle size is reduced. Thus, it seems
that the nucleation and growth of Nb dendrites interrupts the full development of the
spheroidal morphology because the undercooling level of these droplets is not
sufficient to permit complete solidification of the particles immediately after liquid-liquid
phase separation.

As the droplet size is reduced further (below 15um), the effects of the kinetic
competition between liquid phase separation and niobium solidification is reduced.
High levels of undercooling becore almost certain as sites, or rather motes, for
nucleation of solid niobium diminish. The microstructural evolution is then controlled
by the limits set forth by the metastable miscibility gap, Figure 9, rather than by the
equlibrium phase diagram. Figure 10, backscatter SEM images of very fine (<10um)
powder particles, confirm this supposition that liquid phase separation dominates
these microstructures. As is shown, the microstructure consists of a high percentage
(>25%) of spheroids with still a ceratin amount of dendrites (5-10%) present, the lower
limit of which is controlled by the solubility limit of niobium in the copper-rich liquid as
defined by the metastable phase diagram.

The preceding analysis may be summarized with the schematic illustrations in
Figure 11, which depicts the sequence of events that occur along the solidification
reaction path for a <15um (fine scale) droplet from time, to, of droplet formation to the
time, t4, of final particle solidification. Attime = to, atomization of the melt into various
size droplets of the Cu-21.2wt%Nb liquid occurs. At ty>tg, the smallest droplets
(<15um) which are likely to be mote-free, undercool to a degree that Nb-rich liquid
separates into small spherical pools throughout a Cu-rich liquid matrix. This occurs by
either nucleation and growth and/or by spinodal decomposition [20]. We estimate that

at temperatures near solidification, the Nb-rich liquid has a compositions of roughly
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Cu-50wt%Nb.” As discussed in detail elsewhere [8], thermodynamics governing this
system (under HPGA conditions) may be such that, despite a larger free energy of
formation to form solid Nb, liquid phase separation occurs because of a smaller

nucleation barrier. This is revealed by comparing the surface energies of liquid/liquid

and liquid/solid interfaces where, typically, Yi,L, is much smaller than either yg, or
Ysi, [21]. At some point, schematically represented as t2>t4 on Fig. 11, heterogeneous
nucleation of solid Nb at the L4/L, interface within the fine droplets commences, as the
large amount of undercooling achieved by the droplet overcomes the activation barrier
to form solid Nb. The spherical nature of this dispersion suggests that it had formed
before the matrix had solidified while its fine scale suggests that the cooling rate had
been effective in preventing coalesence. At tz>tp, recalesence, in addition to the
isolation effect of the continuous shell, causes the interior of the Nb-rich "spheroids” to
slowly solidify along an equilibrium path. This results in the two phase lamellar
microstructure of the spherical particles; as shown in Fig. 7b. In addition, the latent
heat generated by the formation and subsequent solidification of the Nb-rich spheroids
slows the cooling rate of the Cu-rich liquid matrix as it begins to solidify. A few, small
niobium dendrites will thus nucleate and grow as the copper-rich liquid follows the
equilibrium liquidus, rejecting solute as the temperature decreases. At t4>t3, the final
solidification event occurs as the nearly pure Cu matrix solidifies around both the
spheroidal and dendritic particles. For larger droplets, the solidification sequence
would be similiar, with the exception that liquid phase seperation, controlled by the
metastable diagram, would be progressively replaced by nucleation and growth of
niobium dendrites, following the limits set forth by the equilibrium phase diagram.
From the preceding discussion, it has been made clear that the morpholorgy and

volume fraction of the niobium-rich second phase is dependent on the powder size

" This is based on the assumption that the Nb-rich dendrites are pure Nb and that 35 voi% of (spheres +
dendrites) is achieved by spheres of composition Cu-50 wt% Nb in this Cu-21.2 wi% Nb alloy.
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produced, derived from the degree of metastability attained prior to solidification. From
comparisons to previous studies, it is also evident that the amount of oxygen present
during the initial stages of solidification [8] also influence the resulting microstructure.
Additional atomization experiments are required, involving various binary
compositions, particle size distributions and oxygen levels, to yield a more complete
description of the metastable limits of the copper- niobium system. This information,
relating microstructuture to processing history, could then be used to sucessfully
control the microstructure and subsequent properties of high conductivity, high

strength alloys produced from such powder.

5. Summary

High pressure gas atomization has been used to rapidly solidify Cu-21.2wt%NDb
powder paricles, the microstructures of which vary with particle size. Fine-scale
particles (<15um} have microstructures consisting of a continuous Cu matrix and a
predominance of multiphase Nb-rich spheroids and a few nearly pure Nb dendrites.
Formation of Nb-rich muitiphase spheroids indicates that a liquid phase separation
has occurred; this is attributed to a combination of significant undercooling and rapid
cooling within the molten droplet solidification. As a result of such a solidification
reaction, the volume fraction of 'second-phase’ particles (spheroids plus dendrites)
approaches 35%. As powder size increases and undercooling plus cooling rate
decreases, the multiphase spheroids are replaced by a nearly pure Nb second phase
in the form of dendrites. In this case, the volume fraction of second phase is that
expected if it is pure Nb: 22.5 vol%. The microstructure of the powders may be
understood in terms of both the amount of undercooling and cooling rate available to

each particle.
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TABLE 1. Chemical analysis of the atomized Cu-Nb alloy.

Element Percent by wt.

Cu 76.46
Nb 21.20
Mo 1.80
C 120 ppm
0] 290 ppm
H 45 ppm
N 43 ppm

TABLE 2. Summary of the microstructural characterization of HPGA
Cu-21.2 wt%Nb as a function of powder size.

MICROSTRUCTURE

Powder Size Powder Shape

(um) Second Phase Second Phase Spheroid Size Dendrite Stalk

Morphology Vol. Fract. (um) Diameter (um)
-15 spherical Mainly Spheroidal 35% <0.1-15 0.2-03
-45+15 spherical Spheroids/Dendrites =25% <0.1-2.0 02-03
-63 +45 spherical Dendrites 22.5% NA 03-05

-90 + 75 some irregular Dendrites 22.5% NA 0.3-06




2469°C
O L
o
= —
2 |
o, r
5
= (Nb)—ﬁ
<«—(Cu) 1080°C 99.2 \
Cu > Nb
Weight Percent Niobium

Figure 1. The Copper-Niobium equilibrium phase diagram, after Chakrabarti et al.[9].
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configurations for the Ames Lab high pressure gas atomizer.

Figure 2. Schematic representation of the meltfeed and nozzle
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Figure 3. Schematic representation of the Ames Laboratory High
Pressure Gas Atomizer (HPGA).
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Figure 4. Particle size analysis from the HPGA of Cu - 22.3vol% Nb alloy




Figure 5.  Scanning electron micrograph of the as-atomized powder surfaces.




Figure 6.  Scanning electron micrograph of the microstructure of a single, large
(53um) powder particle containing a distribution of niobium dendrites.
The copper matrix has been chemically removed.




Figure 7. Scanning electron micrograph of ajthe microstructure of a single, small
(10um) powder particle and b) a cross-section view of one single spheroid
contained within this microstruciure.




Figu > 8  Scanning electron micrograph of the microstructure of a medium (20um
size powder particle which contains large amounts of both niobiuim-nch
spheroids and dendntes
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Figure 9. Schematic of the metastable muscibility gap (dashed lines) supenmposed
under the equilibnum phase diagram for the Cu-Nb alloy svstem
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Schematic representation of the solidification path experienced
by a small (<15um) Cu-NDb droplet formed during atomization.
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Figure 10.  Backscatter electron micrograph of the microstructure of fine scale
(«15um) powder particles. Note the large amount of spheroidal second
phase particles, arrowed 1.




