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Solidification microstructure of super-a2 alloy
prepared by gas atomization
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Ti—25AI—10Nb—3V—1Mo alloy has been prepared by gas atomization with atomizing pressure

above 8 MPa. The cooling rate of 5]103
&3]105 K s!1 was obtained according to secondary

dendritic arm spacing, as the particle size is 30&300 lm. It is known that in the big particles

two dendrite morphologies can be found, cellular dendrite and well-developed dendrite, and

in small particles there exists only well-developed dendrite. The surface of particles is

characteristic of solidification that is identical to the observation on the cross-sectional

views. The micrographs of cross-sectional views show that the big particles, whether of

cellular dendrite or well-developed dendrite, solidify by multiple nucleation events while the

small particles of well-developed dendrite solidify from a single nucleation event. The

microstructure of the alloy consists of single b0 phase.
1. Introduction
The solidification of gas-atomized alloy is consider-
ably complicated and very difficult to investigate.
First, the heat flow from the droplet to environment is
three-dimensional so the heat transfer prior to and
during solidification of the alloy is more complex than
that in other rapid solidification techniques [1]. Then,
the various sizes of particles that can be obtained in
a gas atomization process, and the mass fraction of
particles keep log—normal relationship with the par-
ticle size [2] which influences the cooling rate, nuclea-
tion temperature, the number of nuclei, and the mode
of crystal growth.

Levi and co-workers [3, 4] had set up Newtonian
and non-Newtonian (enthalpy) models for heat flow in
atomized metal droplets; the latter addresses a non-
uniform temperature distribution inside the droplets.
Relationships were developed between the process
parameters in atomization, the kinetics and the ther-
mal history of the powder. They had described the
solidification of atomized metal droplets such as Al,
Ni and Fe using the models. The solidification of
alloys is different from that of metals, mainly because
of solute redistribution, though the melts are similar in
the heat flow from the droplet to environment as
cooling. In this paper, an attempt is made to give some
understanding of the solidification of the atomized
powders by analysing the crystalline morphology of
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2. Experimental procedure
The nominal composition of the alloy was
Ti—25Al—10Nb—3V—1Mo (at%). The raw materials
for gas atomization was prepared by consumable vac-
cum melting. The alloy powder was produced by a gas-
atomization equipment where the alloy was melted
by arc in a water-cooled copper crucible, then atom-
ized in the atmosphere of pure argon (Ar'99.999%)
with pressure above 8 MPa. Before smelting, the
melting and the atomizing chambers of the equipment
had been evacuated below 6.67]10~3 Pa, then
charged in pure argon to 0.05 MPa.

The particle surface morphology was observed in an
S-360-type scanning electron microscope (SEM). The
cross-sectional views of the particles etched in a solu-
tion of HF:HNO

3
:H

2
O"1 :1 :30 were observed by

using a Neophot-2 optical microscope. Thin foil
samples were prepared by argon ion beam milling.
The microstructure was examined by trans-
mission electron microscopy (TEM) using a Philips
EM420 analytical electron microscope operating at
100 kV.

3. Results
3.1. Surface morphology of the powder
Under SEM, the gas-atomized powders are all spheri-
cal, whether the particles are big or small (Fig. 1a).
public of China.

This is different from gas-atomized aluminium alloy
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Figure 1 SEM micrographs of surface views. (a) Whole particles; (b) d"62 lm; (c) and (d) d"143 lm; (e) and (f ) d"185 lm. (b), (c) and

(d) show well-developed dendrite and (e) and (f ) cellular dendrite.
powder, of which the bigger particles are irregular [5].
The interacting force between the atoms of Ti

3
Al-

based alloy is strong and the surface tension of the
alloy is high. So a droplet, which will solidify to form
a particle, tends to be spherical during rapid solidifi-
cation.

The particle surface of gas-atomized powder is
a clear characteristic of solidification (Fig. 1). The
b-grains with complete dendritic boundary were ob-
served on the particle surface, where the secondary
dendrite develops from the b-grain centre to the
boundary. There are two different morphologies of
b-dendrite in the particles. One is well-developed
dendrite, as shown in Fig. 1b, c and d, with a flourish-
ing secondary dendrite of uniform arm spacing and
big b-grain of near rectangular boundary which is

characteristic of body-centred cubic structure cystall-
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ization [6]. The other is similar to cellular dendrite
with short secondary dendrites and small b-grains, as
shown in Fig. 1e and f.

3.2. Cooling rate of the powder
The cooling rate of the particles depends strongly on
the particle size. As shown in previous experiments,
the cooling rate, in turn, has a relationship with the
secondary dendritic arm spacing, and this relationship
is independent of the preparation method. The results
on plasma rotating electrode process (PREP) powder
of Ti—25Al—10Nb—3V—1Mo alloy [7] had shown that
the secondary dendritic arm spacing (S) has the rela-
tionship with the cooling rate as follows
S"95.5¹0 ~0.355



where ¹0 is the cooling rate of the particles. The dia-
meter of particles (d) and the secondary dendritic arm
spacing were examined by SEM. The examined
method of the arm spacing is the same as reference [7].
Fig. 2 shows the influence of particle size on the cool-
ing rate of particles of Ti—25Al—10Nb—3V—1Mo alloy.
The cooling rate above 5]103 Ks~1 for the alloy is
produced by the atomization process.
developed dendrite; (d) showing cellular dendrite.

Figure 2 The cooling rate ¹0 versus size of particles, d.
3.3. Crystalline morphology of the alloy
The particle micrographs of cross-sectional views
show not only the final structure morphology of alloy
solidification but also the nucleation and growth of
crystal during the solidifying process. Fig. 3 shows the
micrographs of cross-sectional views of gas-atomized
Ti

3
Al-based alloy powder. The big particles can be

divided into two kinds, according to their dendritic
morphologies. One is the particles of well-developed
dendrite, as shown Fig. 3c. Another is of cellular den-
drite (Fig. 3d). The smaller the size of particles,
the more the particles of the latter b-dendrite. When
the size of particles is smaller than a certain value
(d+70 lm, ¹0 +4]104 Ks~1), all particles have the
solidified morphology of well-developed dendrite
(Fig. 3b). For the particles of well-developed dendrite,
the micrographs of cross-sectional views are some-
what different from the surface views in secondary
dendrite morphologies. The secondary dendrites
arrange non-regularly, and the above secondary
dendrite can be found in the micrographs of cross-
sectional views.

The nucleation position in the particles with cellular
dendrite, which solidify by multiple nucleation

events, cannot be found from the micrographs of
Figure 3 Optical micrographs of cross-sectional views. (a) 60 mesh (d"200+280 lm); (b) 200 mesh (d"56+70 lm); (c) showing well-
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cross-sectional views. However, the position of nuclea-
tion and the direction of growth can be noticed in the
particles with well-developed dendrite in the micro-
graphs of cross-sectional views, as indicated with ar-
row. Of big particles well-developed dendrite, solidify
by multiple nucleation events where crystal nucleates
near the surface of droplets and develop to the centre,
as shown in Fig. 4a and b. This can be also found in
the fractograph of the particle, as in Fig. 5. Small
particles solidify from a single nucleation event in
Figure 5 SEM fractographs of the particle showing nucleation and gro
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and develops radially, then a droplet solidifies into a
particle, as shown in Fig. 4c and d.

3.4. Internal microstructure of the alloy
The internal microstructure of the alloy is examined
using transmission electron microscopy and the se-
lected area electron diffraction, as shown in Fig. 6.
A network of thermal antiphase boundaries can
be observed as a characteristic of ordered structure
Figure 4 Optical micrographs of cross-sectional views showing nucleation and growth. (a) and (b) show multiple nucleation events;
(c) and (d) show a single nucleation event. Arrows indicate the nucleation sites.

which nucleation is also near the surface of droplets (Fig. 4a). Selected area electron patterns (Fig. 6c and d)
wth.



Figure 6 (a) TEM micrography showing antiphase boundaries in as-atomized alloy. (b) Bright-field two-beam image. (c) and (d) Selected

area diffraction patterns [0 0 1] b and [0 1 1]b zone normal.
correspond to the b
0

phase which is the ordered
derivative of b-phase, which refers to high-temper-
ature disordered b.c.c phase. The examination of
b zones such as S10 0T and S1 1 0T shows superlattice
reflections characteristic of a B

2
(CsCl) matrix. It is

important for the observation of solidification mor-
phology of the alloy, which would be impossible if the
transformation of b/b

0
Pa/a

2
took place. Finer ther-

mal antiphase boundaries and smaller grains can be
obtained than in as-quenched one [8].

Strong streaking was observed along S1 1 0T and
S11 2T b type direction and weak maxima at 1

2
(1 1 0)

and 1
2
(1 1 2) b positions. When two-beam electron

images were produced, contrast effects, as shown in
Fig. 6b, were observed in the matrix. This type of
matrix strain contrast corresponds to a ‘‘tweed’’
microstructure reported by Strychor et al. [9].

4. Discussion
4.1. Solute redistribution in the

undercooled droplets
The crystalline morphology of an alloy is controlled
by the distribution of solute and temperature inside
the melt during solidification. In the models [10, 11]

of solute trapping during rapid solidification, the
parameter b is introduced into the expression of parti-
tion ratio for non-equilibrium solidification k

/
, i.e.

b"Ra/D
i
, where R is the growth rate of crystal, a is

average atomic distance, and D
i
is the coefficient of

atom diffusing along the solid/liquid interface, which
is substituted approximately for the atom diffusion
coefficient D

1
in melt. When bP0, k

/
Pk (k is equili-

brium partition ratio); when b'0, k
/
'k and k

/
increased with k; bPR, k

/
P1 when solute is trap-

ped and no structural feature appears in the alloy.
For Ti—25Al—10Nb—3V—1Mo alloy, when the

cooling rate of rapid solidification is about
103&105 Ks~1, R is the order of cm s~1 [7]. If D

1
is

of the order of 10~5 cm2 s~1 and a is taken as the
lattice parameter of the alloy in the order of 10~8 cm,
b is about the order of 10~3 which is near 0. This
suggests that the solute redistributing exists during the
solidification of gas atomized powder and the den-
dritic structure tends to form at the high solidification
speed in the atomized droplets.

4.2. Temperature distribution and nucleation
in the droplets

Levi and co-workers [3, 4] had set up two models

of atomized droplets cooling — a Newtonian and
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Figure 7 Schematic illustration of isotherm inside the particle
(droplets).

a non-Newtonian (enthalpy) model — through the
analysis of heat flow during rapid solidification of
undercooled metal droplets. According to their mod-
els, the particle size r

0
, the initial undercooling *¹

/
and the kinetic coefficient k

.
have effects on interface

profiles and velocities inside the droplets, of which the
effect of the particle size is most notable for an alloy in
an atomization process. Transition from convex to
concave interface profile is produced by increasing the
particle size r

0
. If the interface profiles are regarded as

isothermic inside the droplet at one moment, the iso-
therm influences the initial nuclei number and the
nucleation sites because the nucleation takes place in
the local position of lower temperature. For the par-
ticle of well-developed dendrite, in the study, the inter-
face profiles are treated as in Fig. 7, where the
interrupted line is expressed as isotherm. The droplets
of interface convex toward liquid solidify from a single
nucleation event, while the concave interface by mul-
tiple nucleation events, as shown in Figs 8 and 4.

4.3. Dendritic morphology versus the
particle size

In the gas atomized powders, two b-dendrite — cellular
dendrite and well-developed dendrites — are related to
the undercooling, and the solidification undercooling
depends strongly on the cooling rate and initial under-
cooling [1]. Because of the constitutional undulation
among the droplets for the alloy with the high alloy
content and/or more elements the nucleation temper-
ature, which is related to the initial undercooling, is
different for the droplets cooled with the cooling rate
nearly equal.

In additions, the appearance of satellite sphere [12],
i.e. some small particles attached to a big particle, can
be found. The small particles (droplets) with faster
cooling rate had solidified before attaching on the

big one. As a nucleus, the small particles can raise the
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Figure 8 Isotherm inside the particles (droplets) obtained according
to the dendrite, as shown in Fig. 4.

nucleation temperature of the big droplet. The cooling
rate of the particles with same size does not keep
constant, for the cooling environment such as gas
velocities relative to droplets is not constant.

Therefore, in the big particles with small initial
undercooling and low cooling rate, the latent heat
released raises the temperature of liquid around the
solid near solidus and restrains the growth of crystal.
That limits the development of dendrite. Some sec-
ondary dendrite is broken into new nuclei by the
undulation of constitutional and temperature during
solidification. So those big particles solidify by mul-
tiple nucleation events and form a cellular-dendrite
structure. The other particles with big initial under-
cooling or high cooling rate, for the undulation cannot
breakdown secondary dendrite, either solidify by mul-
tiple nucleation events or from a single nucleation
event, form well-developed dendrite structure.

5. Conclusion
For gas atomized Ti

3
Al-based alloy Ti—25Al—10Nb—

3V—1Mo powder with high pure argon, the solidi-
fication process and crystal morphologies vary mainly
with the particle size. The results are as follows:

1. The cooling rate of 3]103&4]105 Ks~1 is ob-
tained from the relationship of the cooling rate with
secondary dendritic arm spacing, when the particle
size is about 30&300 lm.
2. Two crystalline morphologies exist in big particles,
cellular dendrite and well-developed dendrite, while
the small particles are all of well-developed dendrite.
3. The big particles of cellular dendrite and well-
developed dendrite solidify by multiple nucleation
events, but the small particles of well-developed den-

drite solidify from a single nucleation event.



4. The crystalline morphologies of gas-atomized
Ti—35Al—10Nb—3V—1Mo powder are affected mainly
by the particle size and the initial undercooling.
5. The microstructure of Ti—25Al—10Nb—3V—1Mo
alloy is single b

0
-phase prepared by gas atomization
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