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Abstract

Alumina (Al;03) is one of the most widely used ceramic materials for innumerable
applications, due to its unique combination of attractive physical and mechanical properties.
These intrinsic properties are dictated by the numerous phases that Al,O; forms and its related
phase transformations. Transition metal (TM) cation dopants [iron (Fe), cobalt (Co), nickel (Ni)
and manganese (Mn)], even in sparse amounts, have been shown to significantly affect the
phase transformation and microstructural evolution of Al.Os. Small concentrations of TM
cation dopants have successfully been incorporated to synthesize magnetically active Al,Os,
while reducing the 0 to a phase transformation temperature by 150 °C, and maintaining the
outstanding mechanical properties. In addition, first-principle calculations based on density-
functional theory (DFT) with hybrid functional (HSE06) and the PBE+U methods have
provided a mechanistic understanding of the formation energy and magnetism of the TM-doped
a and 0 phases of Al2Os. The results reveal a potential route for phase transition regulation and

external magnetic field-induced texturing of Al.O3 ceramics.
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1. Introduction

In recent years, cation-doped Al,O3; has been extensively
studied as an important ionic ceramic material for catalyst
support[1-3], thermal-barrier coatings[4, 5], transparent
armor[6, 7], and laser host materials[8], due to its excellent
chemical, mechanical, and optical properties, all of which
have been influenced by crystalline phases and
microstructural characteristics (e.g., grain size). Dopant
cations typically do not influence deformation of the crystal
cell structure, but are known to impact the sintering
thermodynamic behavior and grain growth of the desired
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Al,O; phase by entering the interspace (octahedral or
tetrahedral sites) and/or replacing cations of the intrinsic
crystal lattice, affecting the ionic bond energy[9, 10] and grain
size[11]. It has been reported that mechanical properties, such
as the abrasive resistance[12], can be increased with Al.Os
grain size reduction[13]. For dopant elements with net
unpaired electrons, dopant ions can strengthen the coupling
between micro-domains under external magnetic fields[14],
improving the overall strength[15]. A distinct relationship
between lanthanide (Ln) doping and microstructural evolution
in Ln-doped Al,O3 has been experimentally described in our
previous studies[16]. In this effort, the focus is on exploration
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of Al,O3 doped with 3d transition metal (TM) cations, such as
Fe, Co, Ni, and Mn, which have high magnetic moments, and
similar radii to Al. In addition, magnetic TM dopants could
potentially induce crystallographic texturing in Al,Os
materials. The microstructures and physical properties of TM-
doped Al>O3; under different calcination temperatures have
been studied with a combination of high-resolution X-ray
Diffraction (HRXRD), X-ray Absorption Near-Edge Structure
(XANES), electron microscopy, Vibrating Sample
Magnetometry (VSM), and nano-indentation. To corroborate
experimental  findings, hybrid-functional based DFT
calculations were also performed to aid in mechanistic
understanding of phase transformations in TM-doped
alumina.

2. Experimental Section

2.1 Sample Preparation

A wet chemical synthesis process via precipitation was
utilized in a similar manner to Sanamyan et al [17]. The
constituent elements investigated in this study were Fe, Co,
Mn, and Ni. The metal salts used as cation sources for the
synthesis were all commercially available products from Alfa
Aesar (Havermill, MA): aluminum nitrate nonahydrate
[AI(NO3)3-9H,0] (99.999%), manganese (I1) nitrate hydrate
[Mn(NO3)2-xH20] (99.999%), iron (111) nitrate nonahydrate
[Fe(NO3)3-9H20] (99.999%), cobalt (1) nitrate hexahydrate
[Co(NOs)2-6H,0]  (99.999%), and nickel (1) nitrate
hexahydrate [Ni(NOs),-6H20] (99.9985%). A solution was
prepared in deionized H-O with a nitrate concentration of 2.15
M. All of the TM-doped Al.O3 samples referenced in this
study were prepared to form a composition with doping level
around 400 ppm.

As shown in Figure 1a, acidic solutions of aluminum nitrate
and TM nitrate, along with basic solutions of ammonium
hydroxide  (NHs-H.O) and ammonium bicarbonate
(NHzHCO3) in deionized H,O, were simultaneously added
dropwise into a buffer solution with pH of 7. As the four
solutions were combined in the buffer, particles of doped
Al,O5 precursor began to precipitate out into suspension. The
flow rate of the basic solution was adjusted to maintain the pH
of the bath at 7 for the duration of the synthesis process.
During the entire titration process, the suspension was mixed
using a magnetic stir bar.

After the precipitation process was completed, the
suspension was stirred overnight to allow the particles to ripen
before being filtered through nitrocellulose paper. The
collected particles were then dispersed in deionized H,O and
filtered two times to wash off any remnant salts from
synthesis. Finally, the particles were dispersed in isopropanol
and filtered to aid in the drying process, before being placed
in an oven at 70°C. Once dried, the precursor powder was
ground with a mortar and pestle.
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Figure 1. (a) Schematic representation of the TM-doped Al2O3
samples preparation process. (b) SEM images of Ni-doped Al2Os
under 1200°C (left) and 1350°C (right) respectively.

2.2 Material Characterization

HRXRD (Synchrotron 11-BM at the Advanced Photon
Source of Argonne National Laboratory) was employed to
examine the effect of doping on Al;O; crystalline phase
composition based on the TM species and sintering
temperature. The TM species doped in the alumina samples K-
edge XANES spectra were collected using linear polarized X-
rays at the undulator beamline 20-ID-C of the Advanced
Photon Source (APS) in Argonne National Laboratory.
XANES spectra for TM standards used in linear combination
fitting (LCF) of all XANES spectra were performed under the
same beamlines. The phase evolution and grain size of TM-
doped Al,O3 samples were further confirmed through a direct
observation of the powder under an FRI Quanta450FEG SEM
and TEM. The magnetization of the samples was
characterized by a MircoSense EV7 high sensitivity vibrating
sample magnetometer. Compressive force displacement
curves and ultrafast extreme property mapping (XPM) images
were measured with Hysitron Tl 950
Tribolndenter/Nanoindenter and T1980 Tribolndenter with a
diamond Berkovich tip. Optical transmittance of the samples
was analysed using an Agilent Model HP8453 UV-vis
spectrophotometer.

3. Results and Discussion

Of the many distinct crystalline phases of Al;Os, the a-
phase, which possesses a hexagonal closed packed (HCP)
oxygen sub-lattice, has demonstrated remarkable hardness and
been identified as the most thermodynamically stable.
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Figure 2. (a) HRXRD spectra of the TM-doped Al203 samples calcined under 1200°C (left) and 1350°C (right). (b) Rietveld refinement
results on the percentages of a-phase and 0-phase. (¢) Compressive stress—strain curves as the rigidity measurement results on TM cation-

doped Al203 samples calcined under 1200°C.

All other metastable phases of Al,Os irreversibly transform to
a-phase under high temperature conditions (typically above
1300°C). The phase transition of Al,O; can follow many
paths, depending on the initiating alumina precursor, typically
starting with a boehmite structure, and followed by the
transition sequence of gamma (y), delta (8), theta (8), and
alpha (&) with increasing temperature [18]. TM-doped Al;,O3
powders were synthesized following the procedures shown in
Fig.1la [12, 16]. Ammonium aluminum hydroxide carbonate
(NH:AlL TMy(OH),COs) was generated via an in situ
precipitation method in an aqueous environment, and the
resulting powder was dried and calcined at a set temperature
in air. By precisely controlling the atomic ratios of TM-
dopants, the concentrations of TM species were maintained at
a constant level of TMo 0007Al1.999303 (ca. 400 ppm), to avoid
potential formation of TM aluminate and/or oxide phases. A

bi-modal size distribution was observed in all TM-doped
Al>O3 samples (as shown in Fig. 1b, taking Ni-doped Al.O3 as
an example, and Fig. S1), which indicated the presence of a
mixture of crystalline phases in the powder samples. It was
observed that the resulting crystalline phase composition did
not solely rely on the dopant species, but was influenced by
the calcination temperatures as well. HRXRD measurements
were performed to confirm the crystalline phase compositions.
In order to compare the effect of the dopant species on
crystalline phase transformations (6 to a-phase transition),
doped Al,O3 was calcined under different temperatures below
1350°C (the characteristic phase-transition temperature of
pure Al,O3). It should be noted that when the calcination
temperature was increased to 1350°C, AlOs with various
dopants (with the exception of the Mn-doped samples) could
be converted to a-phase.
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Figure 3. (a) MH loops of TM cation-doped alumina samples calcined under 1200°C (left) and 1350°C (right). (b) Valence states of TM
cation dopant in the Al203 based on XANES spectra calculated from LCF with corresponding standard samples. (¢) Formation energies as a

function of Fermi level (Er) for Fe-doped Al.Os samples.

As evidenced in the corresponding HRXRD spectra (Fig.
2a), there were no notable 6-phase diffraction signals in the
Fe-, Co-, and Ni-doped Al,Os. These spectra were consistent
with the size distribution of doped Al,Os;, where the a-phase
dominated grains were represented by the uniform spherical
shapes and dimensions. When the calcination temperature was
decreased to 1200°C, the Fe- and Co-doped Al;0Os
demonstrated homogeneous and uniform shapes, in
accordance with the XRD spectra. The Co-doped Al,O3
prepared at 1200 °C suggested a notably larger portion of a-
crystalline phase, while no 6-phase was observed in the Fe-
doped Al;Os. All 0-phase transitioned into a-phase for the Fe-
doped Al,Os, indicating a reduction in phase transition
temperature by 150 °C, compared to that of pure Al>Os. In
addition, the X-ray Diffraction patterns confirmed that the
crystalline structure of Al,Os; was not affected by doping.
Based on these observations, all of the spectra were
comparatively studied and analysed quantitatively by Rietveld
refinement (Fig. 2b). Rietveld refinement was also utilized to
obtain the crystallite phase composition for TM-doped Al,Os.

At the calcination temperature of 1350°C, all 6-phase was
transformed to a-phase in the Co- and Ni-doped samples,
while 9.6% of 6-phase remained in the Mn-doped Al>O;3
sample. In addition, the average grain sizes in the Co-, Ni- and
Mn-doped Al,O3 samples were enlarged as a result of the 0-
to a-phase transition. All of the particles were approximately
the same size before sintering (Fig. S2). Another noteworthy
feature was that there were no detectable signals from TM
aluminate and/or oxide phases, based on X-ray Diffraction
spectra and energy dispersive X-ray (EDX) imaging and
analysis (Fig. S3-S10). Furthermore, the ratio of a-phase was
consistent with the mechanical properties, as indicated by
nano-indentation testing, in which an external load was
applied through a nano-indenter tip on the sample surface
under force-control mode, resulting in a maximum force of
500 pN applied to the sample (Fig. 2¢). The displacement
distances of the Al,O3 samples increased with the ratio of 6-
phase. The nano-indentation test, along with XPM (Fig. S11),
and optical characterization (Fig. S12) suggested that the
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structural properties of Al,O; were not influenced by the
introduction of TM cations.

The magnetic hysteresis loops of TM-doped Al.O;
demonstrated paramagnetic properties (Fig. 3a). The
saturation magnetization (M) of TM-doped Al,O; was
matched with the extra-nuclear electron configuration of
doping elements collected from XANES for Fe, Co, Mn and
Ni. Based on the valence state characterization of TM-doped
Al,O3 calcined at 1350 °C (Fig. 3b), according to the Pauli
exclusion principle and Hund's Rules, the Fe cation indicated
4.950 unpaired electrons, while Co, Mn and Ni, indicated
3.676, 3.083 and 2.892 unpaired electrons, respectively. The
same relative magnitude order was observed in TM-doped
Al>O3 calcined at 1200°C. It should be noted that the Co, Mn,
and Ni valence states in the calcined samples were higher than
those of the chemicals selected as precursors. Oxidization
occurred during the preparation process except for the Fe-
doped samples, as Co?*, Ni** and Mn?" were oxidized to
+2.676, +2.892, and +3.917, respectively. The spin density
distributions and net magnetic moments did not solely depend
on the unpaired electrons of the dopant elements, but were also
affected by the coupling interaction intensities of atomic
magnetic moment in the solid TM-doped Al.O3 material. As
such, regarding the trace dopant concentration in Al,QOs, it may
imply that the coupling interaction intensities of atomic
magnetic moments in the TM cations were similar to that of
hydrated cations in an aqueous solution. Taking into
consideration that pure Al,Os is diamagnetic, the
paramagnetic signals from low TM concentrations in doped
Al;0s, especially for Fe-doped at 1200°C, indicating the
possibility of magnetic field texturing. In order to gain insight
into the notable reduction of phase transition temperatures in
Fe-doped Al,O3 samples, the formation energies of the 6- and
a-phases were calculated as a function of the Fermi levels (Ey)
using first-principles computations (Fig. 3c). The formation
energy of the Fe impurity in Al,Os at a charge defect g was
calculated using DFT with the hybrid functional:

Ef = Eqor — E(Al03) + pa] — Mpe + q(ER + £y) + Aq

where Ei is the total energy of the supercell containing Fe-
doped Al;Os, E(AlO3) is the total energy of a perfect crystal
in the same supercell, q is the charge state of the point defect,
i and pr. are chemical potentials of Al and Fe atoms (-4.37
and -13.05 eV, obtained from the total energies of elemental
Al and Fe, respectively), Er is the Fermi level, and ¢, is the
energy of valence band maximum. Note that the choice of
chemical potentials does not affect the positions of
thermodynamic charge-state transition levels. It was clear that
substitutional Fe impurities could exist in Al,Oz samples at -,
0, and + charge states, depending on the Fermi level of the
samples. The magnetic moment on the Fe atom was calculated
as 1 Bohr magneton for neutral impurity and 2 Bohr
magnetons for dopants in the - charge state. For the case of

Table 1. The calculated energy difference between 6 and « phases of
pure Al203 and Fe-doped Al2O3 systems in supercells containing 48
aluminum and 72 oxygen atoms.

Energy difference

DFT Methods (dE = (Etot (0)- Etot (a)) (eV)

Pure Al;O3 Fe-doped Al,O3
HSEO06 3.000 4.881
PBE+U 1.048 1.522

neutral impurities, the relative energy difference between the
two phases was calculated, and it was observed that Fe-
doping could further increase the energy difference and
effectively stabilize the a-phase (Table 1). This conclusion
was confirmed by two computational methods, including the
HSE06 and PBE+U methods, as shown in Table 1. The
temperature effects on the total energy change due to entropy
were not included in the calculations, as they were known to
reduce the energy differences between the two phases, but this
would not influence the conclusion on relative phase stability
either way.

4. Conclusion

It was demonstrated that sintering of Al,Os could be
significantly influenced by the presence of transition
elements, providing insight into how phase transformations
and microstructural evolution varied with dopant species
(based on systematic studies of Fe, Ni, Co, and Mn cation-
doped Al,O3 materials). This was observed during the heat
treatment process, and verified by first-principles
computations. A relationship between the unpaired electrons
of the doped TM cations and the macroscopic properties was
reported experimentally. By adding a sparse amount of 3d TM
dopants, dimagnetic Al:Os; became magnetically active,
showing the potential of controlling the texture of bulk Al,Os
ceramics in the presence of external magnetic fields without
sacrificing mechanical and optical properties.
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