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The solidification behavior of Cu-xFex (X = 15, 20, 30, and 40) alloys was investigated by gas
atomization technology. The effects of the size and composition of the atomized droplet on the
microstructure development during cooling through the metastable miscibility gap have been dis-
cussed. A smaller atomized droplet achieves a finer dispersed microstructure. Alloys of composition
close to the critical composition of the alloy system are relatively easy to undercool into the misci-
bility gap. The forces acting on the Fe-rich sphere during the liquid-liquid phase transformation were
analyzed. The formation of an Fe-poor layer on the powder surface is the result of the common action
of the Fe-rich sphere’s Marangoni migration and the repulsive interaction between the cellular solid/lig-
uid interface and the solidified Fe-rich sphere. The Fe-rich spheres in the center part of the powder
are entrapped between the equiaxed grains of Cu-rich phase and finally distributed at the grain bound-

aries and triple junctions.

I. INTRODUCTION

ONE of the important techniques of rapid solidification
is atomization powder processing. Using this technique, pow-
ders are subsequently compacted to obtain the desired shape
of an object. The smaller the size of the atomized droplet,
the higher the cooling rate is, and the finer the powder
microstructure is. By means of the rapid solidification tech-
nique, the microstructure of stable or metastable phase can
be obtained. The Cu-Fe alloy is well known as a peritectic
system.!!! Tt has a nearly flat liquidus line and a retrograde
solidus line and hence displays a thermodynamic tendency
toward the formation of a miscibility gap in supercooled lig-
uid state.”) When a single-phase liquid is undercooled into
the metastable miscibility gap, the alloy melt will discom-
pose into two liquids: one is Cu-rich phase (L), and the
other is Fe-rich phase (L,), as shown in Figure 1. In order
to quantitatively determine the boundary of the metastable
miscibility gap, much work has been performed on the ther-
modynamic calculation,'** and various experiments such as
magnetic susceptibility measurement,'?' electromagnetic lev-
itation experiments, and differential thermal analysis'®”}
have been carried out. Although the effect of the cooling
rate and undercooling on the liquid-phase decomposition
have been investigated,'®®! thus far little is known about
the kinetics of the liquid-liquid phase transformation dur-
ing cooling in the metastable miscibility gap. Particularly,
no literature has been found on the evolution process of the
microstructure during the period after the crystallization of
the Fe-rich phase prior to the complete solidification of the
liquid Cu-rich phase. In the present study, the effect of the
volume fraction of the minority phase on the microstructure
development is investigated. The Marangoni and gravita-
tional forces acting on the Fe-rich sphere are estimated. The
interaction between the solidified Fe-rich sphere and the
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advancing solid/liquid interface of the Cu-rich phase are dis-
cussed in detail. The formation mechanism of the Fe-poor
layer on the powder surface is clarified in this article.

II. EXPERIMENTAL PROCEDURE

The alloy samples with different compositions shown as
four arrows in Figure 1 were prepared by melting high-pure
Cu (99.999 at. pct) and Fe (99.99 at. pct) using middle-fre-
quency induction under vacuum. The alloy melt was atom-
ized by high-pressure (2 to 3 MPa) nitrogen gas after the
melt temperature reached 1773 K and kept for 20 minutes.
The Cu-Fe alloy powders of 20- to 280-um diameter were
obtained. The powders were classified by screening, and
were polished and etched for the observation of the
microstructure. The microstructure characterization was done
using an optical microscope and a scanning electron micro-
scope with energy-dispersive X-ray analysis.

III. RESULTS AND DISCUSSION

A. Microstructures of Powders of Different Sizes

The liquidus temperature of the CugyFe,, alloy is 1670 K.
The interval between the liquidus and binodal temperatures
amounts to 50 K."'"*! When the maximum undercooling of
the melt is smaller than 50 K, the primary y-Fe is formed
in the parent phase. In other words, the liquid-solid phase
transformation takes place. The structures of the powders of
various size classifications have been observed by optical
microscope. It is indicated that the complete liquid-solid
phase transformation takes place in a small quantity of atom-
ized droplets with the largest size classification. This kind
of atomized powder has been analyzed by X-ray. It is indi-
cated that the microstructure consists of the primary +y-Fe,
the peritectic reaction product e-Cu, and the eutectoid reac-
tion product a-Fe. Figure 2 shows the stable phase
microstructure of a powder of 280-um diameter. It can be
seen that the y-Fe dendrites distributed arbitrarily in the
matrix. The maximum length of the dendritic trunk is 20 wm.
A smaller atomized droplet achieves a faster cooling rate
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Fig. 1—The phase diagram of Cu-Fe binary alloy. The dashed curve under
the liquidus is the binodal line.”! L and L, are Cu-rich and Fe-rich liquid
phases, respectively.
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Fig. 2—The microstructure of a CuggFe,, powder of 280-um diameter.

and a deeper undercooling.!'" If the single-phase melt reaches
a sufficient degree of undercooling, the melt will separate
into a Cu-rich phase (L) and a Fe-rich phase (L,). The
compositions of the two liquid phases follow the boundary
of the miscibility gap during the liquid-liquid phase transfor-
mation. The microstructure of a powder of 100-um diameter
is shown in Figure 3. The Fe-rich spheres dispersed in the
matrix. The size of the Fe-rich spheres ranges from 0.25 to
1.42 pum. The average diameter is about 0.9 um. A quanti-
tative metallographic analysis has been conducted for the
atomized droplets with different sizes.!''! The results show
that the average radius of the minority phase sphere decreases
while the number density of the Fe-rich sphere increases
with the decrease of the powder size.

B. Effect of the Alloy Composition

The liquidus temperature of the CugyFe,, alloy is 1700 K,
and the interval between the liquidus and binodal temperature
is about 13 K.['* Compared with the Cug,Fe,, alloy, the
CugoFe,o alloy liquid is relatively easy to undercool into
the metastable miscibility gap under the same conditions of
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Fig. 4—The microstructure of a CugyFe,, powder of 100-um diameter.

cooling. The microstructure examinations indicate that
CugoFeyo powders of all sizes consist of Fe-rich spheres
and Cu-rich matrix. Figure 4 shows the microstructure of
CugoFe,o powder of 100-um diameter. One can find by com-
paring Figures 3 and 4 that the same size powders with dif-
ferent compositions show different microstructures. The size
distribution of the Fe-rich spheres in Figure 4 has been deter-
mined. It is close to a skew normal distribution according
to the fitted result, as shown in Figure 5. The diameter of
the Fe-rich spheres ranges from 0.12 to 2.3 um. The average
diameter of Fe-rich spheres in Figure 4 is about 1.2 um,
larger than that of the Fe-rich spheres in Figure 3. The aver-
age diameters of the Fe-rich sphere in the same size powders
with different alloy compositions were measured. Figure 6
indicates that the average diameter of Fe-rich spheres
increases with the increase of Fe concentration in the powders
of 100-um diameter. This is because the vertical interval
of the miscibility gap of the alloy is larger when the alloy
composition approaches the critical composition X., and
hence, the Fe-rich sphere has a longer time to grow by dif-
fusion and coarsen by collisions and coagulations between
the Fe-rich spheres due to the spheres’ motion.
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Fig. 5—The size distribution of Fe-rich spheres in the CugFe,, powder of
100-um diameter. The bars and solid curve are the measured and fitted
results, respectively.
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Fig. 6—The average diameters of Fe-rich spheres in 100-um diameter
powders vs the Fe concentration.

C. Forces Acting on the Fe-Rich Sphere

During cooling of Cu-Fe alloys through the metastable mis-
cibility gap, there exist three characteristic temperatures prior
to complete solidification. The first one is the temperature of
the onset of the liquid-liquid phase transformation, 7y .
Cooling below Ty, results in a continuous liquid-phase decom-
position reaction until the Fe-rich phase solidifies at the second
characteristic temperature, Ts,. The third one is the temperature
at which the Cu-rich liquid phase solidifies completely, T .
During cooling in the temperature range from 7y, to Ts,, the
minority phase spheres are embedded in the liquid matrix
and move due to the Marangoni force and gravitational force.
The Marangoni force F,, acting on a single liquid Fe-rich sphere
is given byt!31415]

ToknD® o
(ﬂm + an)(zkm + kLZ) oT

where k,,, and k;, are the thermal conductivities, and 7, and
"M, are the viscosities of the matrix phase and the minority
phase. The term D is the diameter of the minority phase

F,=— VT (1]
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Fig. 7—Marangoni force and gravitational force vs the diameter of the
Fe-rich sphere.

sphere, and o is the interfacial energy between the liquid
matrix and the minority phase.

The interfacial energy between the two liquids can be cal-
culated according to Cahn and Hilliard’s model.!'! The value
of da/dT is given by

b 1 T 0.26
U=—1.26-0'0~-<1—> 2]
oT '\ 1

C C

where 0y = 2NyAkgT,, with N, being the number of atoms
per unit volume of liquid, A the interatomic distance, kg
the Boltzmann’s constant, and 7 the critical temperature.

The gravitational force F, is determined by the gravity
level g and the density difference Ap between the minority
phase and the matrix. It is given by

a
Fe= gD'Apg 3]

The F,, and F, were calculated for a given temperature gra-
dient VT of 100 K/mm and the results are shown in Figure 7.
It can be seen that the Marangoni force is larger than the gravi-
tational force when the Fe-rich sphere diameter is smaller than
425 pm. When the diameter of the Fe-rich sphere is within
several microns, the Marangoni force is 10? to 10? times larger
than the gravitational force. The microstructure of a CugyFey
powder of 160-um diameter is shown in Figure 8. It can be
seen that the inner part (region A) of the powders shows a
homogenous distribution of Fe-rich spheres, while the size of
the Fe-rich spheres in region B is relatively large. The outer
layer (region C) of the powder is almost free of Fe-rich spheres
due to the spheres’ Marangoni migration toward the center of
the atomized droplet. The volume fraction of the Fe-rich sphere
in the radius direction of the powder has been determined by
the quantitative metallographic method and the results are
shown in Figure 9. The volume fraction of the Fe-rich phase
has a maximum in the region near the surface of the powder.
The size distribution of the Fe-rich spheres in the CugyFey
powder of 160-um diameter has also been determined and the
results are shown in Figure 10. The diameter of the Fe-rich
spheres ranges from 0.22 to 4.56 wm. One can see by com-
paring Figures 5 and 10 that the size distribution of the Fe-rich
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Fig. 8—The microstructure of a CugyFe,, powder of 160-um diameter.
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Fig. 9—Average volume fraction of Fe-rich spheres vs the distance from
the surface of CugoFeyn powder of 160-um diameter.

0.12

0.09 i

A

Mﬂﬂnﬂfﬁrﬂm
1.6 24 3.2 4.0 4

Diameter, um

0.06

Probility

0.03

0.00
0.0 0.8

.8

Fig. 10—The size distribution of Fe-rich spheres in the CugoFe,, powder
of 160-um diameter. The bars and solid curve are the measured and fitted
results, respectively.
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spheres in a larger powder is broader and even multipeak if
the powder is large enough. This is the result of collisions
and coagulations between the Fe-rich spheres due to their
migration.['?)

D. Interaction between the Sphere and Solidification
Interface

During cooling in the temperature interval range from T,
to Ty,, there exist three possible interaction modes (pushing,
engulfment, and entrapment) between the advancing solid/lig-
uid interface and the Fe-rich sphere. The interaction modes
relate to the interface morphology, i.e., planar, dendritic, cel-
lular, and equiaxed.!"”? Much work has been performed on the
interaction between the foreign sphere and the solidification
interface.'® From the thermodynamic models, whether the
sphere is pushed or engulfed by the solidification front was
determined by thermophysical properties.'”! The thermody-
namic models are presented as follows.

The thermal conductivity criterion:”’

k,/k; <1, for pushing [4]
The heat diffusivity criterion:?!
(kpp, C5Jkyp CH)'? < 1, for pushing [5]

where k, and k; are the conductivity coefficients, p, and p,
the densities, and C 1’,’ and C 1’, the specific heats of the Fe-
rich sphere and the Cu-rich liquid matrix, respectively.[?>2324

The kinetic models were developed on the balance between
a repulsive force and a dragging force, and the critical veloc-
ities for sphere engulfment were proposed in various mod-

els.! The kinetic model developed by Stefanescu et al.*)

is given by
1 [Ac- k
S
The model proposed by Shangguan et al.'*”! is expressed as
2(10k,A0' n—1 "
e = (7]
3nk,(n—1DD\ n

where 7 is the viscosity, D is the diameter of the sphere, a,
is the atomic diameter in the liquid, and Ao is the interfacial
energy difference between the sphere-solid and sphere-liquid
interfaces.

Judged from the thermodynamic models, the Fe-rich
spheres are pushed by the advancing solid/liquid interface
during the solidification of the Cu-rich matrix. The critical
velocities for Fe-rich sphere engulfment, as predicted by the
kinetic models, are given in Figure 11. The calculated critical
velocity is in the range of 0.21 to 6 X 107° m s~ for the
Fe-rich spheres sized from 0.5 to 4.5 wm, as shown between
two arrows in Figure 11. The growth rate of the Cu-rich grain
is estimated to be 3 to 7 X 10~*m s~ ! according to the cool-
ing rate in the atomization experiment, the released latent
heat due to the crystallization of the Cu-rich matrix, and the
grain size.”*! From the kinetic models, the Fe-rich spheres
are also pushed by the advancing solid/liquid interface.

After the solidification of the Fe-rich sphere, the relative
motion between the Fe-rich sphere and the Cu-rich phase
matrix is almost negligible because the density difference
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Fig. 11—The calculated critical interface velocities for sphere engulfment
according to the models by Stefanescu et al.?®! and Shangguan et al.!*"!

Fig. 12—The microstructure of a CugyFe,, alloy powder of 200-um
diameter.

between the Fe-rich sphere and the Cu-rich liquid phase is
very small.”*” Once the solidification of the Cu-rich matrix
starts from the surface of the atomized droplet, the Fe-rich
spheres are pushed by the solidification interface. The
microstructure of a CugyFe,, powder of 200-um diameter
is shown in Figure 12. The unidirectional solidification takes
place and the cellular solidification interface is formed on
the surface layer of the atomized droplet. The Fe-rich spheres
are pushed by the advancing cellular interface, as illustrated
in Figure 13(a). An Fe-poor layer is formed on the surface
of the powder, and the Fe-rich spheres are piled in front of
the cellular interface, as shown in region D of Figure 12,
while in the center part of the atomized droplet, the equiaxed
grains are produced due to the heat transfer in the free direc-
tion. The Fe-rich spheres are pushed by the equiaxed grain
of the Cu-rich phase. The number density of the Fe-rich
sphere near the equiaxed grains gradually increases with the
growth of the grains, as shown schematically in Figure 13(b).
As a result of the repulsive reaction between the Fe-rich
sphere and the solid/liquid interface, Fe-rich spheres are
entrapped between the grains, as indicated in Figure 13(c).
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Fig. 13—Schematic illustration of the microstructure formation in the atom-
ized droplet. (a) The Fe-rich spheres are pushed by the cellular solid/liquid
interface. The Fe-rich spheres are (b) pushed and (c) entrapped by the equiaxed
grains. (d) The solidification microstructure with most of the Fe-rich spheres
distributed at the grain boundaries and triple junctions, and only a minority
of Fe-rich spheres are embedded in the grain.

Fig. 14—The microstructure of a CugyFey, alloy atomized powder of 120-um
diameter.

An alignment of the spheres along the grain boundaries
results, and the entrapped spheres are eventually incorporated,
as illustrated in Figure 13(d). Finally, most of the Fe-rich
spheres locate at the grain boundaries and triple junctions,
and a minority of the Fe-rich spheres are embedded in the
grain near the boundaries (region E in Figure 12). The Fe-rich
sphere embedded in the center of the grain may be the
nucleus of the equiaxed grain of the Cu-rich phase (region
F in Figure 12).

The microstructure of a powder with serious segregation
of components is shown in Figure 14. Most of the Fe-rich
spheres are segregated in the center region of the atomized
droplet. On the surface layer of the powder, the formation
of the Fe-poor layer is, according to the preceding analy-
sis, attributed to two causes: one is the Fe-rich spheres’
Marangoni migration toward the center of the atomized
droplet, and the other is the pushing effect of the solidifi-
cation interface on the Fe-rich spheres. The powder
microstructure with the Fe-rich region encased by the Cu-
rich phase resembles an egg. Recent research indicated that,
if this microstructure consisted of an egg core that is high
conductivity material and an egg white that is low melting
point metal or alloy, the powders have great potential to
be used as solder ball for modern electronics packaging
technology.!-3%

VOLUME 36A, SEPTEMBER 2005—2453



IV. CONCLUSIONS

The Cu-Fe alloys close to the critical composition are
relatively easy to undercool into the metastable miscibility
gap, and achieve a microstructure in which the minority phase
is well dispersed in the form of spheres. The number density
of the Fe-rich spheres increases while the average diameter
of the minority phase spheres decreases with the decrease
of the powder size. For a given-size powder, the average
diameter of the Fe-rich spheres increases with the approach
of the Fe content toward the critical composition. Under the
gas atomization conditions, the Fe-rich spheres are pushed
away by the solid/liquid interface. The formation of the Fe-
poor layer on the powder surface is the common result of
the Marangoni migration of the Fe-rich spheres during cooling
in the metastable miscibility gap and the pushing effect of
the advancing cellular solid/liquid interface on the Fe-rich
spheres. The Fe-rich spheres in the center part of the powder
are entrapped between the equiaxed grains of the Cu-rich
phase and finally distribute at the grain boundaries and triple
junctions.
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