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Characterization of dispersed intermetallic

phases in an Al-8.32wt%Fe-3.4wt%Ce alloy
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A rapidly solidified Al-8.32Fe-3.4Ce (wt%) alloy was prepared by gas atomization and
extrusion. The intermetallic phases present and their thermal stability, at temperatures up
to 400◦C, have been investigated by means of transmission electron microscopy (TEM). The
metastable AlmFe, Al8Ce and equilibrium Al13Fe4 phases were detected in the as-extruded
sample and the sample heat-exposed at 230◦C, whereas the equilibrium Al13Fe4 and
Al13Fe3Ce phases existed in the samples heat-exposed at temperatures above 315◦C. The
AlmFe and the Al8Ce phases were firstly observed in this alloy. The Al10Fe2Ce and Al20Fe5Ce
phases, which were reported by the others in the similar alloys, do not exist in our samples.
In addition, various domain structures in Al13Fe3Ce were also studied.
C© 2002 Kluwer Academic Publishers

1. Introduction
Generally, the dispersed intermetallic phases occupy
a volume fraction of 25–30% in a rapidly solidified
(RS) Al-Fe-Ce alloy. These phases distribute ho-
mogeneously in the α-Al solid solution and grain
boundaries, and play an important strengthening role
at high temperature. Precipitation of these phases
in the RS Al-Fe-Ce alloy is very complicated. This
precipitation process was so far investigated in a
few literatures [1–3]. However, there exist some dis-
crepancies among these reports. Angers [1] detected
five dispersed phases in as-extruded RS Al-8.8Fe-
3.7Ce and Al-8.9Fe-6.9Ce(wt%) alloys, which are
metastable Al6Fe, two metastable Al-Fe-Ce phases,
and two equilibrium phases α-Al13Fe4 and Al10Fe2Ce;
Ayer et al. [2] reported that there exist metastable
Al6Fe, Al10Fe2Ce, quasicrystal Al20Fe5Ce phases,
and the equilibrium α-Al13Fe4 and Al13Fe3Ce phases
in a RS Al-8.8Fe-3.7Ce alloy. Grleb [3] reexamined
the Al-Fe-Ce phase diagram and pointed out that
the Al20Fe5Ce and Al13Fe3Ce were not equilibrium
phases. The reasons for these discrepancies may be
related to different solidification processes employed
to produce the Al-Fe-Ce alloys. In spite of some
differences, the metastable AlmFe and Al8Ce phases,
which will be shown in this paper, were never reported
in these literatures [1–3]. In this paper, we will study
these present phases as well as thermal stability of
these phases in a RS Al-8.32Fe-3.4Ce (wt%) alloy.

2. Experimental procedure
The alloy, with nominal composition (wt%) of Al-
8.32Fe-3.4Ce, was prepared by gas atomization, fol-
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lowed by vacuum hot extrusion. The extrusion tem-
perature is 400◦C. Most samples were heat exposed
at 230◦C for 100 hours, 315◦C for 100 hours, 400◦C
for 30 and 70 hours, respectively. The TEM foils were
obtained by two-jet electro-polishing in an electrolyte
containing one part HNO3 and three-part CH3OH (by
volume), and then ion milling. JEM-200CX transmis-
sion electron microscopy (TEM) with large angle tilting
holder was employed to identify the morphologies and
structures of the intermetallic phases. High-resolution
TEM was performed in a JEM-2000EX(II) with ultra-
high resolution pole pieces to examine defect and in-
terfacial structures in the intermetallic phases.

3. Results and discussion
3.1. Microstructure
The morphologies of the samples are shown in Fig. 1.
Fig. 1a was taken from the as-extruded sample and
Fig. 1b from the one heat-exposed at 230◦C for 100 hrs.
Fig. 1a and b clearly show that the morphologies of
these two samples are basically similar, all consisting
of fine precipitates (M zone) and relatively large inter-
metallic compounds (C zone). Fig. 1c and d were taken
from the samples heat-exposed at 315◦C for 100 hrs
and 400◦C for 100 hrs, respectively. In comparison with
Fig. 1a and b, the intermetallic phases in Fig. 1c and d
become much coarser after heat exposure above 315◦C.
Jones et al. [4] pointed out that the microstructure with
fine precipitates possesses a higher hardness value than
that with coarse ones. From our earlier work [5], it is
known that both tensile yield strength and hardness de-
crease slowly and the ductility increase a little when the
heat exposure temperature is lower than 300◦C in this
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Figure 1 Typical morphologies in (a) the as-extruded sample, (b) the sample heat-exposed at 230◦C for 100 hrs, (c) the sample heat-exposed at 315◦C
for 100 hrs, and (d) the sample heat-exposed at 400◦C for 70 hrs.

T ABL E I Intermetallic phases observed in various specimens with
different heat treatment

Heat treatment Intermetallic phases

As-extruded α-Al, Al8Ce, AlmFe, α-Al13Fe4

230◦C/100 hrs α-Al, Al8Ce, AlmFe, α-Al13Fe4

315◦C/100 hrs AlmFe, minor Al8Ce,
Al16Fe3Ce, α-Al13Fe4, Al13Fe3Ce

400◦C/30 hrs α-Al13Fe4, Al13Fe3Ce
400◦C/100 hrs α-Al13Fe4, Al13Fe3Ce

alloy; however, these properties degrade quickly when
the heat exposure temperatures are higher than 300◦C.
According to our present TEM observation, this is con-
sistent with the Jone’s view [4].

Based on numerous TEM determinations, the inter-
metallic phases are summarized in Table I. Types of
the phases are different with various heat exposure
temperatures. In as-extruded state, the α-Al solid so-
lution is highly supersaturated with Fe and Ce ele-
ments and some phases are thermal unstable, so trans-
formation from the metastable to equilibrium phases
occurs during heat exposure. When annealing the al-
loys below 300◦C, the equilibrium phases were very
difficult to nucleate and grow due to limited atomic
diffusion coefficient; however, the equilibrium phases
can grow relatively quickly due to the increased diffu-
sion when annealing the alloys above 300◦C. In detail
from Table I, the AlmFe and Al8Ce phases should be the
main strengthening phases in the samples heat exposed

below 315◦C, and the phase transformation must oc-
cur above 315◦C since the AlmFe and Al8Ce phases do
not exist any longer at the heat-exposure temperatures
higher than 315◦C.

It is noteworthy that types of the intermetallic phases
show differences between our study and the others
[1–3]. In our study, the metastable AlmFe, Al8Ce
and Al16Ce3Fe phases, the equilibrium α-Al13Fe4 and
Al13Fe3Ce phases were observed. In contrast with the
previous results of Angers [1] and Ayer et al. [2], we
never detected the Al6Fe, Al10Fe2Ce and Al20Fe5Ce
phases. These differences may result from various cool-
ing rates during solidification. Skjerpe et al. [6] re-
ported that metastable phases AlmFe, Alx Fe, Al9Fe2
and the equilibrium phase α-Al13Fe4 could form in
an Al-25Fe-13Si(wt%) alloy, and which one of these
phases appeared depended on the alloy composition and
the cooling rate during solidification. The equilibrium
phase α-Al13Fe4 can form at a relatively low cooling
rate, whereas the metastable Al-Fe-(Si) phases can form
at a high cooling rate. Young et al.[7] studied the bi-
nary Al-Fe system, and observed Al13Fe4 only at a low
cooling rate, while Alx Fe, Al6Fe, AlmFe and Al9Fe2 ap-
peared in the sequence with increasing the cooling rates
during solidification. This can be used to interpret our
present results: Our alloys were prepared by the super-
sonic gas atomization technique with a relatively high
cooling rate, so the metastable Al-Fe phase in this alloy
could be AlmFe, not Al6Fe which was early reported
in the literatures [1, 2]. Similarly, it is reasonable that
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Figure 2 A series of DPs which were taken from Al8Ce around the [11–20]∗ reciprocal axis.

the relatively high cooling rate be also responsible for
formation of the metastable phase Al8Ce newly found
in this alloy.

In addition, for the metastable ternary phases, Ayer
et al. [1] found the Al10Fe2Ce and Al10Fe5Ce phases
in the similar alloys, however, these two phases were
never detected and only a minor Al16Fe3Ce phase was
observed in our study. Determination of the lattice sym-
metry for the Al16Fe3Ce phase is underway. For the
equilibrium ternary phase, Angers [1] reported that
the equilibrium ternary phase is Al10Fe2Ce, but Ayer
et al. [2] pointed out that the equilibrium ternary phase
should be Al13Fe3Ce. In our study, the equilibrium
ternary phase is detected to be Al13Fe3Ce.

Figure 3 Projection of different DPs (thick lines) on the (11–20)∗ recip-
rocal plane of the Al8Ce phase.

Figure 4 [100]∗ high-resolution TEM image of the three-fold domains
in the Al13Fe3Ce phase, where the (001) planes for these domains were
marked.
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3.2. Al8Ce phase and Al13Fe3Ce
Al8Ce phase in this Al-Fe-Ce alloy was firstly reported
in our earlier work [8]. It is a metastable phase, and the
atomic ratio of Al : Ce = 8 : 1 was obtained by means
of energy dispersive x-ray analysis which was carried
out in a JEM-200CX TEM. The structure was deter-
mined by the following process. A series of diffraction
patterns (DPs) in different zone axis were obtained by
tilting, as shown in Fig. 2. The tilting angles among
these DPs were also displayed in the Fig. 2. Fig. 3 is
the projection of DPs along the tilting axis. In Fig. 3,
some thick lines represent the corresponding DPs, re-

(a)

(b)

Figure 5 [100]∗ high-resolution TEM images of the Al13Fe3Ce phase showing (a) translation domains, (b) reflection domains, and (c) translation-
reflection domains.

spectively. The symbols of solid dots and solid trian-
gles represent the diffraction spots located at different
reciprocal layers with the heights of 0 and 1/2, respec-
tively. According to the arrangement of the solid dots
and triangles, a unit cell with rhombohedral symmetry
(marked by the thinner lines) could be deduced with
the lattice parameters a = 1.4 and c = 0.7 nm. Corre-
spondingly, the DPs were indexed by using this lattice
symmetry and parameters (See Fig. 2), according to re-
flection condition −h + k + l = 3n (n is integer) when
the rhombohedral lattice was labeled with hexagonal
coordinate system.
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The Al13Fe3Ce phase appeared in the samples heat
exposed above 315◦C. This is an equilibrium phase. The
equilibrium Al13Fe3Ce phase belongs to a C-centered
orthorhombic lattice; the possible space group is Cmcm
or Cmc2 [2]. High-resolution TEM images revealed
many domain structures in this phase. For example,
Fig. 4 shows three-fold rotation domains. The three
(001) planes in different domains are marked with
black-white lines in Fig. 4. It can be seen that the three-
fold domain boundaries are not quite regular, i.e., with-
out relatively flat domain boundaries. In addition, we
have also observed other kinds of domains with flat
boundaries, which are shown in Fig. 5. In Fig. 5, all
white rectangles represent [100] projections of one unit
cell of All3Fe3Ce, and parts of the domain boundaries
have been noted with black dots. According to the rel-
ative positions among these marked unit cells, we can
determine that Fig. 5a–c represent translation domains,

Figure 6 DPs from the AlmFe phase showing (a) existence of satellite spots along its [110] direction and (b) disappearance of satellite spots after
electron beam irradiation for a short time.

Figure 7 (a) High-resolution TEM image showing precipitation of the AlmFe phase from α-Al solid solution and (b) an enlargement corresponding
to the framework area of Fig. 7a.

reflection domains, and translation-reflection domains,
respectively.

According to the disappearance of unstable Al8Ce
and the final formation of Al13Fe3Ce above 315◦C (See
Table I), it is reasonable to regard the Al13Fe3Ce phase as
a resultant of Fe diffusion into the binary Al8Ce phase.
Moreover, the three-fold domains in Al13Fe3Ce imply
that the equilibrium phase Al13Fe3Ce be formed by
phase transformation from a parent phase with three-
fold symmetry, as similar to that in the Ni3Nb phase
[9]. So it is further evident that the binary Al8Ce phase
with three-fold symmetry may act as such parent phase.

3.3. AlmFe and Al13Fe4
The metastable AlmFe phase belongs to a body-center
tetragonal structure with lattice parameters a = 0.884
and c = 2.1 nm [10]. Usually, the m value is ∼4.0–4.4,
and the size of AlmFe becomes small with increasing
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the cooling rate during solidification [11]. DP in Fig. 6a
from this phase shows many satellite spots along its
[110] direction, suggesting numerous {110} planar de-
fects in this phase. However, these satellite spots vanish
under electron beam irradiation for a short time (see-
ing Fig. 6b), as supports Skjerpe’s result of vacancy
existence in this phase [11].

Figure 8 Bright-field. TEM image showing phase transition from AlmFe
to α-Al13Fe4.

Figure 9 (a) [01-1]AlmFe/[001]α-Al13Fe4 composite DP and (b) high-resolution TEM image viewed along [01-1]AlmFe/[001]α-Al13Fe4 .

Formation of AlmFe in this alloy takes two ways:
forming directly from the liquid state alloy and pre-
cipitating from the supersaturated solid solution. The
former ones are usually located at grain boundaries,
and the later inside α-Al solid solution. Accordingly,
the effects of the AlmFe phase could be divided into
two: the part located at grain boundaries prevents the
grain growth, and the other part located inside α-Al
solid solution strengthens the α-Al matrix. The sizes of
the former are relatively larger than the later, and the
former one has not any orientation relationship with the
solid solution. However, the later usually has a coher-
ent relation between the (200)α-Al and (1-1-10)AlmFe, as
shown in Fig. 7a. The trace of the AlmFe/α-Al inter-
faces was marked by the dashed lines. It shows that this
interface is a transitional one, i.e., the interface is not
very distinct. Fig. 7b, which is an enlarged image corre-
sponding to the framework area of Fig. 7a, has further
presented this interfacial feature.

The α-Al13Fe4 phase belongs to C-centered mono-
clinic with lattice parameters of a = 1.549, b = 0.808,
and c = 1.247 nm, and β = 107◦ [12]. From Table I,
one can see that the α-Al13Fe4 phase always exists in
the as-extruded and all heat exposed samples. In fact,
these α-Al13Fe4 particles result from direct formation
during solidification and phase transition during heat
exposure, respectively. In an as-extruded sample, the
α-Al13Fe3 was from the liquid solidification, and most
of α-Al13Fe4 are located at grain boundaries. However,
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the α-Al13Fe4 particles in the heat exposed samples
consist of three parts: formation during solidification,
precipitation from the α-Al supersaturated solid solu-
tion and transformation from AlmFe. The precipitation
from α-Al is due to the supersaturation of Fe element in
α-Al. The phase transition from AlmFe to α-Al13Fe4 is
because the former is a metastable one and the later is an
equilibrium phase. A typical morphology of this phase
transition has been shown in Fig. 8 where the α-Al,
AlmFe and α-Al13Fe4 were marked in the correspon-
dent areas, respectively. Fig. 9, high-resolution TEM
image taken from the region “a” in Fig. 8, gives that the
phase transformation from AlmFe to α-Al13Fe4 follows
such an orientation relationship: [100]AlmFe//[010]α-
Al13Fe4 and (011)AlmFe//(200)α-Al13Fe4.

4. Conclusions
From experimental results and discussion above, we
could conclude:

1. Five dispersed phases—the metastable phases,
which are AlmFe, Al8Ce, Al16Ce3Fe and the equilib-
rium phases α-Al13Fe4, Al13Fe3Ce, exist in the as-
extruded and the heat exposed samples of the rapidly
solidified Al-8.32Fe-3.4Ce(wt%) alloy. The metastable
AlmFe and Al8Ce phases were firstly observed in the
Al-Fe-Ce alloys.

2. Al8Ce binary phase has a rhombohedral lattice
with parameters of a = 1.4 nm, c = 0.7 nm. The forma-

tion of AlmFe and Al8Ce is related to the relatively high
cooling rate during solidification.

3. Numerous rotation domains, translation domains,
reflection domains and translation-reflection domains
were found in the equilibrium Al13Fe3Ce phase.
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