JOURNAL OF MATERIALS SCIENCE36(2001)1845— 1856

Microstructures and their stability in rapidly
solidified Al-Fe-(V, Si) alloy powders
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Microstructures and their stability in as-atomised Al-6.5Fe-1.5V and Al-6.5Fe-1.5V-1.7Si
powders have been investigated using transmission electron microscopy (TEM) equipped
with energy dispersive X-ray spectroscopy (EDXS), scanning electron microscopy (SEM),
X-ray diffraction (XRD) and differential scanning calorimetry (DSC) techniques. It was
observed that microstructures of the as-atomised powder particles showed a close
relationship with powder particle sizes. The as-atomised powders exhibited three types of
microstructures, namely ‘zone A’, ‘zone B’ and ‘zone C'. The ‘zone A’ type microstructure
consisted of very fine and homogeneous distributed precipitates in the «-Al matrix. The
‘zone B’ microstructure represented the regions consisting of microcellular structures
whereas the ‘zone C’' microstructure represented the regions consisting of coarse cellular
structures and globular quasi-crystalline phase particles. Fine powder particles exhibited
both ‘zone A’ and ‘zone B’ microstructures. The size of ‘zone A’ decreased with increasing
powder particle sizes. The intercellular phases in ‘zone B’ of both Al-Fe-V and Al-Fe-V-Si
were very fine, randomly oriented microquasi-crystalline icosahedral particles.
Microstructures of coarse powder particles exhibited both ‘zone B’ and ‘zone C'. The
intercellular phases in ‘zone C’ of Al-Fe-V powders could be AlgFe, whereas in Al-Fe-V-Si
powders they were probably silicide phase. Formation of powder microstructures may be
explained by the interactions between the growing «-Al fronts with the freely dispersed,
primary phase particles or the solute micro-segregation. Studies using DSC techniques
have revealed the microstructural stability of as-atomised powders. There were three DSC
exotherms observed in the as-atomised Al-Fe-V powders. The ‘zone A’ was stable at
elevated temperatures and the exotherm peak corresponding to the transformation
reactions occurring in ‘zone A’ was at 360°C. The exotherm peak, which might correspond
to the transformation of the globular clusters of microquasi-crystalline icosahedral phase to
single-phase icosahedral particles, was at 450°C. The exotherm peak, which may
correspond to the formation of Al13Fe, and Alys(V, Fe); phases, was at 500°C. In the
as-atomised Al-Fe-V-Si powders, only one exotherm was observed with a peak at 400°C.
This exotherm may correspond to precipitation of silicide phase particles.

© 2001 Kluwer Academic Publishers

1. Introduction been investigated in terms of microstructural evolution
Rapidly solidified Al-Fe based alloys are promising [4-9] and stability [10-15]. In order to optimise the
candidates for development of elevated temperaturproduction and consolidation of this class of material,
aluminium alloys owing to their excellent mechanical a clear understanding of the microstructural evolution
properties at both room and elevated temperatures. Tduring the processing is required. The thermal stabil-
achieve these properties, a microstructure consistingy of microstructures and/or phases plays an impor-
of homogeneously distributed thermally stable dispertant role in determining the mechanical properties of
soids (<100 nm diameter) is required. This can only the as-prepared rapidly solidified materials and their
be achieved by the application of rapid solidification products at elevated temperatures. Since rapid solidifi-
technology. Several rapid solidification techniques haveeation techniques are non-equilibrium processes, the
been developed to produce high performance materialsnetastable phases are always associated with alloy
however, one technique, namely gas atomisation camicrostructures. There are several metastable phases
provide sufficiently high cooling rates [1, 2] for pro- in rapidly solidified binary Al-Fe alloys [3-8]. Re-
ducing desirable metastable phases or microstructuresently, the novel quasi-crystalline metastable phases,
Since the early research on splat-cooled Al-Fe alhave been found in rapidly solidified aluminium al-
loys [3], several rapidly solidified Al-Fe alloys have loys [16-26]. The quasi-crystalline phases observed
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in rapidly solidified Al-Fe alloys have been found to to exhibit similar microstructural morphologies (when
be either icosahedral [27-29] or decagonal [30-33]both alloy powder particles with the same diameters
These phases may influence the mechanical propertiegere compared). The variations in structural morphol-
of Al-Fe alloys. ogy with powder particle size, resulting from different
Recent developments in the field of elevated tempereooling rates, undercoolings and solidification veloci-
ature aluminium alloys have been focused on ternaryies, could be observed. The transition of microstruc-
and quaternary alloys. Rapidly solidified alloys Al-Fe- tural morphologies within an individual powder particle
(V, Si) alloys, for example, are promising alloy systemswas also observed. Details of powder microstructures
providing excellent properties, such as strength, fracare given below.
ture toughness, fatigue crack growth resistance, corro- TEM observations revealed that microstructures of
sion resistance and creep rupture properties [34-41fine powder particles with diameters of up tousn
In this paper, the microstructures and stability of twoconsisted of two regions (Fig. 1a and b). The first re-
alloy powders, namely Al-6.5Fe-1.5V and Al-6.5Fe- gion designated as ‘zone A’ exhibited fine precipitates
1.5V-1.7Si produced by gas atomisation have been indistributed homogeneously in theAl matrix as shown
vestigated. This work is a part of a wider study aimed abn the left-hand side of Fig. 1c. The second region
understanding the microstructural development duringlesignated as ‘zone B’ exhibited typical microcellular
processing of these alloy powders. structures as shown on the right-hand side of Fig. 1c.
Note that the designation ‘zone A used in this article
is slightly different from that of the original ‘zone A
2. Experimental designated by Jones [3] for conventional optically fea-
The as-atomised Al-6.5Fe-1.5V and Al-6.5Fe-1.5V-tureless microstructures. The ‘zone A in the article of
1.7Si powders supplied by ALPOCO, were impreg-Jones can be compared to both designations ‘zone A
nated in nickel foil by an electro-chemical depositionand ‘zone B’ as used in this paper.
technique [42]. The thin nickel foils, impregnated In powder particles with medium sizes (with diame-
with powder particles were prepared by the elec-ters of 5-15um), two groups of powder particles ex-
trolytic deposition of nickel. A sacrificial anode of pure hibiting different microstructures were observed. The
nickel was employed, the cathode was made of stainfirst group of powders exhibited microstructures con-
less steel and highly polished to prevent the nickelsisting of ‘zone A" and ‘zone B’ (Fig. 2a). The size
from adhering. The electrolytic solution consisted ofof ‘zone A decreased with increasing powder particle
sizes and completely disappeared in a powder particle
Nickel Sulphamate (Ni(NiSO3)2-4H,O 600 gllitre  |arger than 1Qum. The second group of powder parti-

Nickel Chloride NiCh-6H,0 4.4 gllitre  cles exhibited almost entirely ‘zone B’ (Fig. 2b). The
Boric Acid HBO3 40 gllitre  cell spacings were observed to increase with increasing
Hydrogen Peroxide $0, 2-3drops distance away from the nucleation site, which was usu-
Distilled water Balance  ally at the droplet surface. In some powder particles,

. globular primary phase particles were observed in the

Electrolysis was conducted at a temperature 0650  agions consisting of coarse cellular microstructures.
apotential of 2.5V, and a current density of 50 MAfCM  The microstructures consisting of coarse cells or den-
A few grams of the powder were placed onto the hori-yjies with globular primary phase particles were desig-
zontal cathode, and were firmly incorporated within the, ated as ‘zone C’. The globular primary phase particles
nickel foil, which was being continuously built up dur- \,are reported to form independently in the melt by ho-
ing electrolysis. The whole process took around 3 ho“r?*nogeneous nucleation and diffusionless growth with
during which time a foil of approximately 250m had | ata5 of 1-2 m/s in melt-spun Al-Fe alloys [27].
been produced,whic_h could be easily removed fromthe In powder particles with coarse sizes (with diame-
cathode. TEM specimens were made from the nickelg g higger than 16m), microstructures were observed
foil by jet electropolishing using 10 volume percent , consist of ‘zone B’ and ‘zone C'. The sizes of cell
of perchloric acid in ethanol at 65 V andd5°C. Mi-  gn4cing in ‘zone C’ increased with increasing distance
crostructures and phase identifications were carried OLé{way from the nucleation site and with increasing pow-
using a Phillips PW 1700 series XRD machine, a JEOLyer particle size (Fig. 3a). The diameters of globular
FX2000 Mk 1 TEM, and EDS analysis. Scanning elec-,imary phase particles also increased gradually with
tron microscopy was performed using a JEOL JSM 22Q,reasing distance away from the boundary between
machine. The thermal stability of powder microstruc-«,5ne B’ and ‘zone C’ and with increasing powder par-
tures was investigated by using a Stanton Redcroft 150fe sjze. The transition boundary of growth from the
DSC machine, scanned at the temperature range of 23gicrocellular (zone B) to the coarse cellular or den-

600°C at a scan rate of 1@/min. The volume median  qyitic (zone C) modes could be observed using SEM
diameter D[v,0.5]) of each powder size fraction was (Fig. 3b).

obtained by using a Malvern Laser Particle Sizer.

3. Results and discussion 3.2. Microstructural development

3.1. General microstructures Formation of ‘zone A’ or a similar microstructure
Microstructures of the as-atomised Al-Fe-V and Al-Fe-is complicated and not well understood. Chu and
V-Si powders with diameters up to §&m were found Granger [8] have suggested that the formation of fine
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Figure 1 Bright field TEM images showing; (a) a fine Al-Fe-V powder particle, (b) a fine Al-Fe-V-Si powder particle, and (c) ‘zone A and ‘zone B’
microstructures in fine Al-Fe-V-Si powder particles.

Figure 2 Bright field TEM images of medium Al-Fe-V powder particles; (a) a powder particle exhibiting ‘zone A" and ‘zone B’ microstructures,
(b) a powder particle exhibiting ‘zone B’ and ‘zone C’ microstructures.

precipitates in ‘zone A’ of melt-spun binary Al-Fe al- scan velocities- 100 cm/s). A mechanism for the oc-
loys was attributed to the segregation during solidifi-currence of round particles at high velocities involves
cation rather than solid-state decomposition after sothe formation and subsequent solidification of the iso-
lidification because of their random orientation with lated droplets of solute-rich liquid within the Al ma-
respect to thex-Al matrix. Boettingeret al. [7] have trix. The droplets are formed by a pinching-off of liquid
found that the morphological transition of the inter- in the grooves in a cellular liquid/solid interface.
cellular phases occurred according to the solidifica- Selected area electron diffraction pattern (SADP) of
tion velocity in a rapidly solidified Al-Fe-Ni alloy. ‘zone A of Al-Fe-V and Al-Fe-V-Si powders exhib-
They have reported that the intercellular phase morited a ring pattern similar to the SADP of microcellular
phology changed from continuous forms at mediumstructures (‘zone B’ see Fig. 4b), except that the num-
velocities (indicated by electron beam scan velocitieder of rings in the former pattern was less than that
of between 2.5 cm/s—100 cm/s) to discrete rounded pain the latter one. This may indicate that fine precip-
ticles at high velocities (indicated by electron beamitates in ‘zone A form during solidification so they
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Figure 3 Microstructures of coarse Al-Fe-V powder particles; (a) bright field TEM image, and (b) SEM image. The figure shows the microstructural
transition from ‘zone B’ to ‘zone C’ microstructures.

are randomly oriented with respect to €Al matrix According to the first assumption, the formation of
after solidification. A similar SADP was reported to ‘zone A may be explained as follows. In an under-
result from the icosahedral phase in ‘zone A of melt- cooled alloy melt droplet, nucleation events of the Ml
spun Al-V-Fe [43] and Al-Fe-V-Si [39] alloys. By us- phase may occur throughout a droplet. The Ml particles
ing the convergent beam electron diffraction (CBED)grow and suspend freely in the alloy liquid. While the
technique, fine precipitates in ‘zone A microstructuresMI particles are growing, the-Al phase nucleates and
of a melt-spun Al-Fe-Mo-V ribbon [24] were found to then grows with a planar front at extremely high veloc-
be microquasi-crystalline icosahedral (MI) particles. Itities. The freely suspended Ml particles are engulfed in
may be possible that fine precipitates in ‘zone A of finethe«-Al matrix as a result of the interaction between the
Al-Fe-V and Al-Fe-V-Si powder particles could be Ml solidifying front and the particles. A similar explana-
particles distributed uniformly and oriented randomly tion may also be given for the formation of ‘zone B’ and
with respect to the:-Al matrix. ‘zone C'. The formation of ‘zone B’ may be explained
The microstructural development during solidifica- as follows. Wherx-Al grows with a cellular front at

tion of powder particles may be explained using twohigh velocities, MI particles may be pushed laterally
assumptions. The first may be explained by using the inand entrapped in the intercellular regions. The limited
teractions between solidification fronts and freely susvolume of alloy melt in the intercellular regions may
pended particles [44—46]. During solidification, freely limit the further growth of the Ml particles. For ‘zone
suspended small particles may be either pushed or efs’, whena-Al grows with a coarse cellular or dendritic
gulfed by a solidification front depending on the sizefront at decreased velocities, the Ml particles may al-
of the particles and the velocity of the solidification lowed to grow further before the interactions occur.
front. Higher solidification front velocities are required The growth of the MI phase may result in the forma-
to engulf finer particles rather than coarse ones. tion of coarse globular primary phase particles. Note
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v > micro-segregation during solidification. When an alloy
melt droplet is undercooled to a certain temperature be-
low the melting point, nucleation of-Al occurs first.

PY While thex-Al front grows, it rejects the solutes into
® NG the liguid ahead of the front. Formation of intermetallic
phases then occurs in the solute-rich liquid. For the for-

- Particles @ mation of ‘zone A’ and ‘zone B’, the-Al front may
o / L grow with a cellular front at high velocities resulting
®

Solid

in formation of fine cells. The solutes may be rejected
® ® ® o the liquid ahead of the growing front and the in-
s tercellular regions. Because the cellular front grows at
(a) high velocities into the liquid, more content of solutes
Interface . . . .
may be rejected laterally into the intercellular regions
where the intermetallic phases form. For the formation
of ‘zone C’, thea-Al front may grow with a cellular
front at decreased velocities resulting in the formation
of coarse cells. In the solute-rich liquid ahead of the
slow growing cell front, some globular particles may
nucleate and grow until the cellstrap them. In the solute-
rich intercellular liquid, some intermetallic phases may

Solid

// also form.

e

— 3.3. Phase identifications in the as-atomized
? Al-Fe-V powders

e 3.3.1. Phase identifications by XRD

(b) Table | contains the summary of the obserdedalues

. . . _ and the relative intensities of the phases present
Figure 4 Schematic diagram showing interaction between second phase Al-Fe-V d ludi th f al i
particlesandplanar(a)andcellular(b)solidifi(:ationfronts(adaptedfromIn -Fe-V. powders (excu Ing those or aluminium

Asthamaet al. [44]). peaks). Relative intensities in the table are quoted in
relative values to the Al (111) peak. Phase identifi-
cations were carried out by comparing the observed

that in Al-Fe-V powders most coarse globular primaryd-values and intensities of the unknown phases with

phase particles were speculated to be globular clustethose of the known phases given in the JCPDS diffrac-
of MI (GCMI) particles whereas in Al-Fe-V-Sipowders tion data cards, i.e. number 41-1285 foiPé phase,
some were GCMI and some were globular single-phasend number 44-1195 for quasi-crystalline (QC) phases,
icosahedral (I) particles (Section 3.3.2). The GCMI orrespectively. Unlike indexing of diffraction patterns of

| particles may be pushed by the solidification frontnormal crystals, sets of six digit numbers may be used

for some distance before being trapped at intercelluto index diffraction patterns of the QC phases [19, 20].

lar/interdendritic regions. A schematic diagram show-The indices of the XRD peaks from the QC phases

ing the interactions between the solidifying fronts andin Table | were obtained by following the description

the freely suspended particles is shown in Fig. 4. Evigiven by Banceét al. [16], and Audier and Guyot [23].

dence of particle engulfment (left hand side of Fig. 1c), It was apparent that two phases were detected in Al-

particle entrapment in the intercellular regions (rightFe-V powder particles, namely &fe and QC phases.
hand side of Fig. 1c), and particle pushing (Fig. 3a)The XRD peaks corresponding to theRk phase could
seem to support this assumption. be detected in all powder fractions. ThegBé is the
The second assumption for evolution of powder mi-common phase found in several rapidly solidified Al-
crostructures may be explained by using the solutd-e based alloys. Formation of this phase in binary Al-Fe

TABLE | XRD data and possible phases in Al-Fe-V powder particles

Powder volume median diameteB[{,0.5], xm)

Observedd-spacing (nm) 8 11 14 23 37 50 Possible phase
0.384 0.3 0.5 0.3 0.6 0.4 0.4 QC (110 001)
0.243 2.1 1.8 15 14 1.9 1.6 unknown

0.217 0.8 1.8 2.0 3.0 3.1 3.8 QC (100 0GOMI gFe
0211 0.2 2.9 2.2 2.0 1.8 0.6 e

0.206 3.0 3.2 4.5 5.2 5.9 6.4 QC (110 000l gFe
0.150 0.2 0.3 0.4 0.6 0.4 0.3 QC (111 060l gFe
0.127 0.3 0.4 0.4 0.7 0.9 0.9 QC (101 0GOMI gFe

Relative Intensity (/1)
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alloys requires cooling rates greater than 5 K/s [5] andThe EDS analyses performed on several globular par-
growth rates greater than 0.1 mm/s [4]. The calculatedicles revealed that their composition was,@e, V)
cooling rates associated with the production of alu-wherex was in the range of 5 to 6.
minium and aluminium alloy powders with diameters In fact the single-phase icosahedral particles exhibit
of up to 100um by gas atomisation were reported to beelectron diffraction patterns which display sharp spots
inthe range of 19-1° K/s [1, 2]. This range of cooling  with fivefold, threefold, and twofold rotationally sym-
rates is sufficient for the formation of &fe in Al-Fe-  metric axes. An example of such electron diffraction
V powders. Some XRD peaks (with obsendedalues pattern of the icosahedral phase particle in Al-Fe-V-Si
of 0.217 nm and 0.206 nm) of Affe were observed to powders is shown in Section 3.4.2. However, only ring
overlap with those of the QC phases. patterns could be obtained from the globular particles
The icosahedral edge length, calculated from the in coarse Al-Fe-V powder particles. This may be at-
XRD data by using the method outlined by Audier andtributed to the fact that the globular particles are clus-
Guyot [23] was found to be 0.51@10.0037 nm. The ters of microquasi-crystalline icosahedral (GCMI) par-
value a in rapidly solidified binary Al-Fe and Al-V ticles. The globular phase is therefore designated here
alloys was observed to be independent of compositioms GCMI- Ak (Fe, V).
over awide composition rangajs about0.508 nmand  The electron diffraction pattern of microcellular
0.526 nm in Al-Fe and Al-V, respectively [38]. How- structures or zone B microstructures of Al-Fe-V pow-
ever, the value in rapidly solidified ternary Al-Fe-V  ders (Fig. 5b) was observed to be similar to that
alloys was reported to be dependenton teeVatomic  of the GCMI-Al(Fe, V) phase mentioned above.
ratio [15, 38] for example in the alloys with composi- The observedi-values of the diffracted rings from
tion of Alg7(V, Fe)s, the value of decreased (fromthe ‘zone B’ microstructures were close to those of the
valuea of Al-V to the valuea of Al-Fe) with increasing GCMI-Al(Fe,V) phase. In addition to the strong
Fe content or E : V atomic ratio. Because the Al-Fe- diffracted rings with observed-values of 0.217 and
V powders investigated in this study have a nominal0.206 nm, a rather diffuse band expanding from the ob-
composition of Al-6.5Fe-1.5V and thus have the Fe : Vservedd-value of 0.145 nm to the observeevalue of
atomicratioofabot4 : 1, thealueainthese alloypow- 0.117 nm was also observed in the electron diffrac-
ders can be expected to be close to that of binary Al-Fé&on pattern of ‘zone B’ microstructures. The elec-
alloys. The valuea of the I-phases in Al-Fe-V pow- tron diffraction patterns with ring characters may in-
ders obtained in this investigation suggests that such aglicate that the intercellular phases in the ‘zone B’
expectation is true. microstructures could be very fine and randomly ori-
ented microquasi-crystalline icosahedral (MI) phase
particles.
3.3.2. Phase identifications by TEM and EDS The MI phases have also been observed in the mi-
The bright field TEM image and the electron diffraction crocellular structures (similar to zone B of RS-Al-Fe-V
pattern of globular particles in Al-Fe-V powders are powders) of laser surface treated Al-Fe [28, 29] and
shown in Fig. 5a. The pattern consists of several elecmelt-spun Al-Fe-Si alloys [47]. The other form of
tron diffraction rings. The measuretlvalues and rel- quasi-crystalline phases, designated apfiase, has
ative intensities of electron diffraction rings (Table II) alsobeen foundin microcellular structures of melt-spun
were compared to those of the IMn phase [23] and Al-Fe-Mo and Al-Fe-Ce alloys [22, 24]. Th€ phases
it was found that they matched very well. It was alsowere in fact decagonal (D) phases [17].
noticed that the diffuse rings with observdévalues In this study, no attempt has been made to identify
of 0.217 and 0.206 nm exhibited strong intensitiesthe D phase in the intercellular regions. However, it is
Moreover, the observattvalues of globular particlesin  speculated that the D phase may solidify in conjunction
Al-Fe-V powders obtained from the electron diffraction with the MI phase in intercellular liquid of zone B. The
pattern (Table Il) were found to match with the observedformation of the D phase is favoured at slower solidifi-
d-values obtained by XRD techniques given in Table |.cation velocities or slower quenching rates than those

TABLE Il Showing the measured-values, relative intensities and indexing of an Isffe, V) phase particle and the intercellular phase in Al-Fe-V
powders, compared to the values of the kdh phase [23]

GCMI-Aly(Fe, V) particle Intercellular phase 1-AVn
Observed Observed Reported
Ring numbef d-value (nm) I/l d-value (nm) 1/1pH d-value (nm) 1/1g Indexing
R1 0.382 M+D 0.382 M+D 0.3850 22 110001
R2 0.217 S+D 0.217 S+D 0.2170 100 100000
R3 0.206 S+D 0.206 S+D 0.2065 78 110000
R4 0.145 w 0.145- 0.1459 11 111100
R5 0.126 w 0.117 W-D 0.1275 20 101000
R6 0.108 w 0.108 W 0.1085 7 200000

Note (%) See Fig. 5.
(M) W = weak, M= medium, S= strong, and B-= diffused.
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Figure 5 Bright field TEM images and electron diffraction patterns of; (a) GCMI{Rk, V) phase particles, and (b) intercellular phase particles.

required for the formation of the icosahedral phase The EDXS analyses performed on coarser cellular
[18, 21, 25, 26]. The solute rich intercellular liquid structures with cell spacings of 180-360 nm in ‘zone
in ‘zone B’, resulting from solute rejection during so- C’ microstructures revealed the segregation of the iron
lidification of cellulara-Al front, contains freely dis- and vanadium elements (Fig. 6). It was observed that
persed MI particles. During the solidification of the although there was supersaturation of iron within the
a-Al phase, the temperature of the intercellular lig- cells, this element tended to segregate to cell walls or in-
uid is expected to increase due to latent heat releaseadrcellular regions where the formation ofg/&e phase

by recalescence. The increased temperature is not highight occur. Only small amounts of vanadium could be
enough to dissolve the Ml particles, but is able to reduceletected both within cells and at cell walls. Depletion
the level of undercooling. Thus solidification velocities of this element in the cell interiors and cell walls of
of the intercellular liquid are slow. Both high solute coarse cellular structures in ‘zone C’ microstructures
content and increased temperature can probably pronay be attributed to the fact that vanadium was con-
mote the formation of D phase on the surface of Misumed by the growth of the GCMI-/Fe, V) phase
phase. The D phase has been observed to solidify oparticles during solidification.

the surface of | phase in rapidly solidified Al-Mn alloys  In the as-atomised Al-Fe powders, the;Pé phase
when the solidification velocities decreased [18, 21]. has been observed to exist in the form of rod-shaped
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16 Y ofthed-values, it was found that the calculatbdalues
1‘2‘ — - —2—""1  matched quite well with the experimental values shown
= 101 « Tron in Table Ill. The XRD data indicate that there are two
E 81 phases, namely I-phase and bcg-AFe, V);Si phase,
2 6 = _Vanadium existing in Al-Fe-V-Si powders.
g i The quasi-lattice parametex, for Al-Fe-V-Si pow-
0 . ————— ders was calculated using XRD data and found to be
1 2 3 4 5 0.5102+0.0013 nm. The values of quasi-lattice pa-
Position rameters for both Al-Fe-V and Al-Fe-Ve-Si powders

were the same. This indicates that addition of silicon
Figure 6 Plot of solute contents as functions of positions determinedig the ternary Al-Fe-V aIons has a minimal effect on
across coarse cellular structures (zone C) of coarse RS-Al-Fe-V POWihe value ofa. This result is consistent with the pre-
der particles: position % cell wall, position 2=near cell wall, posi- . .
tion 3=cell center, position 4 near cell wall, and position & cell vious StUdy on the nature of the I'phases In meIt-spun

wall, respectively. Al-(Fe, V, Si) alloys [38].

Al-Al gFe eutectics in the intercellular/interdendriticre- 3,4.2. Phase Identifications by TEM and EDS
gions [6]. However, the Al-AJFe eutectics were not Electron diffraction patterns of some globular parti-
observed in the as-atomised-Al-Fe-V powders. The abeles in ‘zone C’ microstructures of Al-Fe-V-Si pow-
sence of the eutectic structure may be attributed to thelers (Fig. 7) exhibited sharp spots like those obtained
higher solidification velocities. Recently, in laser sur-from a single crystal. The diffraction spot array did
face treated Al-4 at. % Fe, the transition from AlsRE  not posses a long-range periodically translational or-
eutectic to primary Al-dendrites was observed to occuider, but showed crystallographically forbidden rota-
at high solidification rates* 0.9 cm/s) [9]. tional symmetry of fivefold rotation axis. In addition
A similar morphological transition with solidifica- to the fivefold symmetry, electron diffraction patterns
tion velocity has also been observed in a rapidly solid-of the globular particles also exhibited other aperiodi-
ified Al-Fe-Ni alloy [7]. A eutectica-Al-Al g(Fe, Ni,  cally rotational symmetries, namely threefold, twofold,
microstructure changed to a continuous (e, Ni  and pseudo twofold symmetries. It was found that the
microstructure in the intercellular regions when the so-composition of the globular particles determined by
lidification velocities changed from low (indicated by EDS was (Al, Si}(Fe, V) wherex was in the range
electron beam scan velocities less than 2.5 cm/s) tof 5 to 6. The particles exhibiting SADPs with diffrac-
medium velocities (indicated by electron beam scanion spots are designated as ‘I-(Al, SiFe, V). It was
velocities of between 2.5 cm/s—100 cm/s). also found that not all of the globular particles exhib-
ited diffraction spots. Some of them exhibited elec-
tron diffraction patterns with ring characters similar to

3.4. Phase identifications in the those of the GCMI-A|(Fe, V) phase. The particles ex-
as-atomised Al-Fe-V-Si powders hibiting SADPs with diffraction rings are designated as
3.4.1. Phase Identifications by XRD ‘GCMI-(Al, Si)(Fe, V).

The XRD data for Al-Fe-V-Si powders are shown in  Identification of the intercellular phases in ‘zone
Table lll (excluding those ai-Al). By usingthe JCPDS B’ microstructures of Al-Fe-V-Si powders using se-
numbers 6-669 and 44-1195, the XRD peaks could béected area electron diffraction techniques (Fig. 8) re-
identified as the reflections from silicide and QC phasesvealed that the observedtvalues (Table 1V) corre-
When the lattice parameter of the bcerA(Fe, ViSi  sponding to electron diffraction rings were close to
phase, with a value of 1.2607 nm [35], and set of in-those of intercellular phases in ‘zone B’ microstruc-
tegerss=(h?+k?+12)=2, 4, 6, 8, 10, etc. for abcc tures of Al-Fe-V powders. It may be concluded that
crystal structure system, were employed for calculatiorthe intercellular phases in ‘zone B’ microstructures of

TABLE Il XRD data and possible phases in RS-Al-Fe-V-Si powders

Powder volume median diameteB[{,0.5], xm)

Observed Calculatedd-spacing

d-spacing (nm) 7 11 17 31 of silicide (nm) Possible phase
0.445 0.2 0.2 0.3 0.4 0.446 Silicide
0.400 0.5 0.7 1.7 1.3 0.400 Silicide
0.343 02 0.2 0.4 0.2 0.364 Silicide
0.337 0.2 0.2 0.2 0.3 0.337 Silicide
0.258 0.2 0.4 0.2 0.2 0.257 Silicide
0.247 0.4 0.3 11 0.6 0.247 Silicide
0.217 1.7 2.3 4.0 2.9 0.216 SilicideQC
0.210 0.5 0.7 0.7 1.7 0.210 SilicideQC
0.149 0.2 0.3 0.3 0.2 0.149 Silicide
0.127 1.2 14 1.8 11 0.127 SilicideQC

Relative intensity (/o)
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Figure 7 Bright field TEM image of I-(Al, Six(Fe, V) particles in ‘zone C’ microstructures of Al-Fe-V-Si powders (a) and electron diffraction patterns
showing fivefold (b), threefold (c), twofold (d), and pseudo twofold (e) symmetries, respectively.
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Figure 8 ‘Zone B’ microstructures and electron diffraction pattern of Al-Fe-V-Si powders.

Al-Fe-V-Si powders could be very fine and randomly could also be the same phase (silicide) as the precipi-
oriented Ml particles. This result is consistent with thetates within the cells.
previous phase identifications in melt-spun Al-Fe-V-Si
alloys [39, 40].

The microstructures of coarse cells in ‘zone C' mi- 3.5. Microstructural stability of the
crostructures of Al-Fe-V-Si powders exhibited precip- as-atomised powders
itation within cells (Fig. 9). Chemical analysis by EDS Microstructural stability of the as-atomised powders
across the cells (Fig. 10) revealed that there was no sigvas investigated by employing DSC scanning in the
nificant segregation of silicon and vanadium across théemperature range of 25 to 6@and with a heating rate
cells. There was a slightly higher amount of iron seg-of 10°C/min. The DSC curves of the as-atomised pow-
regated to cell walls compared to that segregated to theers (Fig. 11) show the exotherms, which correspond to
cell interiors. The insignificant segregation across thephase transformation reactions occurring during heat-
coarse cells may support the evidence of the existendag of the alloy powders. Since the DSC exotherms
of precipitates within cells. The cell walls themselveswere broad and the onset temperatures were difficult to
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TABLE IV Comparison of the observetivalues and intensities of ~ Powder Microstructures DSC Curves
electron diffraction patterns from the intercellular phases in the ‘zone B’

microstructures of Al-Fe-V and Al-Fe-V-Si powders d<5pm o — AlFev
E o Al-Fe-V-Si
Al-Fe-V Powders Al-Fe-V-Si Powders g ‘‘‘‘‘‘
5 JSA) e .
Ring Number  d-value (nm) Int. d-value (nm) Int. | & T
R1 0.382 M+D  0.382 W+D N
R2 0.217 StD  0.215 S+D E
R3 0.206 StD  0.206 S+D N
R4 0.147 w 8 o e
R5 0.145-0.017 WD 0.126 M '
R6 0.108 W 0.108 WSS

exothermic

Temperature, °C

Figure 11 Schematic diagram showing microstructures and DSC curves
of Al-Fe-V and Al-Fe-V-Si powder particles.

be present in both ‘zone A and ‘zone B’ microstruc-
tures, but the exotherm A disappeared in the coarser
powder particles, which contained ‘zone B’ microstruc-

Figure 9 Coarse cells in ‘zone C' microstructures of Al-Fe-V-Si

powders. tures. This may suggest that the transformation reaction
ofthe Ml phase could not correspond to the exotherm A.
16 The possible phase transformation corresponding to the
14 | I exotherm A could be the decomposition of the super-
< 12 T - saturated solid solution in ‘zone A’ microstructures.
o 107 o The exotherm B was observed in all powder particle
E g ; v s Fon — sizes. To examine the nature of the reaction correspond-
< 4 | e \S/ilicog_ ing to this exotherm, fine Al-Fe-V powder particles
2 - ®.Yanadum were heat-treated at 500 for up to 30 minutes and
0 ‘ ‘ , the phases in the heat-treated powder particles were
1 2 3 4 5  characterised using TEM and XRD. Microstructures
Position (Fig. 12) of heat-treated powder particles clearly exhib-

Figure 10 Plot of solute contents as functions of positions determinedlted needle-like pamdes of %F& ?‘nd AI45(V’ Fe)7
across coarse cellular structures (zone C) of coarse RS-Al-Fe-V-Si powThe XRD data (Table V) also c_onflrmed the existence
der particles: positions 1-5 are defined the same as those in Fig. 6. Of Al1sFeq and Als(V, Fe);,. Microstructures of the
as-extruded alloys produced from Al-Fe-V powders
_ also exhibited needle-like particles of ,AFe; and
determine, the peak temperatures were chosen to reprat,s(V, Fe), [48]. The possible reaction correspond-
sent the exotherms. The DSC curves of the_as—atomlsqﬁg to exotherm B may be attributed to precipitation of
Al-Fe-V powders were observed to vary with powder A ,Fe, and Als(V, Fe).
size or diameter and they were also different fromthose The reaction corresponding to exotherm B has been a
of the as-atomised Al-Fe-V-Si powders. Details con-controversial subject of interpretation. The exotherms,
cerning the mlf:rostructural stability of these two alloy pptained from differential thermal analysis (DTA),
powders are given below. with peak temperature of 448 for rapidly solidified

3.5.1. The as-atomised Al-Fe-V powders TABLE V Observedi-values, relative intensities and possible phases
Three exotherms, designated as exotherm Ain heat-treated Al-Fe-V powder particles

exotherm B, and exotherm C representing the exothe= — _ _
rms with peak temperatures of about 360, 500 and)bserved:l—value (nm) Relative intensity  Possible phase [48]

450°C, respectively, were observed in the as-atomised 394 1.2 AlsFey
Al-Fe-V powders (Fig. 11). 0.350 0.7 AlsFey
The exotherm A was observed only in fine powder0.333 0.6 AlsFey
particles. This may indicate that the exotherm A relate%-glf’ ‘11-2 2{3?12:452& Ee));
. . . . y 0. . 3r€y 45V, F€
to transformation reactions occurring in ‘zone A’ mi- 43 AbaFer + Al(V. Fe)y

crostructures. It was speculated that the Ml phase could
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Figure 12 Microstructures of an Al-Fe-V powder particle treated at 3GCfor 15 min.

Al-8 wt. % Fe and of 495C for rapidly solidified 4. Conclusions
Al-10 wt. % Fe-2 wt. % V, have been claimed to be There is similarity in the microstructural morphologies
attributed to precipitation af’AlsFe [10]. The precip- of the as-atomised Al-Fe-V and Al-Fe-V-Si powders,
itation of equilibriumé’AlsFe was claimed to occur at although the phases present in these two alloy powders
about 595C in Al-8 wt. % Fe. However, DTA stud- are slightly different. The microstructural morpholo-
ies of melt-spun AjsFer4, have shown that the reac- gies designated as ‘zone A, ‘zone B’ and ‘zone C’, can
tion corresponding to the exotherm around 527<877 be observed in both alloy powder particles. ‘Zone A
was the transition from AFe to AkFe [12]. The DSC represents the microstructures consisting of very fine
exotherm corresponding to the same reaction was founprecipitates. ‘Zone B’ represents the microstructures
to be about 450C in melt-spun Al-8 wt. % Fe [12]. consisting of microcells. ‘Zone C’ represents the mi-
The exotherm C was observed in coarse powder palkrostructures consisting of coarse cells and/or dendrites
ticles. The magnitude of this exotherm increased withwith globular particles. ‘Zone A and ‘zone B’ are typi-
increasing powder particle size. This trend was con<al microstructures of fine to medium powder particles
sistent to the increase of size and volume fraction oivhereas ‘zone C’ is usually observed in coarse powder
the GCMI-Aly(Fe, V) particles with increasing powder particles.
particle size. In the as-atomised Al-Fe-V powder particles,
‘zone A’ microstructures are stable at elevated temper-
atures up to 36CC. This is indicated by the peak tem-
3.5.2. The as-atomised Al-Fe-V-Si powders perature of the exotherm A. The possible phase trans-
There was only one exotherm with a peak temperaturéormation reactions occurring in ‘zone A’ may be the
at 400C observed on the DSC curves of Al-Fe-V-Si decomposition of supersaturated solid solution. ‘Zone
powder particles (Fig. 11). One exotherm may indi-B’ microstructures are stable up to 5@ This is indi-
cate that several phase transformation reactions occuated by the peak temperature of the exotherm B. The
at nearly the same temperature. However, it was merreactions corresponding to this exotherm could be the
tioned in Section 3.4 that there were phases, i.e., siliprecipitation of AisFe; and Alis(V, Fe);. The GCMI-
cide, I-(Al, Six(Fe, V), and GCMI-(Al, Si)(Fe, V), Alx(Fe, V) phase is believed to transform to single-
observed in Al-Fe-V-Si powder particles. Since the sili- phase | phase at 450. This reaction corresponds to
cide phase was found to be very stable due to slow coarshe exotherm C.
ening rates (® x 10726t0 8.4 x 10-2” m%h at 425C) In contrast, there is only one exotherm peak observed
[35, 37, 38] the transformation of this phase at4D0 in the as-atomised Al-Fe-V-Si powder particles. This
(exotherm peak temperature) could be ruled out. Th@xotherm may correspond to the precipitation of the
possible phase transformation reaction correspondingilicide phase particles from metastable globular phases
to the DSC exotherm may be the decomposition of thedccurring at 400C.
I-(Al, Si)x(Fe, V) and GCMI-(A1, Si(Fe, V) particles. Since all phase transformation reactions occur at
The decomposition temperature at which the globulatemperatures< 500°C, it can be expected that during
particles transformed to the bacAl1,(Fe, VSi par- the powder consolidation at such temperatures the mi-
ticles was found to be 40C for a melt-spun Al-Fe- crostructures of the as-atomised powder particles will
V-Si alloy [39]. This temperature (40Q) is consistent transform to the intermetallic phases mentioned above.
with the exotherm peak temperature obtained in thisThe powder consolidation at temperatures higher than
investigation. 500°C may result in coarsening of the phases. The

1855



coarsening of phases is not desirable for processing of
alloys.
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