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Equilibrium and non-equilibrium intermetallic
phases in Al-Fe and Al-Fe-Si Alloys

A. GRIGER, V. STEFANIAY

Aluterv-Fki, Hungalu Engineering and Development Centre, H-1502, PO Box 308, Budapest

The formation of stable and metastable AlFe and AlFeSi intermetallic phases were
investigated as a function of their emerging conditions. In the binary system the forming
regions of the AlFe intermetallic phases were given as the function of the Fe content and the
cooling rate. The transformation of non-equilibrium phases occurs to give the AlgFe
compound < 400°C, while > 400°C the AlsFe intermetallic phase appears. In the ternary
system it is established that formation of the equilibrium phase belonging to a certain phase
field is replaced by the non-equilibrium phase forming of the equilibrium phases existing in
the “higher” phase region. The thermostability of cubic a-AlFeSi is lower the further its
emerging condition from the equilibrium states.

1. Introduction

The solid solubility of Fe in Al is very low
(< 0.05 mol %), therefore most of the Fe content, in
combination with Al and other elements, appears as
intermetallic phases. In the pure binary Al-Fe system,
with < 42 mol % Fe content, besides the a-Al solid

solution the 6-phase, or Al;Fe (Al;sFe,) [1], exists as

single equilibrium phase (Fig. 1). The 6-phase can ap-
pear as a primary crystallized compound or as an
eutectic-forming phase depending on the Fe content
and the cooling conditions. During non-equilibrium
solidification, formation of the equilibrium 8-phase is
suppressed by the formation of the non-equilibrium
compounds AlgFe [2], Al,,Fe [3], Al.Fe [4], AloFe, [5]
and some not properly established phases [6-8]. The
type of metastable phase formed is controlled primarily
by the melt composition and the local cooling rate.

1.1. Hypoeutectic Al-Fe system

The hypoeutectic alloys prepared at solidification
rates < 10°°Cs™~! were mainly investigated. In (com-
mercial purity) hypoeutectic AlFe alloys solidified
with cooling rates characteristic to the d.c. or strip
casting, where the content of possible impurities can
be comparable with the quantity of the Fe, some
quasi-binary AlFe(X) metastable phases (AlgFe,,
Al Fe) stabilized by impurities, can exist with the
equilibrium 6-phase and two non-equilibrium phases
(AlgFe, Al,Fe). At higher solidification rates
(103107 °Cs ™) there is neither authentic character-
ization of the microstructure of hypoeutectic Al-Fe
alloys or proper identification of the phases formed
under very fast cooling conditions.

1.2. Hypereutectic Al-Fe system
To manufacture hypereutectic Al-Fe alloys with com-
positions ranging from 2 to 12 mol % Fe content, the
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conventional casting processes (e.g. d.c. strip or mould
casting) are not generally favoured. At the same time,
the properties of the Al-Fe alloys of hypereutectic
composition solidified during fast cooling are very
important from the point of view of industrial prac-
tice. The main preparation methods of the Al-Fe
alloys of 3.5-12 mol % Fe contents are melt-spun, the
splat-quenching technique or gas atomization. These

. methods cover a range of cooling rates from 10 to

10° °C's™ %, but under extreme conditions the cooling
rate can exceed 107 °Cs™ 1.

For the sake of improvement of the thermo-
mechanical properties of the rapidly solidified (RS) Al
alloys, the quantity of Fe can be increased up to
8-10 mol %. Above this concentration favourable
properties do not develop while the ductility drasti-
cally decreases.

In the case of rapid solidification, the eutectic point
shifts to higher values of Fe content. The eutectic has
a very fine structure and the primary phases formed at
high cooling rates also have very small particle sizes.
In the range of solidification rates of 10°-10° °Cs™ %,
most authors [6, 7, 9-11] identified firstly the AlgFe
phase as the major crystalline compound in the eutec-
tic, or as primary intermetallic phase, but the presence
of Al,Fe particles was also established [8, 12, 13].
These metastable phases form in the RS hypereutectic
system, in which the effect of impurities can be neglect-
ed as compared to that of the Fe. At > 107 °Cs™!
cooling rates, at relatively high Fe contents, supet-
saturated solid solutions appear only in the binary
Al-Fe RS alloys [14, 15].

1.3. Al-Fe-Si ternary system

In the presence of Si the distribution of Fe is some-
what modified because Si affects its solubility. Because
only a small part of the Fe and Si contents are in solid
solution, their major form is of binary and/or ternary
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Figure 1 Equilibrium phase diagram of the Al-Fe system.
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Figure 2 Liquidus surface of the Al-Fe-Si system [16,18].

intermetallic phases. In high purity alloys with com-
positions near to the Al corner of the Al-Fe—Si system,
in the a-region the hexagonal w-AlFeSi crystallizes
(Fig. 2). Cubic metastable a-AlFeSi forms if other ele-
ments or impurities are also present [16, 17]. How-
ever, Phillips [18] and Armand [19] established that,
in this composition range, cubic a-AlFeSi forms in
preference to the hexagonal phase. In ternary alloys
with their composition in the 6-phase region during
non-equilibrium solidification, metastable cubic a-Al-
FeSi crystallizes instead of 8-AlFe, which grows slowly
from the liquid. Iglessis et al. [20] determined the
critical cooling rate as 3.3 °Cs™*, above it the cubic
a-AlFeSi forms instead of the equilibrium 08-AlFe.
The objective of the present investigation was to
characterize the non-equilibrium microstructure of
high purity Al-Fe and Al-Fe-Si alloys containing Fe
and Si in the 0.25-10 mol % range, which emerged
during rapid solidification and mechanical alloying.
With cooling rates of 1-10° °Cs™', as well as during
the mechanical alloying process, the dominant pri-
mary AlFe and AlFeSi intermetallic phases formed
under non-equilibrium conditions were identified and
their thermostability was determined. The variation of
solid solution contents as a function of Fe content and
cooling rate, as well as in the function of the mechan-
ical alloying (milling) time, was also determined.
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Figure 3 Relationship between the powder size and cooling rate.
Particle size (um): @, 315-500; ¢, 160-200; A, 100-125; ¥, 63-71.

During heat treatments the evolution of the micro-
structures of alloys with non-equilibrium states was
also studied.

2. Experimental procedure

Different Al-Fe and Al-Fe-Si alloys with Fe and Si
contents in the 0.2-10 and 0.2-12mol % ranges, re-
spectively, were prepared on a 99.99% Al basis. The
cooling rate of <1°Cs™! was achieved by casting
into an Fe mould with a large heat capacity; the range
of 1-500 °Cs~! was realized by casting into water-
cooled Cu moulds with 30, 8 and 3 mm diameters,
and by common d.c. casting. Solidification rates
> 10° °Cs~! were produced by Ar gas atomization
and melt-spinning methods. With the separation of
the powder into size fractions by sieving, the actual
solidification rates of the fractions were estimated by
means of the empirical relationship between the sec-
ondary dendrite arm spacing and the solidification
time suggested by Matyja er al. [21] (Fig. 3).

AlFe8, AlFe30Si8 and AlFel2Si2 alloys of non-
equilibrium states were prepared by the mechanical
alloying (MA) route.

Heat treatment of the samples was carried out be-
tween 300 and 625 °C for 1-24 h. Some samples were
also prepared by hot extrusion at 380-400°C.

X-ray powder diffraction (XRD) measurements
were performed to identify the intermetallic crystalline
compounds formed during solidification and the MA
process, as well as during heat treatments. The solid
solution content was estimated from electrical resistiv-
ity measurements performed by a standard poten-
tiometric method and by means of Mdossbauer
spectroscopy (MS). The phase morphology was
studied by transmission and scanning electron micro-
scopies (TEM and SEM, respectively).

3. Results and discussion

3.1. Phase formation during solidification and
mechanical alloying

In as-cast states the dominant intermetallic phases

identified by XRD can be seen in Table I as functions

of the solidification rate and Fe concentration of the



TABLE I Formation of AlFe intermetallic phases as a function of Fe content and cooling rate

Fe content Cooling rate (°Cs™1)
(%)

1 10 100 500 > 103 104 10° > 10°
0.25 As As Ae A, - - - _
0.50 Ay Ag Ag A, nd - - nd
10 - - Ag - - - _ _
18 A, As As A, - _ _ _
32 - A, A An An(Aq) - An - A,
55 - - - - A - - _
6.8 - A; A; Ags(Am) - An(Ae) A, A,
9.2 - As As A, - Ae(Ar) An A

As, AlsFe; Ag, AlgFe; A, Al Fe; n.d., not detected; —, not measured.

TABLE II Variation of Fe content in solid solution as a function
of Fe concentration of alloys and cooling rate

Cooling rate Fe concentration

Cs™ (%)
0.5 1.8 32 6.3 9.2
1 0.041 0.053 0.058 0.076 0.087
10 0.050 0.075 0.064 0.090 0.102
500 0.059 0.112 0.101 0.114 0.104
1000 0.19 - - 0.26 -

materials. The solid solution contents can be found in
Table II.

In the melt-spun ribbon with 0.5mol % Fe content,
which solidified with an estimated cooling rate of
10® °Cs™?, globular intermetallic phases with particle
sizes 0.1-0.2 pm can be seen at the cell boundaries and
inside the cells (Fig. 4a). In the RS powder samples with
cooling rates > 10° °Cs ™! no considerable precipita-
tion could be detected either at the cell boundaries or
inside the cells (Fig. 4b). In the hypereutectic alloys with
39, 5.5, 6.8 and 9.2mol % Fe contents, Al,Fe, Al;Fe
and Al;Fe intermetallic compounds were formed as the
main components depending on the cooling rate
(10-10°°Cs ™) and composition (Table I).

At the solidification rate of 500°Cs™* in the alloy
with 3.9mol % Fe content, primary Al,Fe particles

Figure 5 Primary Al,Fe crystals and Al-Al, Fe eutectic (3.9mol %
Fe; cooling rate, 500°Cs™1).

and Al-Al, Fe eutectic can be found (Fig. 5). In the
sample with 6.8 mol % Fe content, the AlsFe com-
pound exists as primary phase but at 9.2mol % Fe
content star-like Al;Fe particles form, with sizes
< 10 um (Fig. 6). At higher Fe contents and lower
cooling rates (< 500°Cs™1), AlFe intermetallic
phase and Al-Al;Fe eutectic form as primary phases.
The size of Al;Fe particles increases up to 100 pm with
decreasing cooling rates.

The supersaturated solute Fe content increases with
cooling rate and the Fe concentration of the alloys,
but it does not remarkably exceed the equilibrium

Figure 4 Microstructure in the hypereutectic Al-Fe alloy with different cooling rates. (a) Melt-spun ribbon (10°°Cs™%) ; (b) gas-

atomized powder (10°°Cs™1).
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Figure 6 Tenfold star-like twinned Al;Fe primary crystals
(9.2mol % Fe; cooling rate, 500°Cs™Y).
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Figure 7 Distribution of Fe content in AlFe phases as a function of
milling time. W, o-Fe; A, Fe in SSS; x, Al-Fe cluster.

value (Table II). This means that the Fe in the alloys
investigated can mostly be found in intermetallic
phases. It should be mentioned that in the hypereutec-
tic range a further increase in the Fe content in solid
solution as a function of the total Fe content of the
alloys can hardly be observed.

0.4050 .
0.4048 &
" 04046 W m
0.4044
0.4042
0.4040
0.4038
0.4036
0.4034

0.4032 L :
0 5 10

T

T T
n

Lattice parameter of Al {nm)

! L L

15 20 25 30 35
Milling time (h)

Figure 8 Variation of the lattice parameters of Al as a function of
milling time.

In the case of MA AlFe8 alloy, the solid solution
content increases with the milling time (alloying time)
[22]. After 12 h the a-Fe content drastically decreases
and metastable AlFe clusters form, and the Fe content
of the a-Al solid solution increases gradually, which
could be also followed by the shifts of the Al lines in
the XRD patterns (Figs 7 and 8).

The results of XRD phase analysis obtained on the
Al-Fe-Si alloys solidified with different cooling condi-
tions can be seen in Table ITI. On the basis of their
composition, the investigated samples could be
located in the a-Al solid solution, 6-AlFe, a-AlFeSi
and the B-AlFeSi regions of the equilibrium phase
diagram. In our case, the cooling rate applied was
already too fast for the formation of the equilibrium
intermetallic phases during solidification. In the MA
Al-Fe-Si alloys no crystalline intermetallic phases ap-
peared, however, the Si and Fe lines disappeared in
the XRD patterns and the Al lines significantly
broadened. According to TEM investigations, these
alloys possessed a very homogenous nanocrystalline
structure.

TABLE III Formation of AlFeSi intermetallic phases as a function of Fe and Si contents and cooling rate

Phase field Composition (%) Cooling rate (°Cs ™)
Fe Si Fe/Si <10 100 500 1000 10* 10°
a-Al 0.9 0.25 3.6 As(Ag) - - - -
0.5 0.2 2.5 ole Ol - - ol
0.5 0.5 1.0 o - - - -
0.2 02 1.0 o - - - -
05 1.0 0.5 B nd - nd
Q@ 109 1.7 6.4 - - A; + 81 O + O Ol
10.0 2.0 5.0 - o+ Aj [ - - -
104 22 4.7 - o, + As o, + As o + (o) - -
7.6 2.1 3.5 - - - - ol
8.6 25 3.4 A, + 0, - - -
7.5 2.4 3.0 - 0.+ Aj o, + As ol - -
33 1.1 30 Az + o, - - -
52 1.9 2.7 o, + As - - - -
4.3 5.0 0.8 oy + Ol - - -
o 7.0 13.6 0.5 B+ Si - - -
5.0 9.7 0.5 B+ Si — - - -
5.0 12.0 04 - - = 5+B+Si Si+d+p
B 1.5 9.2 0.2 B+ Si - - - -

o, B and 8, a-, B- and 8-AlFeSi, respectively; ., cubic; g, hexagonal.
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TABLE IV Phase transformation in RS AlFe alloys

As-cast condition

Heat treatment (Exposure 1-3 h)
Temperature (°C)

Fe (%) Cooling rate Phases 300 400 450 500 580 605 625
°Cs™
0.5 10° n.d. - Ag - - Ag - -
0.5 103 n.d. - Ag - - As - -
0.5 500 A - A, As - - - - -
0.5 10 A - - Ag - Ag(As) AgAs) A,
1.8 500 A, - - Ag, A, - - ~ -
39 10° A, A, A, - As A, - -
5.5 103 Ag Ag Ag,(As) - - - As Ay -
6.8 10° A, A, A, - As A, ~ -
9.2 10° A, An A, - Aj As - -

3.2. Phase transformation of AlFe and AlFeSi

phases (heat-treated condition)
The binary alloys containing different AlFe phases
formed at different cooling rates in the
<1 —10°°Cs™! range were heat treated at different
temperatures for several different exposure times. The
transformed phases identified by XRD are sum-
marized in Table I'V.

In the hypoeutectic d.c.-cast alloy with 0.5mol %
Fe content the transformation of the metastable AlgFe
phase begins 1 h after heat treatment commenced at
580°C. Acicular Al;Fe particles precipitate from the
supersaturated solid solution (Fig. 9). The full trans-
formation of the AlgFe intermetallic phase takes place

> 580 °C after 16h, below this temperature the dis-
solution process of the AlgFe takes a long time
(> 24 h) [23]. The transformation of Al,Fe — Al Fe
starts > 400 °C after 2 h. The submicrometre particles
formed under fast cooling in RS powder and
melt-spun ribbon with 0.5mol % Fe content become
detectable as AlsFe at 400 °C after 2h. In the hyper-
eutectic alloys the transformation processes of the
AlgFe and Al,Fe alloys correspond to those of the
Al,Fe and AlgFe alloys in hypoeutectic alloys, respec-
tively.

In the MA AlFe8 alloy the nanocrystalline a-Fe,
AlFe cluster and the non-equilibrium o-Al solid solu-
tion content transformed into a well crystallized AlgFe
phase during heat treatment for 4 h at 300 and 400 °C,

Figure 9 Al;Fe particles precipitated from supersaturated solid
solution.

while > 500°C the Al;Fe intermetallic phase formed
during 1 h. During hot extrusion (at 380400 °C) the
RS powder material suffered a strong thermomechani-
cal treatment. In the rods hot extruded from RS pow-
der of 0.5mol% Fe content the crystalline AlgFe
phase could be identified, while in the RS powder the
AlFe compounds were not detected by XRD. In the
hot-extruded hypereutectic alloys a huge amount of
fine globular particles, 0.2-0.5 um in size, and some
non-transformed primary particles could be found. In
these samples the quantity of the original, poorly
crystallized AlFe phases decreased, and well de-
veloped AlgFe crystals and a small amount of Al;Fe
compound appeared.

In the alloy with 0.5 mol % Fe content, as well as 0.2
and 1mol % Si content, the crystal structure of the
primary phases formed under non-equilibrium condi-
tions did not change during heat treatment between
450 and 575 °C for 16 h. The cubic a-AlFeSi — 0-AlFe
phase transformation did not take place completely
even during heat treatment for 24 h at 605 °C; a small
amount of a-AlFeSi phase could be still detected. The
equilibrium state was approached by consecutive heat
treatments at 630 °C. The particles of cubic a-AlFeSi
intermetallic phase coagulate first and then dissolve
gradually. At the same time, the nuclei of 8-AlFe
intermetallic compound appear, which grow as acicu-
lar crystallites and develop further to particles with
irregular shapes (Fig. 10a—). In alloys with higher Si
contents, during the heat treatments the B-AlFeSi
alloy formed under different cooling conditions did
not transform into another phase below 620 °C, but its
morphology changed slightly (Fig. 11a—c). Above
620°C the transformation of B-AlFeSi to hexagonal
a-AlFeSi occurred according to the phase diagram.

In the RS material with 11 mol % Fe and 2 mol % Si
contents the non-equilibrium primary phases, the cu-
bic o-AlFeSi and 6-AlFe, formed at cooling rates

> 10° and at 10°, respectively. The non-equilibrium
poorly crystallized cubic a-AlFeSi and 6-AlFe inter-
metallic phases transformed into crystalline cubic -
AlFeSi at 430°C in under 24 h and into hexagonal
a-AlFeSi intermetallic compound at 530°C after 24 h
(Table V). In the MA AlFe8Si2 alloy, cubic a-AlFeSi
phase formed from the nanocrystalline Al containing
high Si and Fe contents in solid solution during heat
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Figure 10 Transformation of the o .-AlFeSi intermetallic phase at
630°C. (a) As-cast condition; (b) after 4 min; (c) after 8 min.

treatments at 300 and 430°C exposed for 24h. At
530°C, during 1h, heat treatment also resulted in
cubic a-AlFeSi, while after 24 h hexagonal o-AlFeSi
could be identified (Table VI). These results are similar
to that of RS materials with the same composition. In
the MA AlFeSi alloy (AlFe30Si6) with a high alloying
concentration the phase transformation was rather
different from that which took place in the MA AlFeSi
alloy with a lower alloying content. At 300 °C during
24h the nanocrystalline structure of the Al matrix
remained and a small amount of cubic a-AlFeSi phase
formed. At 430 and 530°C, even after 24 h, deformed
0-AlFe and elemental Si developed.

4. Conclusions

From our results and the literature, it can be con-
cluded that in the pure binary Al-Fe system the pos-
sible phases emerging exclusively, from the melt are
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Figure 11 Morphological changes of the B-AlFeSi intermetallic
phase at 620 °C. (a) As-cast condition; (b} after 2 min; (c) after 8 min.

TABLE V Formation and transformation of AlFeSi intermetallic
phases in RS alloys

State Cooling rate (°Cs™ 1)

103 10 10°
As fabricated Az + 851+ Al oe+ Al oe + Al
Heat treated
430°C for 24 h oc + Al o + Al oc -+ Al
530°C for 24 h oy + Al o + Al oy + Al

the Al;Fe, AlgFe and Al, Fe compounds, both in the
hypo- and hypereutectic systems. As a summary of our
results a phase map can be drawn, where the forming
and existence range of different AlFe phases are
determined as a function of the composition and the
cooling rate (Fig. 12) [24]. On Fig. 12 the values of
different authors are also presented. Near to the Al



TABLE VI Transformation of AlFeSi intermetallic phases in MA alloys

Samples As fabricated Heat treated

300°C

430°C 530°C

1h 24h

1h 2%h 1h 2

AlFeSi82
AlFe308i6

Nanocry. Al, Si - o, + Al
Nanocry. Nanocry.
Al Fe, Si Al, Fe, Si

+ 0

Nanocry.
Al, Fe, Si

@ + Al o, + Al o + Al
Def. Ay +  As+Si Def. A,
Si +Si

QH‘FAI
Ay +8i

10°

10*

10°

Cooling rate {°C s7)

10" 4

10° -]

1010 0O .
I [ [ I L

2 4 6 8 10
Fe content (mol %)

Figure 12 Forming range of the AlFe intermetallic phases as a func-
tion of Fe content and cooling rate (1, M, Al;Fe; O, @, Al;Fe; A, A,
Al Fe. (M, @ and A, data from Refs [7,8,11,13,25-27]).

corner, the primary AlFe constituent can be predicted
by means of the relationship suggested by Miki et al.
[3]. This relationship gives the order of magnitude of
the solidification rate in the case of a given phase
formation at the hypoeutectic composition. In this
narrow range of Fe contents our results show very
good agreement with Miki et al. [3].

It can be seen that below the equilibrium and the
non-equilibrium  eutectic points (Fe < 1.8 and
< 3.5%, respectively), the formation of the meta-
stable AlsFe and Al,Fe intermetallic compounds de-
pends only on the cooling rate and not on the Fe
content. Above these Fe concentrations, the higher the
Fe content the higher the solidification rate needed for
formation of the AlgFe and the Al,Fe metastable
phases. By increasing the solidification rate, the Al;Fe
equilibrivm phase is replaced first by AlcFe and at
higher rates by Al,Fe intermetallic compounds.

The thermostability of the individual metastable
phases is independent of the circumstances of their
formation. Above 400°C the transformation of the
metastable phases leading to the equilibrium state
seems to be Al Fe — Al;Fe and AlgFe — Al Fe. Dur-
ing heat treatments the metastable phases Al Fe and
AlgFe dissolve and rod-like Al;Fe precipitates are
formed by heterogeneous nucleation because of the
good lattice matching, in certain directions, with
the parent matrix. Below 400°C clusters and/or
quasi-amorphous, nanocrystalline intermetallic phases
formed under non-equilibrium conditions (during
mechanical alloying or rapid solidification) transform
into metastable AlgFe. Similarly, in the rods hot ex-
truded (at 380-400°C) from RS powder containing
practically all Al Fe phase, the Al;Fe phase could be
found.

Hot extrusion is a relatively complicated process
since during pressing under increased pressure
a steadily recovered deformed structure forms at an
elevated temperature. In this case, as an effect of the
deformed structure and the relatively low temper-
ature, the Al,Fe compound might transform directly
into AlgFe. A probable explanation could be that
during heat treatment the Fe content of the Al-Fe
clusters, of the quasi-amorphous AlFe compounds (in
MA alloys) and of the Al,Fe with a deteriorated
structure (in RS materials} goes into solid solution and
immediately precipitates as AlgFe due to the applied
low temperature (< 400°C). This means that in the
binary system there is a relatively stable metastable
state, where the (quasi-) equilibrium phase is the AlgFe
metastable intermetallic phase instead of the Al;Fe
compound. The sequence of stability of AlFe inter-
metallic phases is Al Fe and AlgFe (and Al Fe).

In the ternary system the phase formation was con-
trolled firstly by the Fe:Si ratio. But it can be estab-
lished that with increasing cooling rates the formation
of the equilibrium phase belonging to a given phase
field is suppressed by the non-equilibrium formation
of other phases which are equilibrium phases in the
“higher” phase regions.

It is proved that the formation of the cubic a~AlFeSi
1s possible without the effect of other stabilizer ele-
ments in Al-Fe-Si alloys with higher Fe (>>1 mol %)
and Si (>>1 mol %) contents. In the ternary system the
phase transformation is a slower process than in the
binary one. It takes place only at high temperatures
(> 530°C) during long heat treatments. Similar to the
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binary system, at heat treatments of lower temper-
atures, quasi-equilibrium states can exist where meta-
stable phases replace the equilibrium ones. The cubic
a-AlFeSi intermetallic phase formed in Al-Fe-Si
alloys with high Fe and Si contents under non-equilib-
rium conditions is stable only up to ca. 500 °C. Above
this temperature the transformation occurs into hex-
agonal o-AlFeSi or 8-AlFe depending on the Fe:Si
ratio. It means that the transformation rate of the
metastable cubic a-AlFeSi depends on its emerging
conditions.
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