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The Beneficial Effect of Iron
in Aluminum-Cerium-Based Cast Alloys

MICHAEL P. MOODISPAW, EMRE CINKILIC, JTASHI MIAO, and ALAN A. LUO

Iron (Fe) has been considered a major impurity since it is detrimental to the mechanical
properties of many cast aluminum alloys due to the formation of Fe-containing brittle
intermetallic phases. Fe is found naturally as an impurity in bauxite ore, resulting in Fe
contamination of aluminum alloys with increasing contamination from current recycling
practices. The Al-Ce—Fe system was investigated using CALPHAD (CALculation of PHAse
Diagrams) modeling and experimental casting techniques. It was found that additions of Fe to
the Al-Ce system are beneficial to the strength (slightly) and ductility (significantly) of the
ternary alloys, which is attributed to the formation of fine metastable AlgCeFe, phase with
aggregate morphology and equilibrium Al;jCeFe, phase, suppressing coarse proeutectic
Al;Ce; phase in near-eutectic Al-Ce alloys. Heat treatment study showed that the
metastable AlgCeFe, phase transforms to predicted equilibrium Al;(CeFe, phase at 500 °C,
with essentially no intermetallic or grain coarsening; thus, the alloy displayed excellent property
retention. The Al-Ce-Fe alloy system offers opportunities for sustainable, recyclable alloy
development using low-cost Fe and low-cost cerium (a byproduct of rare-earth extraction).
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I. INTRODUCTION

THE effect of iron (Fe) addition on the near-eutectic
aluminum—cerium (Al-Ce) binary alloy was previously
studied by the current authors to investigate the impact
of high Fe impurity on the Al-Ce near-eutectic casting
alloys.!' ! The study was aimed at understanding the
potential recyclability or potential for sorted scrap
content to be used in the Al-Ce alloy production. Ce
is the most abundant of the rare-earth (RE) elements,
followed by lanthanum, with both individually bein%
more abundant than copper in the Earth’s crust.!
Cerium is a relatively low-cost and sustainable alloying
element for aluminum alloys since it is a byproduct of
high-value RE metal extraction operations with limited
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demand from other industries.”) Likewise, Fe is an
inexpensive element and is found in high quantities in
aluminum scrap streams but is generally avoided due to
having unwanted effects on the mechanical properties of
aluminum alloys. Fe is also an inherent impurity in
aluminum alloys along with silicon (Si) due to their
presence in bauxite ore used to produce 99.7 pct pure
Al. Fe is known to form many different intermetallic
phases in Al alloys depending on the composition and
processing conditions.”) When Si is also present,
Al-Fe-Si phases usually form and are considered
detrimental to the alloy ductility.”) Several investiga-
tions into the Al-Ce binary system have shown promis-
ing high-temperature properties compared with
traditional Al-Si or Al-Cu-based alloys® ' due to
thermal stability of the Al;;Ce; phase which has no
change in phase fraction until the melting point due to
the lack of solubility of Ce in AL!'Y Very few studies
have investigated the Al-Ce cast alloys with ternary Fe
element.

There is some discrepancy in previous studies regard-
ing the types of Phases that exist in Al-Ce—Fe-based
alloys. Ayer et al.l'” identified three metastable phases:
AlgFe, AljgFe,Ce, and decagonal quasicrystal
AlyyFesCe phases in as-extruded rapidly solidified
(RS) A1-8.8Fe—3.7Ce* alloy. The metastable AljgFe,Ce

*All compositions in weight percent unless otherwise mentioned.
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has an orthorhombic crystal structure (space group
Cmm?2/C222) and lattice parameters of ¢ = 1.02 nm,
b = 1.62 nm, and ¢ = 0.42 nm.'"”! After annealing at
700 K, the ternary metastable AlI-Fe—Ce phases trans-
formed into the equilibrium Al ;Fe;Ce phase with an
orthorhombic crystal structure (Cmcm/Cmc2) and lat-
tice parameters « = 0.89 nm, 5 = 1.02 nm, and
¢ = 0.91 nm.""! Ovecoglu er all'® reported the coexis-
tence of metastable Al gFe,Ce phase and
stable Alj;3Fe;Ce phase in a mechanically alloyed RS
A1-8.4Fe—3.4Ce alloy. In a RS Al-8.32Fe—3.4Ce alloy
prepared using gas atomization and extrusion, Zhang
et al"! identified metastable Al,Fe, AlCe, and equi-
librium Al;;Fe4 phases in the as-extruded sample. After
heat treatment at 230 °C, equilibrium Al;sFe; and
Al;3Fe;Ce phases were observed. Such discrepancies in
phases may be attributed to the differences in alloy
processing techniques. A recent study by Park et al.
investigated the Al-10Ce—(1,3)Fe cutectic alloys to
investigate the effect of Fe on the hardness and creep
resistance of the Al-Ce near-eutectic alloy.””! They
concluded that the addition of Fe showed improvements
to the alloy depending on the compositions and pro-
cessing conditions. In the previously mentioned
reports,'?) a  ternary Al-Ce-Fe phase, namely
Al(CeFe,, was identified in the near-cutectic Al-Ce
alloy with Fe but only through scanning electron
microcopy (SEM) and electron dispersive spectroscopy
(EDS) methods. Thermodynamic predictions were used
in both cases to identify Al;oCeFe, as the phase based
on SEM-EDS measurements, but with no definitive
transmission electron microcopy (TEM) identification.
Since the Al-Ce alloys are being designed for high-tem-
perature applications, the effect of heat treatment was
also observed on the microstructure of the cast
Al-10Ce—(1,3)Fe alloys, but no phase changes were
observed. An electrical Al-Fe alloy modified by small
additions of Ce was also recently investigated and
AloCeFe, phase was reported.[zl]

This study investigated the cast near-eutectic Al-Ce
alloys with and without Fe additions. It is necessary to
understand the phase formation during solidification and
the effects of high-temperature exposure on the phases
observed in the system. TEM was used to identify the
phases in both as-cast and heat-treated microstructures,
and the results were compared to the thermodynamic
predictions for the system. Since Fe is typically restricted
due to the detrimental effect of brittle Fe intermetallics,
tensile testing was performed to evaluate the effect of
increasing Fe on the ductility and strength of the alloys.

II. MATERIALS AND METHODS

CALPHAD (CALculation of PHAse Diagrams) sim-
ulations were performed using Pandat thermodynamic
software by CompuTherm. The PanAl2023 database
was used to perform equilibrium and Scheil calculations
to evaluate the Al-Ce—Fe alloy system.

Several alloys were prepared using master alloys of
Al-10Ce, Al-25Fe, and commercially pure Al. The
master alloys were melted in air using an induction
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furnace. The melts were then subjected to a 20-minute
vacuum (~ 5 x 107! Torr) treatment for degassing
before casting. A steel mold that produces plates of
Smm x 12 mm x 150 mm, preheated to 100 °C that
provides cooling rates around 35 K/s, was used to make
samples suitable for tensile testing. Microstructure
analysis samples were prepared using a steel cooling
cup buried in insulating sand, which provides cooling
rates similar to traditional sand cooling cups. Optical
Emission Spectroscopy (OES) was used to measure the
chemical composition of the casting samples seen in
Table 1. Heat treatments were performed for 120 hours
at 350 °C and 500 °C followed by natural air cooling to
observe the change in microstructure and the property
retention after exposure to high temperatures.

From the plate castings, ASTM ES8 subsize tensile bars
were machined and at least three samples were tested for
each condition. The tensile tests were performed on an
MTS Criterion Electromechanical Universal Test System
at room temperature, with a constant strain rate of 0.005
mm/s. Samples suitable for SEM were sectioned and
mounted in conductive mounting material and prepared
using standard metallographic techniques. SEM and EDS
analyses were carried out on a FEI Apreo LoVac
high-resolution electron microscope equipped with a
back-scattered electron (BSE) detector operating at
10-15 kV with a current of 1.6-3.2 nA. The structure
and chemical compositions of main intermetallic phases
of test alloys were further characterized using TEM and
scanning transmission electron microscopy (STEM)
techniques. Specimens for TEM/STEM characterization
were prepared using electropolishing in an electrolyte
consisting of 25 pct nitric acid in methanol at — 20 °C
and 20 V. Site specific TEM samples were prepared using
a FEI Helios Nanolab 600 focused ion beam system.
Conventional TEM imaging and electron diffraction
study were conducted on a FEI Tecnai F20 microscope
operating at 200 keV. Atomic resolution high angle
annular dark field (HAADF) STEM imaging was per-
formed on a Thermo Fisher S-CORR probe corrected
Themis-Z microscope equipped with a quad-silicon drift
detector (Super-X) operating at 300 keV.

III. RESULTS AND DISCUSSION
A. CALPHAD Simulations

Since the targeted processing technique is casting, the
Al-Ce eutectic composition calculated at 9.35 pct Ce,
which should provide good castability, was chosen for
CALPHAD analysis. From the Al-9.35Ce—xFe equilib-
rium isopleth in Figures 1(a) and (b), the alloy is
predicted to form Al;oCeFe, phase between 480 °C and
638 °C for any amount of Fe above the maximum
solubility of 0.027 pct. At temperatures below 480 °C,
the Al;oCeFe, phase is replaced by Alj3Fes and Al;;Ces
binary phases. Additions of Fe up to 0.91 pct slightly
increase the stability of the Al;;Ce; phase seen from the
L + Al;;Ces phase field in Figure 1(b). Fe content
above 0.91 pct is predicted to form Al;yCeFe, phase at
temperatures above Al or Al;;Ces, and further additions
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Table I. Alloy Target and Experimental Compositions in Wt Pct Measured by OES
Alloy Target Sample Type Ce Fe Si Zn Others Total Al
Al-9.35Ce microstructure 9.43 0.05 0.14 0.26 0.22 bal.
as-cast tensile 9.57 0.20 0.15 0.26 0.23 bal.
Al-9.35Ce—1Fe microstructure 9.33 1.02 0.18 0.26 0.21 bal.
as-cast + heat treatment tensile 9.45 1.16 0.16 0.26 0.27 bal.

of Fe above 2.1 pct are predicted to form Al3Fe, phase
at high temperatures before Al or Al;;Ces or Al;(CeFe,.
Figure 1(c) is the liquidus projection for the Al-Ce—Fe
system, showing several possible phases predicted to
form depending on the composition. From the projec-
tion, larger additions of Ce and Fe result in a significant
increase in the liquidus temperature of the alloy due to
primary formation of intermetallic phases. Previous
research has indicated the formation of primary or
proeutectic Al;Ce;, which usually displays a large
faceted morphology, can slightly improve the yield
strength (YS) and hardness of Al-Ce binary alloys at the
cost of ductility.®?) Previous investigations into the
casting Al-Ce—Fe system showed the suspected forma-
tion of Al;yCeFe, supported by CALPHAD predictions,
but other ternary Al-Ce—Fe phases like AlgCeFe, seen
in Figure 1(c) were not considered.l'*") Additionally, the
predictions did not show the possibility of low-temper-
ature AlsFe; phase replacing the ternary Al;oCeFe,
phase as shown in Figure 1(a)."*” To determine the
effect of Fe on the Al-Ce binary system, Al-9.35Ce and
Al-9.35Ce—1Fe alloys were chosen for testing. The
compositions of the experimental alloys are shown in
Table I. As a result of impurities in the Al-10Ce master
alloy, Si and zinc (Zn) were present in all the samples.
Due to the variability in the Fe content of the master
alloys, the AI-9.35Ce alloys ended up with 0.05 pct Fe
(microstructure sample) and 0.2 pct Fe (tensile samples),
and the AI-9.35Ce—1Fe mechanical test sample also had
slightly excess Fe at 1.16 pct. Additionally, the Ce level
of the master alloy varied, resulting in most of the alloys
being slightly hypereutectic. The effects of the real
compositions are considered in the CALPHAD analysis.

The effect of Si impurity on the Al-9.35Ce—1Fe alloy
is shown in Figure 1(d). It is predicted that Si will form
ternary Al-Ce—Si phases, namely AlCeSi and AlCeSi,,
at high temperatures while the «-AlFeSi phase is
predicted at temperatures below 250 °C. In the previous
work by the current authors, the effect of 1 and 2 pct Si
additions on a target AI-9Ce—1Fe alloy were shown to
form a ternary Al-Ce-Si phase, which formed at the
cost of the Al;;Ce;z phase. The Si addition showed little
effect on the Al-Ce—Fe ternary phase in the 3110%/ and
resulted in a significant reduction in ductility."~! The
previous results are consistent with the phase diagram in
Figure 1(d). Therefore, it is not expected for Fe to form
Al-Fe-Si intermetallics during solidification due to the
stability of Al-Ce-Si intermetallics in the current
Al-Ce—Fe-Si alloy system. In other Al-Si alloys, the
Al-Fe-Si intermetallics that form during solidification
are difficult to modify via heat treatment due to the low
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diffusivity of Fe and the stability of Al-Fe-Si at high
temperatures.l”! The diffusion of Ce at low temperatures
is also difficult, so it is not expected for the predicted
Al;oCeFe, phase to transform into Al;;Fe4 or a-AlFeSi
phase at lower temperatures.”*¥ Since the Si levels for
the experimental alloys are within 0.04 wt pct and Si is
not expected to interact with Fe, the effect of the Si
impurity was not investigated in this work.

Figure 1(e) shows the effect of the Zn impurity on the
Al-9.35Ce—1Fe alloy. It is predicted that Zn will stay in
solution for temperatures above 85 °C at 0.26 pct Zn,
increasing to around 173 °C at 1.0 pct Zn. It is unlikely
the predicted low-temperature Zn,;Ce phase will form
due to the low diffusivity of Ce in ALP? Zn is known to
provide very little solid solution strengthening in AlP*
and therefore, Zn alloying is usually intended for
precipitation strengthening via thermomechanical pro-
cessing in combination with other elements.” Mean-
while, the predicted effects of 0.26 pct Zn on the
formation temperatures of Al;(CeFe, (0.67 °C rise),
Al;1Ces (0.93 °C rise), and the Al matrix (0.45 °C drop)
shown in the magnified region in Figure 1(e) are
negligible. Since the Zn is expected to stay in solid
solution and the Zn levels in the alloys were measured to
be the same, the effect of the Zn impurity was not
investigated.

Scheil simulations can provide predictions for the
solidification behavior under the assumption of no
diffusion in solid phases but infinite diffusion in liquid
phases. Scheil simulations were performed for
Al-9.45Ce—0.16S1-0.26Zn with additions of 0.05, 0.2,
1.02, and 1.16 pct Fe, which represents the average
experimental compositions, and the results are plotted in
Figure 1(f). The solidification sequences and liquidus
temperature of individual phases are provided in
Table II. For the four alloys with varying Fe concen-
tration, Al;oCeFe, phase is predicted to form during
solidification. For the 1.02 and 1.16 pct Fe alloys, the
Al;pCeFe, phase forms first at 656.6 °C and 665.5 °C,
respectively. In the 0.05 and 0.2 pct Fe alloys, the
AljpCeFe, phase is predicted to form last during
solidification at 633.1 °C and 634.4 °C, respectively.
Since Si was included in the calculations, AlCeSi phase
also appears in each alloy at around 634.7 °C to
636.8 °C, decreasing with increasing Fe content as
shown in Table II. The primary Al phase is only
predicted to form first at 639.1 °C in the alloy with
0.05 pct Fe with the Al;;Ce; phase forming less than
around 0.4 °C later. In the alloy with 0.2 pct Fe, the
Al;;Ces phase forms first at 638.6 °C with the Al matrix
forming around 0.4 °C after it, which is consistent with
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Fig. 1-—(a) equilibrium isopleth of Al-9.35Ce—xFe alloy where the dashed red box indicates the magnified region shown in (). (¢) liquidus
projection in the Al-rich corner of the Al-Ce-Fe system where region cl is AlsFe,, c2 is Al,Fe, c3 is AlgCeFey, c4 is AlsCe, c5 is Al CeFe,, c6
is AlLCe, and c¢7 is Al;1Ces. (d) equilibrium isopleth of Al-9.35Ce—1Fe—xSi where region dl is L + AljoCeFe,, d2 is
Al + Al}Ces + AljoCeFe,, and d3 is Al + Al;;Ce; + a-AlFeSi + Alj3Fey. (¢) equilibrium isopleth of Al-9.35Ce—1Fe—xZn with a magnified
region (indicated by the dashed red box) where region el is L + AljgCeFe, ¢2 is L + Al;;Ce; + Alj(CeFe,, and e3 is
L + Al + Al;;Ce; + AljoCeFe,. (f) Scheil simulations for Al-9.45Ce—0.16Si-0.26Zn—(0.05, 0.2, 1.02, 1.16) Fe with magnified regions at the
beginning (marked by dashed red box) and end (marked by orange dash-dot box) of solidification (Color figure online).
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the isopleth seen in Figure 1(b). No Zn phases appeared
during the solidification simulation.

The phase fractions of at the end of the Scheil
simulation are provided in Table II. From the table,
only a small fraction of AlCeSi phase (0.44 pct) is
predicted in the alloys with around 0.16 pct Si impurity
in the present work. The amount of Al;(CeFe, phase
increases with increasing Fe content from 0.15 at
0.05 pct Fe to 3.89 pct at 1.16 pct Fe, while the amount
of the Al matrix, Al;;Ces, and AlCeSi phases decreases.
The total predicted intermetallic fraction increases by
2.45 pct as a result of the of increasing the Fe content
from 0.05 and 1.16 pct in the alloy.

B. As-Cast Microstructure Results

Representative  microstructures of the as-cast
Al-9.35Ce and Al-9.35Ce—1Fe¢ alloys are shown in
Figure 2. The Al-9.35Ce alloy microstructure shown in
Figure 2(a) consists mostly of Al-Al;;Ce; eutectic
structure, some proeutectic Al;;Ces particles that are
coarse and faceted, and a limited number of Al dendrites
not shown in Figure 2(a). The observed microstructure
is consistent with the measured composition (9.43 pct
Ce) close to the calculated eutectic point of the alloy and
similar to the microstructures of near-eutectic Al-Ce
alloys in literature.’®?° The faceted proeutectic Al;;Ces
phase usually appears with similar morphology as the
one shown in Figure 2(a) and was observed to be as

large as 500 um in length in the Al-9.35Ce microstruc-
ture sample.

From the as-cast microstructure of  the
Al-9.35Ce—1Fe target alloy in Figure 2(c), a ternary
Al-Ce—Fe phase forms in the alloy with 1 pct Fe during
solidification, confirmed by SEM-EDS spot analysis
(average 78.7 at. pct Al, 6.8 at. pct Ce, 8.2 at. pct Fe),
while faceted proeutectic Al;;Ce; formation was sup-
pressed. Although there were some proeutectic Al;;Ces
particles seen in the microstructure of the
Al-9.35Ce—1Fe not shown in Figure 2(c), the amount
was reduced to a few individual instances compared to
the samples without Fe addition. In most areas of the
microstructure, such as that shown in Figures 2(c) and
(d), separate colonies of Al;;Ces eutectic phase and the
Al-Ce-Fe phase could be seen while the phases were
mixed in other areas. According to the Scheil data in
Table 11, the onset temperature for the Al;;Ces phase
and the predicted Al;oCeFe, phase are around 14 °C
apart, but the formation temperature of the observed
Al-Ce—Fe phase is unknown. From the cast microstruc-
tures in the Al-9.35Ce—I1Fe target alloy, both the
Al;;Ce; and Al-Ce-Fe phase were refined. This indi-
cates that the observed Al-Ce-Fe phase likely did not
form at significantly higher temperatures, allowing for
coarsening commonly seen in other Al cast alloys with
high Fe content.[! It is possible the driving force for
Al;;Ce; formation was decreased due to the Al-Ce—Fe
phase formation around the same temperatures, which
explains the suppression of the proeutectic Al;;Ces.

Fig. 2—SEM BSE microstructure images of as-cast microstructure samples for the (¢) Al-9.35Ce and (¢, d) A1-9.35Ce—1Fe alloys. (b) microstructure
from the Al-9.35Ce tensile sample. () shows a higher magnification of the area indicated by the dashed green box in (c). Eutectic Al;;Ces phase is
marked by red stars, proeutectic Al;;Ces is marked by orange triangles, and AlgCeFe, phase is marked by a blue ‘+’ (Color figure online).
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«Fig. 3—STEM characterization of intermetallic phases in as-cast
Al-9.3Ce—1Fe alloy: (a) low magnification HAADF-STEM image.
The red dashed circles highlight the regions for atomic resolution
imaging of Al;;Ces in (b) and AlgCeFe, in (d), respectively. (b)
atomic resolution HAADF-STEM image of Al;;Ce; phase along its
[100] zone axis with the inserted corresponding FFT pattern. (c)
HAADEF-STEM image of an AlgCeFe, aggregate with an inserted
electron diffraction showing the pseudo-tenfold symmetry. The red
circle highlights the aggregate for the selected area diffraction study.
(d) atomic resolution HAADF-STEM image of AlgCeFe, phase
along its [001] zone axis with the inserted corresponding FFT
pattern. (¢) HAADF-STEM image of Al;(CeFe, phase. The red
dashed circle highlights the region for selected area electron
diffraction study in (f). (f) selected area electron diffraction pattern
along [100] zone axis of Al;oCeFe, phase (Color figure online).

The SEM-EDS measured composition was not close
to the predicted composition of Al;(CeFe, phase, so
TEM was performed to verify the composition and
identify the crystal structure of the phase inferred in
SEM. Figure 3(a) is a HAADF-STEM image showing
the microstructure of Al-9.35Ce—1Fe alloy. Two main
intermetallic phases, Al;;Ce; and AlgCeFe,, were iden-
tified in the microstructure. Al;;Ce; phase has an
orthorhombic crystal structure (space group Immm,
lattice parameters: a = 0.43696 nm, b = 1.2966 nm,
¢ = 1.00979 nmP®). The structure of Al;;Ce; phase is
the same as that of Al4Ce phase reported in a previous
study."” Figure 3(b) is a [100] zone axis atomic
resolution HAADF-STEM image of Al;;Ce; phase
along with the indexed Fast Fourier Transform (FFT)
pattern. AlgCeFe, phase has an orthorhombic crystal
structure (space group Pbam, lattice parameters:
a = 1.24867 nm, b = 1.4281 nm, ¢ = 0.40387 nm'*")).
AlgCeFe, phase often has aggregate structures, consist-
ing of multiple twin grains. An example of this structure
is shown in Figure 3(c). The inserted electron diffraction
pattern of the AlgCeFe, aggregate exhibits pseudo-ten-
fold symmetry. A [001] zone axis atomic resolution
HAADF-STEM image of AlgCeFe, along with the
indexed FFT pattern is shown in Figure 3(d).

Equilibrium Al;oCeFe, phase was also observed in the
as-cast microstructure. Alj(CeFe, phase has an
orthorhombic crystal structure (space group Cmcm,
lattice parameters: a = 0.87508 nm, » = 0.99818 nm,
¢ = 0.880902 nm!**?*)). Al,,CeFe, found in the current
study has a different crystal structure and lattice
parameter as compared with the metastable Al;yCeFe,
phase reported in the previous study!'”; however, the
observed Al;oCeFe, phase in the current study has the
same crystal structure and similar lattice parameters of
Al;sFe;Ce phase reported in the same study!'”).Fig-
ure 3(e) shows Alj(CeFe, phase in the as-cast
microstructure. Its corresponding selected area diffrac-
tion pattern is given in Figure 3(f). The compositions of
three phases in the as-cast Al-9.35Ce—1Fe alloy, mea-
sured using STEM-EDS analysis, are summarized in
Table III and show limited solubility of Fe in the
Al;;Cej; phase, indicating that the Al;;Ce; phase will not
act as a Fe sink in aluminum alloys. The STEM-EDS
measured composition of the AlgCeFe, phase is in good
agreement with the ideal atomic composition for the
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Table III. Chemical Composition in Atomic Percent of Main
Intermetallic Phases from the Al-9.3Ce—1Fe Microstructure
Sample Measured Using STEM-EDS

Phase Al Ce Fe Si Zn
Al 1Ces 77.6 21.29 0.55 0.42 0.14
AlgCeFe, 71.01 7.83 19.50 1.63 0.03
AljoCeFe, 72.7 10.55 16.7 0 0.05
CeA10,85Si1<15 259 42.5 3 28.5 0.1

phase, while the SEM-EDS results showed composition
considerably lower in Fe content, indicating low relia-
bility with SEM measurements.

It is noted that most of the Al-Ce—Fe ternary phases
formed were the AlgCeFe, phase, which is interesting
considering that AlgCeFe, is predicted at much higher
Fe (> 13 pct) and Ce (> 20 pct) concentrations from
the liquidus projection in Figure 1(c). It is possible that
during solidification, non-equilibrium kinetics pro-
moted the formation of AlgCeFe,. The AlgCeFe, phase
exhibits both small globular and small plate-like
morphology as seen in Figure 2(d). The Al;(CeFe,
phase observed by TEM in the current study was
located at the grain boundaries, indicating it formed
later during solidification. The as-cast microstructure
of the Al-9.35Ce—1Fe target alloy is similar to the
recently investigated as-cast Al-10Ce—I1Fe alloy,*”
which used SEM-EDS to infer the Al-Ce-Fe phase
as predicted Al;oCeFe,. In both cases, the Al;;Ces
phase appears as the bright high-contrast phase, while
the Al-Ce-Fe phase (inferred as AlgCeFe, in the
current work) appears as dull gray.

Since the tensile samples were made using a perma-
nent mold, the microstructure was investigated to
determine the effect of the faster cooling rate on the
alloys compared to the microstructure samples shown in
Figures 2(a) and (b). Figure 2(b) shows an example
microstructure of the Al-9.35Ce target alloy from the
tensile casting conditions. The microstructures of the
tensile castings are similar to the microstructure cast-
ings, with a more refined microstructure as shown in
Figure 2(b) compared to Figure 2(a).

C. Effect of Heat Treatment on Microstructure

Since target applications of Al-Ce alloys may involve
exposure to elevated temperatures for extended periods
during operation, observation of the microstructure
after heat treatment/exposure is necessary. The
Al-9.35Ce—1Fe microstructure sample was treated at
350 °C and 500 °C (> 75 pct of predicted liquidus
temperature) for 5 days (120 hours), which is similar
to an investigation of the Al-Ce binary system that used
500 °C for 7 days (168 hours).®! Heat treatment at
350 °C was chosen to determine if the AlgCeFe, phase
seen in the as-cast microstructure would transform into
the low-temperature equilibrium Al;;Fes and Al;;Ces
phases, as predicted in Figure 1(a). Meanwhile, the
500 °C heat treatment was selected to determine if the
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Fig. 4—SEM BSE microstructure images after 120 hours at 350°C («) and 500°C (b) of Al-9.35Ce—1Fe microstructure sample. Eutectic Al;;Ce;
phase is marked by red stars, AlgCeFe, phase is marked by a blue ‘+,” and Al;(CeFe; is marked by a yellow diamond (Color figure online).

as-cast AlgCeFe, phase would transform into the
high-temperature equilibrium Al;oCeFe,.

The microstructures of the samples after heat treat-
ment are shown in Figure 4. SEM analysis of the
Al-9.35Ce—1Fe sample heat-treated at 350 °C for
120 hours revealed no intermetallic coarsening or phase
changes occurred as a result of the exposure. Seen in
Figure 4(a), the Al-Ce—Fe phase appears as dull gray
like the as-cast microstructure shown in Figure 2(c) and
(d) with similar SEM-EDS spot analysis as the as-cast
AlgCeFe, phase (average 82.7 at. pct Al, 6.1 at. pct Ce,
11.2 at. pct Fe). The results of the 350 °C exposure
indicate that the limited mobility of Fe and Ce hinders
the predicted equilibrium phase transformations
(AlgCeFe, to Al;1Ces and AljsFey4). Figure 4(b) shows
the SEM micrograph after heat treatment at 500 °C for
120 hours, which was observed from the same area as
the as-cast sample in Figure 2(d). From Figure 4(b),
there is no evidence of coarsening of intermetallic phases
during the 500 °C heat treatment, but minor differences
in the microstructure after the heat treatment are
apparent. In Figure 4(b), the contrast of the Al-Ce—Fe
ternary phase is less apparent than in the as-cast
microstructure (Figure 2(d)). However, the SEM-EDS
spot analysis showed that the composition of the
Al-Ce-Fe phase (average 85.9 at. pct Al, 7.2 at. pct
Ce, 7.0 at. pct Fe) was similar to the as-cast
microstructure.

The main phases in the Al-9.35Ce—1Fe alloy after
heat treatment at 500 °C include Al,;Ce; and Al;,CeFe,
phase. Figure 5(a) is a bright-field STEM image showing
the Al;(CeFe, phase in the heat-treated microstructure.
The AlgCeFe, phase in the as-cast microstructure
transformed into the predicted equilibrium Al;(CeFe,
phase during the heat treatment. The Al-9.35Ce—1Fe
alloy shows minimal coarsening of the Al;;Ce; phase
which is consistent with other studies.®! The results
indicate that the intermetallic phases are sufficiently
resistant to coarsening in comparison to other
works,®®1% and thus, the alloy is expected to have
similar property retention at elevated temperatures.

Since there was Si impurity in the alloys, TEM
characterization revealed the formation of CeAlj gsSi; 15
phase, with a tetragonal crystal structure (space group |
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41/a m d ) and lattice parameters a = 0.4203 nm,
b = 0.4203 nm, and ¢ = 1.44619 nm.*” Figure 5(c)
shows CeAlj g5Si; 15 phase in the microstructure, and the
corresponding diffraction pattern is given in Figure 5(d).
The composition of CeAljgsSij 15 phase was measured
using STEM-EDS and listed in Table III. No interaction
between Si and Fe was observed in the experimental
alloys, supporting the CALPHAD results in
Figures 1(d) and (f) and previous findings.!"""

According to the isopleth in Figure 1(a), the Alj4Fes
and Al;,Ce; phases are stable at temperatures less than
480 °C, but the AI-9.35-1Fe alloy treated at 350 °C for
120 hours in the current work and the cast
Al-10Ce—1Fe alloy treated at 400 °C for 384 hours
reported in literature®®® did not exhibit a phase change
after treatment. The combined results show that the
as-cast AlgCeFe, phase identified in this work is difficult
to transform into the two binary phases, even at elevated
temperatures (around 200 °C higher than normal use
temperatures for aluminum) for considerable lengths
of time, indicating the microstructure stability of the
alloy. At temperatures above 480 °C, the Al;(CeFe,
phase is stable, which was found in the A-9.35Ce—1Fe
alloy treated at 500 °C in this work. The contrast
difference between the Al;;Ce; phase of the Al-Ce—Fe
phase decreases noticeably due to the change in com-
position of the phase according to Table III as seen in
Figure 4(b) compared to Figure 2(d). The Al-10Ce—1Fe
alloy in literature'™" was treated at 590 °C for only
24 hours and also appears to show a contrast change of
the Al-Ce-Fe phase that makes it more difficult to
differentiate between the Al;;Ce; and Al-Ce—Fe phase.
Although no phase change was reported by the authors,
it is likely that AlgCeFe, phase formed in the as-cast
microstructure but transformed to Al;(CeFe, phase in
the Al-10Ce—1Fe alloy similar to the results in the
current work.

D. Mechanical Property Testing

The alloys evaluated in this investigation were not
designed for high mechanical properties, but rather to
evaluate the effect of the Fe addition on the mechanical
properties (mostly ductility) of the cast Al-Ce alloys.
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Fig. 5—STEM characterization of the microstructure of Al-9.3Ce—1Fe alloy after heat treatment: (¢) low magnification bright-field STEM
image of Al;oCeFe, phase. The red dashed circle highlights the region for selected area electron diffraction study in (b). (b) indexed selected area
electron diffraction pattern along the [212] zone axis of Al;(CeFe, phase. (¢) bright-field STEM image of CeAlygs Sij ;s phase. The red dashed
circle highlights the region for selected area electron diffraction study in (). (d) indexed selected area electron diffraction pattern along the [100]

zone axis of CeAlygsSiy 15 (Color figure online).

The results from the tensile testing are shown in
Table IV. Compared to the Al-9.57Ce—0.2Fe sample,
the AI-9.45Ce—1.16Fe sample showed a similar ultimate
tensile strength (UTS), 12 pct larger YS, and a 25 pct
larger elongation at failure. The increased elongation is
believed to be related to the suppression of the faceted
Al;Ce; phase with the increased Fe content. The reason
for the increase in YS is unknown, but potential causes
could be an increased amount of Fe that stays in the Al
matrix (solution) during solidification or from an
increase in the total intermetallic fraction from the
higher Fe content. The results from the
Al-9.57Ce—0.2Fe and Al-9.45Ce—1.16Fe alloys clearly
show a beneficial effect of Fe addition on the ductility
and strength of the as-cast alloy, as opposed to typical
effects of Fe in other cast aluminum alloys, especially
those based in Al-Si systems.
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It is important to understand if the high-temperature
exposure embrittles the alloy. Tensile samples heat-
treated at 500 °C were tested at room temperature. Due
to material availability and previous study on the binary
Al-Ce system® and Al-Ce-Fe system®” only
Al-9.45Ce—1.16Fe tensile samples were prepared for
heat treatment. The results in Table IV indicate that the
heat treatment had a positive effect on the elongation
(30 pct increase) of the alloy compared to the as-cast
alloy, suggesting that the transition of AlgCeFe, to
AljoCeFe, phase is not embrittling. Meanwhile, 86 pct
of the UTS was retained, and the YS had a retention of
90 pct. The loss of YS could be explained by Fe leaving
solution at high temperatures to form the Al-Ce—Fe
intermetallics, which is supported by the similar YS of
the as-cast Al1-9.57Ce—0.2Fe alloy. An analysis on cast
aluminum alloys (206, 319, 356, A356, A356 + 0.5Cu)

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table IV. Room Temperature Mechanical Properties of Experimental Alloys

Alloy Condition Yield Strength (MPa)  Ultimate Tensile Strength (MPa)  Pct Elongation

Al-9.57Ce—0.2Fe As-cast 64 £ 1.6 175 £ 4.8 8+ 24

Al-9.45Ce—1.16Fe  As-cast 72 +£ 1.6 168 + 11.3 10+ 1.5
After 500 °C for 120 hours 64 + 3.4 145 + 3.8 13+ 2.7

for potential use as cylinder heads (in T6 or T7
condition) showed less than 60 pct retention in hardness
after 200 hours of exposure at 300 °C for the aged
alloys. Notably, the 356 alloy, which has considerably
higher Fe (0.39 pct Fe) than the A356 alloy (0.18 pct
Fe), showed a higher hardness retention.[*"!

IV. CONCLUSIONS

The effects of Fe additions to the near-eutectic
Al-9.35Ce casting alloy have been investigated in this
work using CALPHAD modeling and experimental
validation. SEM and TEM were used to characterize the
microstructure and tensile testing was performed to
evaluate the mechanical properties. The effect of
120 hours of exposure at 350 °C and 500 °C was also
evaluated, and the results are summarized:

1. Fe addition to Al-9.35Ce alloy resulted in the
formation of metastable AlgCeFe, phase during
solidification, suppressing faceted proeutectic
Al;;Ce; particles in as-cast Al-9.35Ce alloy.
Metastable AlgCeFe, phase exhibits aggregate mor-
phology. The predicted equilibrium Al;(CeFe, phase
was also observed in the as-cast microstructure.

2. Fe and Si were not found to interact and form
intermetallic phases together in the Al-Ce-Fe-Si
system despite the stability of Al-Fe-Si inter-
metallics in other systems. CeAl gsSi; 15 was found
instead in the solidification microstructure.

3. No changes in the microstructure of
Al-9.35Ce—1Fe alloy were observed after heat
treatment at 350 °C, suggesting thermal stability
of the non-equilibrium AlgCeFe, phase. No coars-
ening occurred after 500 °C exposure, but the
AlgCeFe, phase transformed to equilibrium
Al;oCeFe, phase.

4. The mechanical property results showed an increase
in strength and ductility with Fe addition to the
Al-9.35Ce as-cast alloy, which is opposite of the
effects of Fe on traditional Al-Si-based cast alloys.

5. The Al-9.35Ce—1Fe alloy displayed excellent reten-
tion of properties after exposure to high tempera-
tures (90 pct retention of YS, 86 pct retention of
UTS, 130 pct retention of elongation at failure) and
confirmed that the transition of AlgCeFe, to
Al;oCeFe, was not embrittling.

6. Alloying with Fe may be beneficial for the Al-Ce
system due to its low-cost, beneficial effects on
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mechanical properties and microstructure stability.
Further optimization of Al-Ce—Fe alloys is needed
to increase the ranges of achievable mechanical
properties with favorable microstructures. This
beneficial effect of Fe also opens the door for high
recyclability rates and use of sorted scrap aluminum
in Al-Ce-based alloy production, which would offer
enormous environmental and economic benefits for
manufacturing aluminum—cerium casting alloys.
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