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Abstract

The gas atomization is a production technique
of a metallic powder. In this study, the -
solidifying Ti-44A1-6Nb-1.2Cr alloy powder
fabricated by gas-atomization was investigated
regardimg »the evolving shape, phase constitution,
and chemical distribution as a result of the high
solidification gate. The powder showed a spherical
shape regardliess of its size, indicating no relation
of solidification_rate to powder shape. However,
the small powder “(Dso = 36.0 pm) showed less
segregation and was composed of B and a2 dual
phases. Whereas, the large powden (Dso = 78.7 pum)
is relatively high segregation fandfhcomposed of
almost a single a2 phase because ofdfthe difference
in the cooling rates. The findings ‘obtaiwned here
demonstrated the understanding of phase
transformation during the rapid solidification and
continuous microstructural evolution process 1in

the B-solidifying alloy.

Keywords: gas atomization; segregation; rapid

solidification; y-TiAl alloy; phase transformation
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1. Introduction

Recently, the transportation industry has been
required to develop advanced structural materials
to reduce environmental impact and improve energy
performance.') Among the various structural
materials,y y-Titanium aluminide (y-TiAl) alloys
are attractive <candidates for high-temperature
applicationsd with their low density and excellent

3) Because of the <cost

mechanical pr@perties.?:
efficiency, the“"y-Ti1iAl alloy parts are generally
produced by the ¥ investment casting process.
However, this methodology is difficult to fabricate
complex shapes, and the microstructural
inhomogeneities lead to the variability of the
mechanical properties.*®) Thus, powder metallurgy
has raised 1interest because of 1its ¢omparative
advantages, which promise a more { fine, and
homogeneous microstructure, reducing the
unnecessary additional processing through near-net
shape, and enhancement of the mechanical
properties by establishing peculiar microstructure

such as additive manufacturing (AM) process.> 'D)
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Gas-atomization is a widely adopted
manufacturing process for the production of
various metallic powders. '2°'%) Although the gas-
atomization process demands more cost investment,
it yields much better spherical particles.!® The
high sphericity of powder 1is attributed to the
flowability of powder, ensuring high densification
of the final product in the AM process.!'®!'7) On the
other hand, /the cooling rate during the gas-
atomization proecess is in the range of around 10°
K/s in the argon atmoSphere, ') which represents
an extremely high cooling rate compared to other
manufacturing processes.  Thus, sthe equilibrium
phase transformation during the /jpowdder processing
is suppressed. Indeed, the Pp-solidifying y-TiAl
alloys undergo numerous phase transformations
during the solidification process. The _phase
transformation sequence is L - L + B —- f — a + P
18)

— o , the equilibrium microstructure consisted

of a mixture of the a2/y colonies and a small amount

of the vy, P grains.!8:19)

However, the phase
constitutions and morphology are strongly

influenced by the cooling rate and sensitively
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changed. The gas-atomized P-solidifying y-TiAl
alloy powder contained the massively transformed
a, o' (disordered a) acicular y', and B phase owing
to the high cooling rate.?? In addition, even
quenching from the [ phase region represented
distinctdyrdifferent microstructural characteristics
due to martensitic transformation.?'-22) It means
the complex microstructural evolution and
formation mech@nisms in the non-equilibrium state
of y-TiAl alloys -are, still not fully wunderstood.
Thus, a comprehensive investigation is necessary
to address phase transformation under the rapid
solidification condition of the y-TiAl alloys.

In this study, we focused om th@€ influence of
the high cooling rate on the powder gharacteristics.
In particular, focus on microstructural €vaelution in
B-solidifying y-TiAl alloy. The two differentesizes
of the gas-atomized powder were investigated for
their shape, chemical distribution, and phase
constitution. Furthermore, we discussed the overall
process of the microstructure development.
Consequently, the results could refer to

understanding the effect of <cooling rate on

7
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microstructural evolution in P-solidifying y-TiAl
alloys, particularly under the rapid solidification

condition.

2. Materials and methods

Gasatomized Ti-44Al-6Nb-1.2Cr (at.%) alloy
powder (Osaka titanium technologies, Japan) was
used. The nomunal composition of alloy powder was
evaluated as /Td (balance), Al (43.77), Nb (5.96),
and Cr (1.22)% by 4danductively <coupled plasma
optical emission spectroscopy. The powders were
classified into small and large powders by means
of a sieving technique using the supplied powders.
The compositional difference in Al content between
the two groups of powders was lesst than 0.2 at.%
because they were produced from the Ssame lot of
raw materials.

Particle size distribution was analyzed using a
laser-diffraction-type particle size distribution
measuring device (Mastersizer 3000E, Malvern
Panalytical, UK), The powder samples were
observed using field emission scanning electron

microscopy (FE-SEM; JEM-6500F, JEOL, Japan),
8
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and the quantitative analysis of the particle shape
was performed wusing a dynamic particle image
analysis system (iSpect DIA-10, Shimadzu, Japan).
Circularity was calculated by dividing the area
equivalent diameter by the perimeter equivalent
diametean

Diffraction profiles were obtained using an X-
ray diffractoemeter (XRD; X’pert PRO, PANalytical,
Netherlands)/for the phase identification of each
powder. Each powder was embedded in acrylic resin
(KM-CO, PRESI, Francée) and polished to a mirror
finish. Thereafter, crystal phase distribution
analysis was performed using elegtron backscatter
diffraction (EBSD; NordlysMak?®, Oxford
Instruments, UK). Elemental distribution analysis
and the point analysis of composition were
conducted using energy dispersive X-ray
spectroscopy (EDS; X-Max", Oxford Instruments,

UK).

3. Results and discussions
3.1 Influence of the cooling rate on powder

characteristics
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Although the gas atomization process
represents high cooling rates, the difference 1in
cooling rates depending on the powder size 1is
identified, Thus, the observation groups were
divided into small and large powders as shown in
Fig. 1 _b®cause the expected cooling rate of each
powder is approximately 4 x10°° K/s and 1 x 10°°
K/s, respeatively. 13) Therefore, the
characteristi¢gs® of the powder are supposed to
change with the“partiele size, and the particle size
obtained here correspomnds to the volume equivalent
diameter. The detailed information is summarized
in Table 1.

Fig. 2 shows the results off theparticle size
and shape analysis. The low magnification of FE-
SEM images clearly shows the difference in average
particle diameter between the small {and Jlarge
powders (Fig. 2(a,b)), which is consistent results
with the particle size and distribution trends shown
in Fig. 1. In terms of shape, particles relatively
close to a spherical shape were observed in both
powder groups. To quantitatively wevaluate the

particle shape, a two-dimensional projected image

10
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of the small powder was obtained as represented by
Fig. 2(c). More detailed characteristics of the
powder shape are shown in Table 2. It was found
that the particles in the powder had high
circularity (0.92 £ 0.6). Furthermore, the area
equivaleftt diameter obtained from the particle
image anmalysis (Fig. 2(d)) was less than 50 um for
most particdess, In the relationship between the
particle area/ €quivalent diameter and circularity
(Fig. 2(e)), the _majority of particles had high
circularity, regardless' of the particle size, and no
correlation (R? = 0.03, p_> 0.05) between the
particle diameter and citcularity was observed.
Therefore, the powders prepared by g@s atomization
contained particles that were closedto a spherical
shape regardless of the particle size, thene was no
noticeable difference in the powder shhapes.
Therefore, reasonable flowability and sufficient
powder bed density can be expected, both powders
are suitable for the AM process.

The metal AM process, especially the powder
bed fusion (PBF) process can be divided into laser-

PBF and electron beam-PBF depending on their heat
11
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source.??) There are several different
characteristics between the two process, different
size of powders is recommended. 2%) As an example,
a smaller beam size of laser-PBF than electron
beam-PBF results in deeper and narrow melt pools
during the process. Therefore, to avoid defects
caused by the lack of overlap of the melt pools and
increase Sstructural integrity, small powder is more
suitable. On/ the other hand, explosive powder
scattering, whieh "is the so-called “smoking”
phenomenon is one ofsthe problems of the electron
beam-PBF for manufacturing vy-TiAl alloys. One
way of resolving this problem #s using a large
power?3), Thus, a larger powder ise@more suitable
for the EB-PBF process.

However, a highly magnified FE:SEMaimage of
the powder surface appearance exhibited dendritic
morphology consisting of multi-nucleation
(Fig.3(a)). This <characteristic is consistently
observed in similar-sized powders prepared in the

26,27) In the cross-

gas-atomization methodology.
section, the multi-nucleation gives rise to a

concentric liquid/solid interface solidification

12
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geometry (Fig. 3(b)), wherein the dendrites showed
gray contrast, while the interdendrites showed dark
contrast, suggesting segregation of elements 1is
likely.

Further detailed composition distribution was
investigated for the small and large powders by
EDS analysis. As shown in Fig. 4, there was a
slight segregation of the constituent elements.
Both powders dndicated that Ti and Nb are richer
in dendrite while- Al,and Cr are richer in inter-
dendrite, which is similar results compared to the
previous study.?®) Since the distribution
coefficient is greater tham 1, the solute element
tends to segregate in the dendrite. Omythe contrary,
the solute element is discharged imnto the liquid
phase resulting in segregation in theintersdendrite
when the distribution coefficient is less/than 1.
The <calculated distribution <coefficient of this
alloy was 1.06 in Ti, 0.92 in Al, 1.11 in Nb, and
0.69 in Cr at the liquidus temperature, respectively.
Compared to those exhibited by the large powder,
the small powder suppressed elemental segregation

because the small powder exposed a much higher

13
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cooling rate during the gas atomization process. '?3)

The elemental segregation can be successfully
suppressed under rapid cooling conditions. 2°-39)
In addition, XRD and SEM-EBSD analyses were
conducted to confirm the constituent phase of the
powderse(Fig. 5). The small powder had confirmed
diffraction peaks derived from the a2 phase and the
B phase. Indfcontrast, the large powder consisting
of a small amoeunt of B phase showed predominant
peaks derived from the a2 phase. The determined
phase volume fractioniby SEM-EBSD were 8.3% of
B phase, 91.7% of the a2 phase in the small powder,
and less than 0.5% of B phase, omer 99.5% of the
a2 phase in the large powder, rgspe@tively. These
changes in phase constitution depending on the
particle size can be explained by the difference in
the cooling rate. The composition of the
investigated TiAl alloy in this study was Ti-44A1l-
6Nb-1.2Cr (at.%), which was proposed as a f-
solidifying y-TiAl alloy. The B-solidifying y-TiAl
alloy undergoes numerous phase transformations,
and the transformation pathway is simply expressed

as the liquid to B phase, P phase to a(o2) phase.'?®)
14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Therefore, the fast cooling rate of the small size
of the powder makes it difficult to provide enough
time for phase transformation, resulting in the
remaining of the primary B phase. On the other hand,
the relatively slow cooling rate of the larger size
of powder provides the time required for the phase
transformation, exhibiting predominantly the a2
phase micerostpucture. The proportion of B phase
represented andincreasing tendency as the particle
size decreased which ds consistent results with the

previous study.3!)

3.2 Microstructural evolution dmring the rapid
solidification

Microstructural formation meéchanisms for
small and large powders can be infetred mainly
related to the colling rate.

To figure out the chemical composition in the
local area, further observation by SEM-EBSD and
EDS was performed in the corresponding small size
of powder (Fig 6). The image was not perfectly
matched due to the image drifting.3?) The results

demonstrated the chemical composition near the

15
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interdendritic area with the a2 phase (Point 1) was
Ti (49.4), Al (43.4), Nb (6.0), Cr (1.2), whereas
element distribution in the dendritic area with the
B phase (Point 2) was Ti (50.4), A1l (42.0), Nb (6.5),
Cr (1.1), respectively. Namely, Ti and Nb were
preferentially localized in dendrites whereas Al
and Cr were localized in the inter-dendrite region,
which 1st consjistent results with the calculated
distribution c¢oefficient aforementioned. Thus, the
segregation of . elements 1s initiated when the
solidification is initiated and can be expected to
observe local chemical fluctuations during the
rapid solidification process.

In terms of phase transformation, As
illustrated in Fig.7(a) representing4he findings of
this study, the primary phase is the P phase during
the solidification in the B-solidifying y4T1iAlsalloy
system. However, the nucleation of the primary f
phase gradually increases the Al concentration in
the liquid because of the distribution coefficient
and the different diffusivity in the solid and liquid
phases (Fig.7 (b)). The diffusivity in the solid is

lower than in the liquid phase. The highly enriched
16
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Al concentration was confirmed at the solid-liquid
interface by the simulation during the rapid
solidification.??®), which indicated inter-dendrite
regions as dark contrast in the FE-SEM image.
After the solidification of B phase (Fig. 7(c)), the
o phasesstarted to transform directly from the solid
B phase owing to a high cooling rate (Fig.7(d)).
Furthermores the nucleated o phase has blocky
morphology with irregular grain boundaries
because of the . characteristic of the massive
transformation Figd7(c)).2%3%) Thus, the
microstructure investigated in the large size of the
powder evolved. However, the still remaining §
phase was observed in the small Sizefof the powder
because of the relatively higher cooling rate, and
it is located on the outside of the powder where the
cooling rate is higher within it. Lastly,famomg the
various manufacturing methodologies, the AM
process promises almost the same microstructural
features demonstrated in this study because of the
ultra-high cooling rate temperature fields and their
repetitive thermal history during the process.>?®

Therefore, the investigated microstructural

17
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evolution features in this study may have the
potential to contribute to the wunderstanding of
microstructure characteristics in additively

fabricated y-TiAl alloys.

4. Conclusions

This study aimed to elucidate the effect of
cooling rate on powder characteristics and
microstructurgad evolution of the rapidly solidified
B-solidifying v-T1Al alloy. The following

conclusions were drawhn:

(1) A metallic powder produced by gas atomization
contains particles with high circularity, regardless
of particle size. However, the Alevel of the
segregation and powder contains diffetemt crystal
phases depending on the particle size.{ The small
powder, with a high solidification rate, relatively
suppressed segregation and had p and a2 phases,
while the large powder, with a low solidification
rate, represented distinct segregation and

consisted of an almost a2 phase.

18
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(2) The local elemental deviations were observed
during the solidification process, especially, Al
composition highly concentrated at the solid-liquid
interface. In addition, the massive type of a(az2)
phase transformation was identified instead of the

B and aphase separation due to rapid solidification.

These findings demonstrated that the effect of
solidification «tate depending on particle size on
segregation and  constitution of the phases in the
gas-atomized P-soltdifying y-TiAl alloy powder. In
addition, the understanding of microstructural
evolution provides guidance for such rapid

solidification manufacturing pro/€esses.
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Captions list

Table 1 The detailed particle size distributions of

the investigated powder.

Table 2" yCharacteristics of powder shape for

investigated powder after gas-atomization.

Fig. 1 Particlefsize distribution for the small and
large powders. ‘Gray .and black bars represent the

data for small and Targe powder, respectively.

Fig. 2 Powder shape analysis. FE-SEM images of
powder for (a) small and (b) largge powders at low
magnification and the insets are Ataken at high
magnification. (c) Two-dimensionfal projection
images of small powders, (d) pardicle size
distribution based on area equivalent diameter
analyzed by the obtained image analysis, and (e)
the relation between area equivalent diameter and

circularity.
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Fig. 3 Highly magnified FE-SEM images as an
example of powder particles. The image shows (a)
dendritic surface, and (b) dendritic morphology in

the cross-section, respectively.

Fig. 4 €hemical distribution in the cross-section
of powder by SEM-EDS analysis for (a) small and

(b) largeisize powder.

Fig. 5 (a) Compare the XRD pattern of the small
and large powder anddphase maps of the (b) small

and (c) large powders, tespectively.

Fig. 6 (a) The phase map of the small size of the
powder with the P and a2 phase comstitution. (b)
detailed SEM-BSE image denoted in (a)awith the

black dotted square.

Fig. 7 (a) Schematic phase diagrams of the p-
solidifying vy-TiAl alloy systems over the
interested composition range in this study. (b-d)
illustrates the subsequent microstructural

evolution according to the solidification process.
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Table 1 The detailed particle size

the investigated powder.

distributions of

Measured characteristics Small Large
Do [pm] 17.3 59.7
Dso [um] 36.0 78.7

Dgo [pm] 60.4 105.0
(Doo - D1o) / Dso 1.12 0.57

~
[

Co
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Table 2 Characteristics of powder shape for

investigated powder after gas-atomization.

Measured characteristics

Powder area [um’] 941.0 £ 691.7

Powder perimeter [um] 110.0 +43.8
Maximum feret diameter [um] 374+ 144
Minimum feret diameter [um] 283+ 12.7
Area equivalent diameter [um] 322+12.8
Circularity 0.92 + 0.6
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Fig. 1 Particle size,distribution for the small and
large powders. GTtay and black bars represent the

data for small and la'vge powder, respectively.
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Fig. 2 Powder shape analysis. FE-SEM images of
powder for (a) small and (b) largge powders at low
magnification and the 1insets are Ataken at high
magnification. (c) Two-dimensionfal pgojection
images of small powders, (d) pargdicle size
distribution based on area equivalent diameter
analyzed by the obtained image analysis, and (e)
the relation between area equivalent diameter and

circularity.
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Fig. 3 Highly magnified FE-SEM images as an
example of powder particles. The image shows (a)
dendritic surface,-and (b) dendritic morphology in

the cross-section, respectively.
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Fig. 4 Chemical distribution in the cross-section
of powder by SEM-EDS analysis for (a) small and

(b) large size powder.
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the XRD pattern of the small

of the (b) small

and (c) large powders, respectively.
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Fig. 6 (a) “The¢ phase map of the small size of the
powder with thegp and a2 phase constitution. (b)
detailed SEM-BSE image denoted in (a) with the

black dotted square.
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Fig. 7 (a) Schematic phase diagrams of the §-

soli g y-TiAl alloy systems over the
interes osition range in this study. (b-d)
illustrates e subsequent microstructural
evolution accordsi to the solidification process.
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