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Undercooling and supersaturation of alloying
elements in rapidly solidified Al-8.5% Fe-1.2%

V-1.7% Si alloy

S. HARIPRASAD, S. M. L. SASTRY, K. L. JERINA
Materials Research Laboratory, Washington University, St Louis, MO 63130 USA

Dispersion-strengthened Al-8.5% Fe—1.2% V-1.7% Si alloy was produced by inert gas
atomization and atomized melt deposition processes. Differential scanning calorimetry was
used to estimate the extent of undercooling in the alloy powders as a function of powder size
and in the atomized melt-deposited alloy as a function of process parameters. The estimated
undercooling was found to be a strong function of powder size and processing conditions
and varied from 380-200°C. Alloy powders of diameter greater than 180 um did not
experience any undercooling during solidification. X-ray diffraction analysis was performed
to study the dependence of supersaturation of alloying elements and metastable phase
formation on the extent of undercooling. When the undercooled alloy was heated to about
400 °C, formation of Als2(Fe, V)3Si phase with b c ¢ crystal structure from the supersaturated

matrix was observed.

1. Introduction

Inert gas atomization (IGA) [1, 2], atomized melt de-
position (AMD) [3] and planar flow casting (PFC) [4]
are some of the commonly employed rapid solidifi-
cation (RS) techniques to produce high-performance
aluminium alloys. In an RS process, rapid heat extrac-
tion from the metallic melt leads to undercooling
below the thermodynamic crystallization temper-
ature. The undercooling controls the nucleation,
phase selection and the metastable structures formed
during rapid solidification processing [5, 6]. In the
IGA process, a liquid alloy stream is disintegrated into
a spray of droplets by inert gas at high pressure and
the droplets are quenched by inert ‘gas to produce
powders. The undercooling and cooling rate experi-
enced by droplets during rapid solidification are
strong functions of droplet size. In the AMD process,
the spray of droplets produced by inert gas atom-
ization are collected on to a substrate of suitable
geometry to produce near net shape products. Process
parameters, such as melt superheat, metal to gas flow
rate ratio, and substrate to nozzle distance, control the
undercooling and cooling rate of the deposit. In the
PFC process, melt spinning produces ribbons of about
30 um thickness, resuiting in a cooling rate of
10° K's ™!, Using the PFC process, Allied Signal Inc.
[4] commercially produces dispersion-strengthened
Al-8.5% Fe-1.2% V-1.7%Si alloy, a promising alloy
system for clevated temperature application. In the
present investigation, this alloy was produced by IGA
and AMD processes. Differential scanning calorimetry
(DSC) was used to estimate the extent of under-
cooling and X-ray diffraction analysis was carried
out to determine the dependence of supersaturation of
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solute elements in the alloy on the extent of undercool-
ing. Based on the analysis of electron microscopy data
and the established relationship between cooling rates
and the secondary dendrite arm spacings, cooling
rates were estimated for the alloy.

2. Experimental procedure

An alloy of nominal composition Al-8.5% Fe-1.2%
V-1.7% Si was produced by IGA and AMD pro-
cesses. The processing details of IGA and AMD are
described elsewhere [3]. The alloy processed by PFC
[4] was procured from Allied-Signal Inc., in the form
of rolled rectangular sheets, 6 mm thick. The alloy
powder was examined by optical and scanning elec-
tron microscopy and the secondary dendrite arm
spacings were measured to estimate the cooling rates
achieved as a function of the powder size. The alloy
powder was sieved to obtain powders of various size
fractions. The size fraction less than 30 um and the
fraction of 180 um < d < 250 um were annealed in
a vacuum of 107 ° torr (1 torr = 133.322 Pa) at 430 °C
for 24 h. By varying process parameters such as sub-
strate to nozzle distance, metal to gas flow rate ratio
and pouring temperature, Al-8.5% Fe-1.2% V-1.7%
Si alloy with varying grain and dispersoid size was
produced using the AMD process. Cooling rates for
the AMD alloys were estimated using a procedure
discussed elsewhere [3]. The atomized melt-deposited
alloy was tested in the as-deposited condition and
after thermo-mechanical processing. The as-deposited
condition refers to the AMD alloy with no subsequent
processing. The alloys were thermomechanically
processed by hot-isostatically pressing at 410 °C and
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203 MPa for 4h and extruding into 6 mm diameter
rods at 400 °C with an extrusion ratio of 16:1 [3]. The
powder alloys and bulk AMD alloys in the as-depos-
ited condition were subjected to DSC scans in a nitro-
gen atmosphere at 40 °C min ™' from 110-440 °C using
a Perkin—Elmer DSC-4. X-ray diffraction analyses
were performed on gas-atomized powders in as-pro-
cessed and annealed conditions and on AMD deposits
in as-deposited and extruded conditions, to identify
the phases produced under different rapid solidifi-
cation conditions.

3. Results and discussion

Fig. 1a~f show the microstructures of the alloy pro-
duced by IGA and AMD processes. The size of the
dispersoids is a strong function of the powder size and
the cooling rate in the case of gas-atomized powders.
In the alloy produced by AMD, the distribution and
size of the dispersoids are also dependent on the cool-
ing rate which, in turn, depends on the processing
conditions [3]. The grain size and dispersoid diameter
in the case of AMD alloy-1 were about 1 um and
70 nm, respectively. In the case of AMD alloy-2, the
grain size and dispersoid diameter were about 2 pm.
Fig. 2 shows the results of the DSC experiments for
the gas-atomized powder alloy. The onset temper-
ature for the exotherms, in the case of the powder
alloy, is dependent on the powder size, while the onset
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Figure 2 DSC traces for Al-8.5% Fe-1.2% V-1.7% Si alloy powder
of different size fractions processed by the inert gas atomization
process. (1) <30pm, (2) 30um <d <60 um, (3) 125um <d
< 180 pm, (4) 180 pm < d < 250 pm.

temperature for the endotherm is independent of
the powder size. The exotherms are absent in the gas-
atomized alloy for powder sizes greater than 180 pm.
Fig. 3 shows the DSC traces obtained for the AMD
alloys. The exotherm in AMD alloy 1 is observed at
about 310°C, and such an exotherm is absent in the
case of AMD alloy 2. Fig. 4a—c show the X-ray diffrac-
tion results for PFC alloy sheet and the IGA alloy in
as-processed and annealed conditions. The diffraction

Figure I Microstructures of Al-8.5% Fe—1.2% V-1.7% Si alloy produced by (a—d) inert gas atomization and (e, f) atomized melt deposition
processes. (a) d < 30 um, (b) 30 pm < d < 60 pm, (c) 125 pm < d < 180 pm, (d) 180 pm < d < 250 pm, (¢} AMD alloy 1, (f) AMD alloy 2.
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Figure 3 DSC traces for A-8.5% Fe-1.2% V-1.7% Si alloy produ-
ced by the atomized melt deposition process. (1) Alloy 1, (2) alloy 2.

pattern indicates the differences in the phases pre-
sent for the powder alloy for different powder sizes in
as-processed and annealed conditions. The X-ray dif-
fraction patterns for the AMD alloys are shown in
Fig. 5a and b. Table I lists the estimated cooling rates
and the undercooling experienced by the inert gas
atomized alloy and AMD alloy based on the analysis
of microscopy and DSC experiments.

During rapid solidification processing, the alloy is
cooled through a non-equilibrium phase region lead-
ing to the formation of metastable phases and super-
saturation of the solute elements in the solid solution.
When the rapidly solidified alloy is reheated, as in
the case of the DSC experiment, the phases allowed by
non-equilibrium kinetics will undergo solid-state
transformation and the supersaturated alloying ele-
ments in the matrix precipitate out to form new meta-
stable phases. This results in the exothermic peaks as
observed in the case of gas-atomized and AMD alloy.
and confirms the existence of non-equilibrium phases
and the matrix supersaturated with solute elements.
The onset temperature of exotherms, therefore, is a
direct measure of the amount of undercooling experi-
enced by the alloy during processing [7]. The absence
of exotherms in the gas-atomized alloy for the powder
size greater than 180 um indicates insufficient under-
cooling and the absence of supersaturation of alloying
elements in the matrix. As a result, the precipitation of
metastable phases is not seen in the case of coarser
powders of size greater than 180 pm. Similarly, the

TABLE 1 Estimated cooling rates and undercooling
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Figure 4 X-ray diffraction pattern for Al-8.5% Fe—1.2% V-1.7% Si
alloy produced by (a) planar flow casting, (b) inert gas atomi-
zation of powder size < 30 um, and (c) inert gas atomization
of powder size fraction of 180 pm < d < 250 um. (1) Aluminium, (2)
Al ,(Fe, V)3Si phase.

Alloy Cooling rate (K s™1)

Calculated
homogeneous
undercooling (K)

Heterogeneous
undercooling (K)

Powder alloy size fraction (um)
d <30 10°
30 <d < 60 10* to 4 x 10*

125 <d < 180 10% to 5x 103

180 < d < 250 3x10% to 10°
AMD alloys

Alloy 1 85x10°

Alloy 2 5% 102 to 2.5 x 103

380 497 (30 pm)
380 479 (60 pm)
200 456 (180 um)

_ 450 (250 pm)

310 -
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Figure 5 X-ray diffraction pattern for Al-8.5% Fe-1.2% V-1.7% Si
alloy produced by the atomized melt deposition process. (a) AMD
alloy 1, (b) AMD alloy 2. (1) Aluminium, (2} Al;,(Fe, V);Si phase.

supersaturation level in AMD alloy 1 is more than
that of AMD alloy 2.

The undercooling necessary for the homogeneous
nucleation conditions is given by the following expres-
sion according to Hirth [§]

AT? =

(16nc2v?T?)

20, TV AT,
20| a21073 (2m i1
] o102 2T (€] (BT
(1)

where T, is the nucleation temperature, T is the cool-
ing rate and d is the diameter of the droplet. As seen
from this expression the extent of undercooling de-
pends on the droplet size, cooling rate, latent heat
of fusion and other thermo-physical properties. The
above equation was solved with a Newton—-Raphson
algorithm with the thermophysical properties listed
in Table II. The undercooling for homogeneous
nucleation conditions for several droplet sizes were
calculated and are shown in Table I. However, hetero-
geneous nucleation due to the presence of nucleation
sites such as impurities or extraneous surfaces, gov-
erns the solidification process in the case of droplet
sizes considered. The extent of undercooling for het-
erogeneous nucleation conditions is less than that
for homogeneous nucleation conditions. Therefore,
the estimated undercooling levels for heterogeneous
nucleation conditions shown in Table 1 are lower
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TABLE II Thermo-physical properties

Atom volume, v = 2.34 x 1072 m?

Atom diameter, a = 2.86 x 107 %m
Solid-liquid surface energy, o, = 0.109 Jm
Liquidus temperature, T; = 933 K

Latent heat of fusion, AH; = 397746 Jkg~!
Diffusion coefficient, D = 3x 10”9 m?s !
Boltzman’s constant, k = 1.38x 10723 Jat " 1K !

-2

than the undercooling values calculated using Equa-
tion 1 for homogencous nucleation conditions. The
undercooling levels for homogeneous nucleation con-
ditions decrease gradually when droplet diameter in-
creases from 30 pm to 250 um according to Equation
1. But the undercooling levels for heterogeneous nu-
cleation conditions decrease drastically as seen from
Table I when droplet size increases from 30 pm to
250 um because there is an exponential increase of
nuclei as the droplets become coarser.

The endothermic peaks observed in the DSC traces
of the powder alloy in all the size fractions may be due
to a dissolution reaction. Also, the size of the
endothermic peak is a function of the powder size.
Further work is in progress to investigate the cause for
this endothermic reaction and the dependence of the
peak size on the powder size.

The Al;,(Fe, V);Si phase with the bcc crystal struc-
ture, precipitates out from the supersaturated matrix
when the Al-8.5% Fe-1.2% V-1.7% Si alloy is heated
to about 425°C [9, 10]. Fig. 4a shows the presence of
precipitated Al,,(Fe, V);Si phase in the case of PFC
alloy sheet which was hot isostatically pressed and
extruded at 420°C using communited planar flow-
cast ribbons [4]. In the case of finer as-processed
powder alloy of size less than 30 um, where super-
saturation levels are high, the presence of
Al;;(Fe, V)35i phase is less evident as seen in Fig. 4b.
However, on annealing at 430 °C, the Al,,(Fe, V);Si
phase precipitates out and hence the presence of
Aly,(Fe, V)5Si phase peaks increase as seen in Fig. 4b.
In as-processed coarser powder alloy of size greater
than 180 um, supersaturation of alloying elements is
low owing to the level of undercooling achieved dur-
ing processing. As seen from the Fig. 4¢c, new phase
formation is not seen in the X-ray diffraction pattern
after annealing except for the peaks of Al,,(Fe, V);Si
phases which coarsen and are already present before
annealing. Similarly, in the case of AMD alloy 1,
where the supersaturation levels were higher, peaks of
precipitated Al;,(Fe, V);Si phase are more evident
than in the case of AMD alloy 2 where the super-
saturation levels were not high.

4. Conclusion ,

The estimated undercooling for the Al-8.5% Fe-1.2%
V-1.7% Si alloy produced by IGA and AMD varied
from 380-200°C. Atomized powders of diameters
greater than 180 um, and AMD alloy deposits pro-
cessed with lower cooling rates, undergo solidification
without any appreciable undercooling. X-ray diffrac-
tion analysis of the as-processed and annealed alloy



showed that the supersaturation of alloying elements
is directly dependent on the undercooling experienced
during solidification of the alloy.
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