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Cerium oxide is a low-value byproduct of rare-earth mining yet
constitutes the largest fraction of the rare earth elements. The
reduction of cerium oxide by liquid aluminum is proposed as an
energy- and cost-efficient route to produce high-strength Al-Ce
alloys. This work investigated the mechanism of a multi-step
reduction reaction to facilitate the industrial adaptation of the
process. Differential scanning calorimetry in combination with
time-resolved synchrotron diffraction data uncovered the rate-
limiting reaction step as the origin of the reported temperature
dependence of reduction efficiency. This is the first in situ study of a
metallothermic reaction mechanism and will serve as guidance for
cost- and energy efficient industrial process control.

Nearly 200 years ago, H. C. Oersted revolutionized metallurgy,
as he prepared metallic aluminum through the reduction of
AICl; by potassium amalgam, inventing the metallothermic
reaction.! Since then, many elements have been isolated for
the first time by reaction of their compounds with a more
reactive metal to form a more stable compound and the sought-
after elemental metal.> Metallothermic reactions remain a
crucial technology applied in the iron thermite reaction for
welding of train tracks and the industrial production of metals
such as Be, Ti, Ta and the rare earth elements through the
reduction of their halides by Mg, Na or Ca.>*

Rare earth elements tend to be co-located in ore deposits
and are treated together in extraction. Cerium is the majority
element in most deposits, and the growing need for Nd, Pr and
the heavy lanthanides in permanent magnets and other energy
transition technologies results in costly stockpiling of cerium
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New concepts

Aluminothermic reduction of cerium oxide can significantly reduce the
cost and energy-consumption associated with Al-Ce alloy production
compared to conventional processes. The direct use of cerium com-
pounds accrued during rare earth element (REE) mining makes light-
weight REE a value-added co-product instead of a waste product. In this
study we demonstrate a novel approach to produce Al-Ce alloys by
reducing CeO, in liquid aluminum at 95% reduction efficiency. This
work provides the first ever mechanistic insight into the reaction kinetics
and intermediate products of an aluminothermic reaction, which reveal a
multi-step reaction mechanism with complex temperature dependency,
details that are necessary for scaling on an industrial level. This work
provides the basis of an economic route to produce high strength Al-Ce
alloys with enhanced dispersion strengthening from embedded Al,O;
particles.

oxide that has low demand.’” Aluminum alloys with up to
10 wt% cerium have been developed in the last decade as a new
class of light-weight, high-temperature materials, exploiting
formation of the high-melting intermetallic compound Ce;Al;4
in the microstructure.*®° As such, Al-Ce alloys are a competi-
tive high strength alloy class that creates a high-value demand
for excess cerium to help stabilize the rare earth market.'®"!

Al-Ce alloys are produced by alloying Al melts with metallic
Ce, which itself is produced by calciothermic reduction of CeCl;
in a prior energy-intensive step. This step can potentially be
avoided by leveraging the following reaction (1), with a stan-
dard reaction enthalpy of —30.1 k] mol .

4 2
CeO; +3A1 — Ce +3AL0; —30.1 kJ mol™" (1)

The direct reduction of CeO, in liquid aluminum shows pro-
mise as an economical route to produce Al-Ce alloys, circum-
venting the production of Ce metal, which will reduce the
environmental footprint and facilitate commercial adaptation.

Mechanistic understanding of metallothermic reactions
supports the effective parameter optimization in industry but
is still in its infancy due to the harsh reaction conditions of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Calorimetry of Al-CeO, mixtures with color legend in the top
panel. (A) Detailed view of isothermal holds where the shaded areas reflect
the heat of reaction. Curves are offset for clarity. (B) Corresponding kinetic
curves of degree of conversion vs. reaction time for aluminothermic
reduction reactions, derived from peak integration in (A). Inset to (B):
Arrhenius-plot with fit (dashed line) to the data from 825 °C to 925 °C
provides E,.

these highly exothermic reactions. Aluminothermic reactions with
7r0,,"”> Mo0;,"** Nav0;,"> MgO,"® and Cr,0;,"” have been stu-
died for industrial alloy production, while reduction of ZnO,'®*
was investigated by preparing Al/Al,O; matrix composites.

Early investigations of the aluminothermic reduction of
Ce0,,”° and cerium carbonate,”" reported a strong temperature
dependence of the conversion efficiency. No study has reported
data on intermediate reaction products or mechanistic details.

To further fundamental understanding and accelerate indus-
trial adaptation, we have investigated the reaction kinetics and
mechanism of the aluminothermic reduction of CeO, for the
preparation of Al-Ce alloys, by means of differential scanning
calorimetry (DSC), metallography, time-resolved synchrotron X-
ray diffraction, and thermodynamic calculations.

The reaction between liquid aluminum and CeO, particles
was investigated via isothermal holds (800 °C < Tho1q < 950 °C)
in DSC on pressed pellets of aluminum-CeO, powder mixtures
(Fig. 1A, experimental details in ESIt). The onset time of the
exotherms (shaded areas under curves in Fig. 1A) was reduced

This journal is © The Royal Society of Chemistry 2024
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with increasing reaction temperature from 15 min to less than
1 minute for the reactions at 825 °C and 950 °C, respectively.
The kinetics of the reaction were further examined using the
isothermal kinetic curves, i.e. normalized integral curves of the
integrated peak areas, as the integral curves were found less
sensitive to uncertainties in reaction onset time and
baseline.?”?* The kinetic curves (Fig. 1B) revealed an acceler-
ated reaction rate with increasing temperature up to 925 °C,
while the rate at 950 °C did not increase further. The reaction

do . . .
rate & determined at half conversion (o = 0.5) confirmed the

increase of the reaction rate with temperature and, using
Friedman’s isoconversional formulation of the Arrhenius equa-
tion (inset to Fig. 1B),>>*?> allowed estimation of an effective
activation energy E, = 161 k] mol™". A second broad exothermic
effect was observed with onset about 20, 13, 4 and 2 minutes
after the completion of the initial reaction at 825, 850 °C, 875 °C
and 900 °C, respectively (see Fig. 1A and Fig. S1, ESIt). This
process of unclear origin appeared accelerated at higher
temperatures.

The reaction products after the DSC measurement at 850 °C
were identified by powder X-ray diffraction (PXRD, see Fig. S2,
ESIY) as Al (Cu structure, Fm3m, a(300 K) = 4.045(2) A), CeO,_, i
(CaF, structure, Fm3m, a(300 K) = 5.4054(2) A), Al,O, (Corundum
structure, R3¢, a(300 K) = 4.753(3) A, ¢(300 K) = 12.984(4) A) and
Ce,Aly; (LagAly, structure, Immm, a(300 K) = 4.3879(2) A, (300 K) =
10.0513(6) A, ¢(300 K) = 13.0079(7) A) confirming successful
reduction of Ce™O,_, to CeJAl,; (arguendo, we assume oxidation
state Ce’ in the intermetallic compounds). After reaction at
950 °C, Al, Al,O; and Ce;Al;; but no residual CeO,_, were
observed, and the relative amounts of Ce;Al;; and Al,O; doubled
and tripled, respectively, compared to the reaction at 850 °C (see
Fig. S3 and Table S1 for details, ESIT).

Scanning electron micrographs of the pellet after reaction at
950 °C (Fig. 2) showed large agglomerates of Ce;Al;, grains with
30 um to 50 pm diameter in an aluminum matrix, as identified
by energy-dispersive X-ray spectroscopy (EDS) (Table S2 and
Fig. S4, ESIT). Higher magnification revealed small crystallites
of Al,O; with a narrow size distribution around 5 pm embedded
in the Ce3Al;; and Al phases (red arrows in Fig. 2B-E). These are
significantly larger than the Al,O; particles with 200 nm dia-
meter observed in composite materials produced by reduction
of Ce,(CO3)3.%"

After reaction at 850 °C, the micrographs (Fig. S5, ESIT)
showed significant amounts of unreacted CeO,_, particles as
well as Al and CezAl;; grains. Detailed investigation of the
micrographs (Fig. S5B-E, ESIt) revealed that the Ce;Aly; grains
appear to crystallize only from within the aluminum matrix.

To better understand the kinetics and mechanism of the
aluminothermic reduction of CeO, as well as the origin of the
observed second exotherm in DSC, time-resolved synchrotron
diffraction data were recorded on pressed pellets of aluminum-
CeO, powder mixtures contained in glass capillaries (12.2.2,
Advanced Light Source/LBNL, USA). Diffraction data were
recorded while ramping the sample temperature to the iso-
thermal hold temperature (Tj,01q = 850 °C, 900 °C and 950 °C) to

Mater. Horiz., 2024, 11, 2382-2387 | 2383
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Fig. 2 Scanning electron microscopy on Al-CeO, sample after holding at
950 °C for 20 minutes. (A) Secondary electron image showing large grains
of CezAly; (bright phase) in an Al matrix (dark). (B) High-magnification
backscatter-electron image reveals small Al,Osz crystals (red arrows)
embedded between CezAl;; and Al phases, as well as unreacted oxides.
(C)-(E) EDS elemental maps of AL O, and Ce distribution in the
microstructure.

monitor the formation and decomposition of crystalline phases by
means of the peak areas of selected peaks (details in ESIt). At
selected times, the relative phase fractions were determined by full
pattern Rietveld refinement of the diffraction data (insets to Fig. 3).

As soon as melting of aluminum was complete, a rapid
conversion of CeO,_, (CaF, structure, Fm3m, lattice parameter
a(300 K) = 5.4280(2) A) to the defect oxide Ce;Os., (Bixbyite
structure, space group Ia3, a(1123 K) ~ 11.37 A) was observed
at all temperatures.”” At 850 °C (Fig. 3A), Ce;Os., reacted then
slowly to form the sesquioxide Ce,O; (HT-La,Oj3 structure, Pm3,
a(1123 K) ~ 3.94 A, ¢(1123 K) ~ 6.17 A). After 20 min of
reaction time, a molar ratio of Ce;0s., to Ce,03, normalized by
cerium content (i.e. CeO1 ¢7+0.5x to CeO;5), of about 1:1.7 was
determined by Rietveld refinement (inset to Fig. 3A, Table S4,
ESIY). Upon cooling of the reaction mixture, the signal for both
phases, Ce;0s., and Ce,03, disappeared and together with the
solidification of the excess aluminum, the crystallization of
Ce;Al;; and formation of CeO,_, was observed, in line with
observations after DSC.

The reactions were strongly accelerated at 950 °C (Fig. 3B)
as the melting of aluminum initiated the rapid conversion of

2384 | Mater. Horiz., 2024, 11, 2382-2387
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CeO,_, to Cez0s:x which then decomposed rapidly to
form Ce,O;.

Almost instantly, the ternary oxide CeAlO; (CaTiO;
structure, Pm3m, a(1223 K) ~ 3.82 A) formed and the evolution
of relative phase amounts suggests that CeAlO; was formed by
consumption of Ce,0;. After 10 min, a ratio of Ce,O; to CeAlO3,
normalized by cerium content (i.e. CeO; 5 to CeAlOj;), of about
1:93 was observed (Inset to Fig. 3B, Table S4, ESI{). Upon
cooling of the reaction mixture, the residual Ce,O; signal
dropped to zero, while CeAlO; remained constant, and Al and
Ce3Aly; crystallized from the melt. The experiment at 900 °C
(Fig. S7, ESIt), showed essentially a similar order of reactions as
at 950 °C. After melting of Al and conversion of CeO,_, to
Ce30s.y, the latter phase reacted quickly to form Ce,O; and
CeAlO;. The relative amount of these phases, however,
remained nearly constant over time at a 1:10 molar ratio
(CeO;5 to CeAlO;). The crystallization of small amounts of
Ce;Al;; was observed prior to cooling down from 900 °C.

Thermal effects in DSC appeared delayed compared to the
reactions observed in synchrotron data, most likely due to a
difference in heating rate and sample mass. The first thermal
effect coincides in time with the observed rapid conversion of
CeO,_, to Ce;0;5., and Ce,O; for reactions at 850 °C and 900 °C.
Synchrotron data at 900 °C revealed a broad peak in the signal for
Ce,0; (Fig. S1, ESIt), suggesting accelerated formation of Ce,Oj,
coinciding with the delayed second signal in the DSC curve. Above
900 °C, the first and second thermal effects seem to overlap in one
peak. As the time-resolved synchrotron data indicate the contin-
uous decrease of Ce,O; amount over an extended duration, this
suggests that the reduction of Ce,O; to CeAlO; and subsequently
metallic cerium is too slow to show a discernible DSC signal.

The reaction cascade taking place can then be summarized
through eqn (2)-(5), omitting non-stoichiometry in the oxides
or the dissolution of Ce—Al intermetallic phases in excess Al,),
where the enthalpies were calculated using the thermodynamic
database developed for this work. Due to enhanced diffusion in
the liquid phase and the strongly negative mixing enthalpy*® of
Ce in Al(y), the excess liquid aluminum present will enrich in Ce
content by rapidly dissolving any formed Ce-containing inter-
metallic compounds. This will remove any formed metallic
cerium quickly from the equilibrium reaction, up to the
solubility limit (about 7 at% at 900 °C), and precludes the
observation of CeAl, and CeAl; intermetallic compounds by
synchrotron diffraction.

1 1
CeO + Al — 1 Ce30s + ,CeAlOs — 298 kJ mol~! (2)

Ce305 + %Al - gC6203 + %CeA103 —110kJ mol™"  (3)

Ce,0; + 3Al — CeAl, + CeAlO; — 123 kf mol™'  (4)
CeAlO; + 4Al — CeAl; + ALO; — 23.8 K mol™*  (5)

The sequence of phase formation observed in synchrotron
experiments can be rationalized by detailed analysis of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Phase formation (lower panels) observed by time-resolved synchrotron diffraction for the reaction of Al with CeO, at (A) 850 °C and (B) 950 °C,
together with temperature programs (upper panels). Curves for respective phases are normalized using results from Rietveld refinements to approximately
reflect the evolution of relative phase amounts over time. Insets: Relative amounts of Ce-oxide phases determined at selected times, normalized by Ce content.

computed Al-Ce-O ternary phase diagram (Fig. 4A). The overall
compositions (blue cross in Fig. 4A) of the samples are located
in the three-phase equilibrium of Ce;Al;; with Al,O; and
(AL,Ce)qp), the liquid solution of Ce in Al. The reaction between
solid CeO,_ particles and liquid aluminum Al is governed by
the formation of product layers at the particle surface and a
reaction front that penetrates towards the center of the
particles.

As a new phase is formed and expands into the particle from
the particle-Al(; interface, the newly formed phase and excess
Al at the particle surface will tend to form the next stable phases
in the next local equilibrium. The relative phase amounts observed
in a particle over time depend on the competing rates of
phase formation (advance of reaction front into particle) and
consumption of the phase by the subsequent reaction.

The observed evolution of phase fractions (Fig. 3) deviates
significantly from the calculated phase amounts along the Al-
CeO, vertical section (dashed line in Fig. 4A), which assume
immediate and bulk equilibrium conditions (Fig. 4B).

During the first minutes, the rapid conversion of CeO,_, to
Ce;0s5., (eqn (2)) and then Ce,O; (eqn (3)) was observed at all
temperatures, in line with the thermodynamic predictions
(Fig. 4B). Only the Ce,0,, phase was not observed experimen-
tally, possibly due to the narrow stability window. The fast
reactions between CeO,_,, Ce;0s., and Ce,O; at all tempera-
tures are in line with the high oxygen diffusion rate and the
structural similarity of the cerium oxides.”*!

The consequent reaction of Ce,O; with Al to form CeAlO;
(eqn (4)) shows markedly different dynamics depending on tem-
perature, as outlined below. The observed strong temperature
dependence of observed phase amounts of Ce,O; and CeAlO;
can be explained by the competition of the diffusion-limited

This journal is © The Royal Society of Chemistry 2024

reaction of Ce,O; to CeAlO; and the consumption of CeAlO; to
form Ce® as liquid solution (AL,Ce)q, and solid Al,Og).

Ce,0; + Ce;0;, + CeAlO,

A

, + CeO,_+ CeAlO,
72

0

40 Ce;0s, + Ce;0;, + CAIO \\e 1

/ A\:V = ArJ, CeAl, + Ce,05+ CoAlO; Of
o A n - - . "
L % i *CeAl0; — .-""~ °’<’o
& | B ® %
(Al,Ce) e 2 CeAl; + CeAlO,
.- iCeAl, +Al,0, /
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Al 80 60 40 |/ 20 (@)
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Fig. 4 (A) Calculated isothermal section of the Al-Ce-0O system (xce <

0.4) at 950 °C. Two- and three-phase equilibria are given as green and
white areas (equilibrium phases indicated), respectively. Narrow two-
phase equilibria have been omitted. Composition of synchrotron samples
(blue cross) and connecting line (blue, dashed) from CeO,_, to Al are
indicated. (B) Phases in equilibrium at 950 °C for compositions along the
join from CeO,_, to Al (dashed line in panel A).
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At 850 °C, Ce30s., reacts slowly to Ce,O3 (eqn (3)) but the
consequent conversion to CeAlO; is extremely slow compared
to its reduction to Ce° (eqn (5)) and only small quantities of
CeAlO; are therefore observed at any time. The Ce,0; amount
remained nearly constant during the observation period.

Rietveld phase fraction analysis of samples after DSC showed
that about 63 at% of cerium was reduced to CeJAl,,, about 7 at%
was found as Ce™AlO; and 30 at% as unreacted Ce™0,.

At 900 °C, a steady state between conversion of Ce,O; to
CeAlO; and reduction to Ce° is rapidly achieved, although
at a much higher ratio of CeAlO; to Ce,O; than at 850 °C, as
diffusion through the product layer is accelerated. About
95 at% of cerium was reduced to CeJAl;4, 2 at% was found as
Ce™AlO; and 3% as unreacted CeO,.

At 950 °C, formation of CeAlO; from Ce,O; and reduction to
Ce® progress at similar rates. Ce,0; was mostly consumed over
the observation period, but the amount of CeAlO; had not started
to decrease by the time the reaction mixture was cooled down.

In the sample reacted during DSC, about 92 at% of cerium
was reduced to CeJAl;; and 8 at% was found as Ce™AlO;.

Equilibrium calculations (Fig. 4) predict reduction of
Ce™0,_, to Ce® in the form of compounds CeAl,, CeAl;, Ce;Al;,
and finally the liquid solution (Al,Ce)g. Synchrotron diffraction
data showed no evidence of crystalline CeAl, or CeAl; and only
Ce;Aly; was crystallizing from the liquid solution (Al,Ce)y;. The
large excess of Aly, rapid diffusion in the liquid, and highly
negative mixing enthalpy®® of Ce in Al facilitated rapid removal
of cerium from the particle surface into the bulk of the melt.

Conclusions

The results demonstrate the aluminothermic reduction of
cerium as a viable, potentially economical, and direct route
for the production of Al-Ce alloys, avoiding the costly and
energy intensive isolation of cerium metal and providing a
high-value use for excess cerium oxide from mine tailings.
Material generated in the direct reduction process has a large
amount of Al,O; particles embedded in the aluminum matrix
expected to contribute to dispersion strengthening in the final
alloy. Al-Ce master alloys produced by this process can be used
in the Al casting industry after addition of pure Al and other
alloying elements (e.g. Mg, Si) to tune the desired composition
(below 3 at% Ce).® The rapid cooling rates observed in typical
casting operations can then produce the high-strength eutectic
microstructures of Ce;Al;; particles in the Al matrix.

Time-resolved monitoring of the intermediate products
revealed a complex multi-step reaction mechanism and clar-
ified the importance of temperature control to maximize reac-
tion yield while minimizing heating costs, which will be crucial
for industrial implementation of this process.§
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