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Abstract

In many advanced materials production processes, the analysis must be non-invasive, rapid,
and, if possible, operando. The Raman signal of the various forms of alumina, especially
transition alumina, is very weak due to the highly ionic nature of the Al-O bond, which
requires long exposure times that are incompatible with monitoring transitions. Here, we
explore the use of the fluorescence signal of chromium, a natural impurity in alumina, and
the Rayleigh wing to follow the crystallization process up to alpha alumina. To clarify the
assignment of the fluorescence components, we compare the transformation of beta alumina
single crystals into transition (gamma and theta) alumina and then into alpha alumina
with the transformation of optically transparent alumina xerogel and glass, obtained by
very slow hydrolysis-polycondensation of aluminum sec-butoxide, into alpha alumina.
Vibrational modes are better resolved in thermally treated single crystals than in thermally
treated xerogels. Measurements of the Rayleigh wing, the Boson peak, and the fluorescence
signal are easier than those of vibrational modes for studying the evolution from amorphous
to alpha alumina phases. The fluorescence spectra allow almost instantaneous (<1 s)
quantitative control of the phases present.

Keywords: Raman spectroscopy; XRD; fluorescence; chromium; transition alumina;
corundum; amorphous alumina; gamma alumina; theta alumina; beta alumina; single
crystal; gel; glass

1. Introduction

The very weak Raman signal of alpha alumina [1,2] and aluminates [3] is well es-
tablished and attributed to the weakly covalent character of the Al-O bond. Monitoring
the formation of alpha alumina from amorphous precursors using Raman spectroscopy
is therefore difficult [4]. Furthermore, broad bands, which are more difficult to detect at
low intensity, are expected for disordered and lacunar structures such as those of transition
aluminas. Consequently, only a few optical spectroscopic data on transition aluminas exist
in the literature, and most are rather old and of medium quality [2,5,6].

Because of its compact structure and high melting point, alpha alumina exhibits
excellent mechanical properties at room temperature and retains these properties relatively
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well at elevated temperatures [7-10]. It is therefore used in different forms, films, matrices,
or fibrous reinforcements (composites), to fabricate a wide range of thermo-structural and
insulating materials [9-13], with some studies employing optical spectroscopy. Several
types of alumina fibers are known. The first, developed in the 1980s and marketed as
Saphikon®, is a large diameter (~130 um) monocrystalline fiber, mainly intended for
reinforcing metal matrices [11,13]. Later, small-diameter fibers (~10 pm) were produced by
Mitsui Cy under the name Almax®, for use in fiber-reinforced vitreous or ceramic matrix
composites [9,12]. These alumina materials are synthesized through chemical routes that
first yield an amorphous phase.

In the search for non-invasive spectroscopic methods to establish a reliable and rapid
procedure for monitoring the crystallization process of new alumina fibers during thermal
treatments [14], we resumed earlier work carried out in 1988 [4] on the formation of
transition aluminas, now with far more efficient instrumentation than was available 35 years
ago. Since optical spectroscopies can be performed without contact with the sample, we
employed both the Raman vibrational spectrum and the chromium fluorescence signal.
Almost all alumina-based ceramic materials contain traces of chromium, which, under
excitation with a green laser, produces a fluorescence signature. This fluorescence has been
used to measure mechanical stresses in composites [9-13,15-18], in thermally grown oxide
(TGO) layers forming on Al-containing alloys used in thermal-barrier-coated blades [5-8],
and to measure hydrostatic pressures in diamond anvil cells using ruby spheres [19,20].
This method can also be used to monitor the stress state of fibers in a composite.

The chromium fluorescence spectrum shows distinct components in various spectral
ranges, which are well characterized for the corundum phase (alpha alumina) but much
less so for transition aluminas [5,6]. To address this, we took advantage of the possibility of
obtaining quasi-single crystals of transition gamma alumina (with a spinel structure) by
heat treatment of ammonium beta alumina single crystals [4,21]. This is, to our knowledge,
the only method for synthesizing ordered “large” crystals of transition gamma alumina.
Additional comparison with spectra recorded from thermally treated, optically transparent
alumina xerogels and glasses [2,22] was also used to support the spectral assignments.

2. Materials and Methods
2.1. Samples

Non-stoichiometric beta and beta” single crystals (thickness: 1 to 3 mm; size: 1 to
4 cm?) with compositions 11 Al;O3 1.3 NayO and 11 Al,O3 1.6 NayO, respectively, were
prepared in the late 1970s by cooling from the liquid state (~2000 °C) using the self-
crucible technique [3,21,23,24]. Heating was achieved with a powder mixture of high-purity
sodium carbonate (Prolabo, Paris, France) and alpha alumina (Le Rubis des Alpes, Jarrie,
France). Inductive 6 MHz coupling was first obtained with a graphite plate, manually
oriented horizontally to maximize coupling. The copper crucible was water-cooled. At
the contact with graphite, an Al;03-NayO liquid phase formed, progressively melting the
entire powder mixture. Cooling to solidification took between 1 and 4 h, depending on
the experiment, yielding a boule of ~1 kg of crystals. Crystal surface areas ranged from a
few tens of mm? to a few cm?, and thicknesses from 0.5 mm to several mm (Figure 1). The
non-stoichiometry was compensated by extra interstitial oxygen atoms [21,23,24].

Similar sodium beta alumina single crystals were also extracted from commercially
available Jargal H® bricks (Saint-Gobain Refractory Division, Le Pontet, France), which are
designed for use in glass industrial kilns (Table 1). The mechanism of non-stoichiometry
compensation in Jargal® crystals is not fully understood; impurities may contribute to
compensation in addition to or instead of interstitial oxygen atoms.



Materials 2025, 18, 4682 3 0of 20

Figure 1. (a) Optical micrograph (x50 objective) of sodium beta alumina single crystalline platelets
(a, top) and ammonium beta alumina single crystal transformed into gamma alumina (a, bottom,
view of platelet section) after thermal treatment at 850 °C (The a, b, and c axes are the fundamental
axes of the crystal unit cell). (b) Milky gamma alumina platelet with nucleation of alpha alumina
phase (white spots) after thermal treatment at 1000 °C.

Table 1. Studied samples (diameter of 1 Euro cent: 16.25 mm).

Thermal Remarks

Samples View Synthesis Treatments (Composition) Refs.
Na bgta . Non-stoichiometric
alumina Cooling from the melt no (11 ALLO5 1.3 Na,O) [22,23]
single crystal 205 1. 2

"
Na bgta . Non-stoichiometric
alumina Cooling from the melt no (11 ALLO; 1.6 Na,O) [22,23]
single crystal 203 1. 2
NH, beta s .
alumina Ton exchange ~180°C Non-stoichiometric [22,23]

single crystal (11 Al,05 1.3 (NHy),0)

NH, beta”
alumina
single crystal

o Non-stoichiometric
Ton exchange ~180°C (11 AlLO5 1.3 (NH,),0) [22,23]
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Table 1. Cont.
. . Thermal Remarks
Samples View Synthesis Treatments (Composition) Refs.
NH, beta L. .
. Ton exchange + o Stoichiometric
alumina thermal treatment 500°C (11 ALO; (OH;3),0) [22,23]
single crystal
OHj; beta .
alumina Ton exchange + 750 °C Phase transformation (3,21,23]
thermal treatment (Al,O3 (Hy))
crystal
Ton exchange + Transition
H* transition alumina thermal treg tment 850 °C Alumina
(ALOs (Hn))
Alpha/transition Ion exchange + o
alumina thermal treatment 1000 °C (ALOs)
. Very slow hydrolysis- . .
fl;mu?a polycondensation 700 °C (C‘)ﬁtl(c)all{ocll{e)a r %Orlghg; [2,23]
€roge + thermal treatment 225 0.9, V2252
Alumina Very slow hydrolysis- Phase transformation
lass polycondensation 1000 °C (A12,0,5(OH)g 35, [2,23]
& + thermal treatment 0.3H,0)
. Very slow hydrolysis-
Z’\lumma talline) polycondensation 1100 °C A1,03 [2,23]
nanocrystatine + thermal treatment

Due to their layered structure, the crystals form platelets perpendicular to the c-axis
of the unit cell (Figure 1). Crystals were ion-exchanged in molten NH4NOj for a few
hours and then washed three times with hot water (the exchange cycle was repeated
twice), following the previously described procedure [3,21,23]. The non-stoichiometric
beta crystals were then thermally treated at 500 °C for 4 h in air to obtain stoichiometric
oxonium beta alumina (11 Al,O3 (OHj3),0). This occurs through elimination of the excess
oxygen atoms located in the conducting plane by reaction with protons released from
ammonium decomposition and air humidity [3,4,21,23]. Thus, stoichiometric oxonium beta
alumina was obtained [3,21,23]. Subsequent thermal treatments between 800 and 1200 °C
in air gradually transformed the material first into gamma alumina and then into alpha
alumina [4,21,23]. During this process, the large variation in the c-axis unit-cell parameter
caused the crystals to cleave and crack (Figure 1).

Optically clear alumina xerogel monoliths, prepared in the 1980s by very slow hydrol-
ysis (over several months) of aluminum sec-butoxide in high-purity hexane (or hexane-
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acetone mixtures) according to Ref. [2], were also thermally treated at temperatures between
700 and 1800 °C in air (Table 1). Optical transparency was lost above 1100 °C due to nucle-
ation of alpha alumina [2].

A synthetic MgAl,Oy single crystal wafer (MTI Corporation, Richmond, VA, USA) is
used as reference.

2.2. Raman Spectroscopy

Raman and fluorescence spectra were obtained using a Labram HR800 spectrometer
(HORIBA Scientific Jobin-Yvon, Palaiseau, France) excited with an Ar* ion plasma laser
(Innova I90C 6UV, Coherent Inc., Santa Clara, CA, USA). To achieve a wide spectral window,
a 600 line/mm grating was used. A small confocal hole diameter (180 pm) was chosen to
exploit the potential of Ultra-Low-Frequency (ULF) filters, which allow recording down to
~10 cm~ L. The 514.5 nm exciting line was used, with a laser output power of 1 W, yielding
~50 mW at the sample.

Microscope objectives used included x 10 for selecting the area to be analyzed and long
working distance (LWD) x50 and %100 for local analysis (Olympus, Tokyo, Japan). Count-
ing times ranged from 30 min to several hours for spectra between —200 and 4000 cm ™!,
with 2-30 accumulations. For fluorescence signals recorded between 4000-8000 cm ! (648
874.5 nm in absolute scale) and 14,400-14,800 cm~! (18,741.9-18,760.7 nm), the counting
time was 3 s with 10 accumulations per range. Convenient spectra could nevertheless be
obtained in less than 0.5 s. Spectra collected in different spectral ranges were stitched using
Labspec 6° software, with a common overlap window of 200 cm~!. Wavenumber accuracy
(£1 cm~!) was checked against the silicon wafer reference spectrum.

Due to the high laser power and the intrinsically weak signal of alumina phases,
spectra were recorded with different objectives to evaluate possible optical contributions.
The spectra presented here were recorded with the x50 LWD Olympus objective, which
showed no parasitic contributions (some other objectives produced a weak, broad band
around 850 cm™1).

2.3. X-Ray Diffraction

Gently crushed and strongly crushed crystals were deposited on a low-background
single-crystal silicon sample holder with grease and analyzed using a Bruker D§ DISCOVER
diffractometer with a Bragg-Brentano 6-0 set-up equipped with a Cu anti-cathode. Scans
were performed over the 26 range of 19° to 100°, with sample rotation applied to ensure
optimal irradiation of the entire sample surface. Data were collected with a step size of 0.03°
and a counting time of 24s per step necessary to ensure detection of transition alumina.

Due to the platelet form of single crystals, even after careful grinding, the conservation
of the anisotropic gain shape induces a preferential orientation, and the 001 peak of beta
alumina residues is especially enhanced.

3. Results
3.1. Raman Signatures of Thermally Treated Beta Alumina

The term “beta alumina” (and likewise beta” and beta””’) was originally a misnomer:
early studies of the Al;O3-NayO phase diagram [25] identified these phases as alumina,
although they are actually aluminates containing sodium, potassium, or lithium depending
on the direct synthesis conditions. The ions can be exchanged with many other M* or M?*
ions [21,23].

In the 1970s, beta and beta” aluminas attracted great interest as potential solid elec-
trolytes for advanced sodium batteries and Hj sensors [21], and there has been a strong
revival of interest in recent years.
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Beta alumina (hexagonal symmetry, P63 /mmc space group) and beta” alumina (R3m
symmetry) [3,24]) consist of blocks with a spinel structure (ABC oxygen packing) stacked
along the c-axis, separated by a loosely packed layer (the a,b plane) containing sodium or
ammonium ions (mobile) and oxygen ions that form Al-O-Al-bridges with the spinel blocks.
Stoichiometry varies: the stoichiometric beta form has one conducting ion and one bridging
oxygen ion per conducting plane, while non-stoichiometric forms have 1.3 or 1.6 mobile
ions and bridges per plane, depending on the synthesis [3,21,23,24]. The stoichiometry of
the beta” form is 1.6 [23,24]. In beta alumina, the conducting plan is a mirror plane, but not
in beta” alumina. Excess oxygen atoms in the conducting plane induce defects in the spinel
block to maintain charge compensation [23,24].

The IR, Raman, and neutron vibrational spectra of beta and beta” aluminas were
extensively studied in the 1980s [3,21,23,26-35].

For comparison, gamma alumina has the same spinel structure as the blocks in beta
alumina (ABC cubic oxygen packing), whereas alpha alumina has a corundum structure
(AB hexagonal oxygen packing) [1,5,6,36].

Figure 2 compares polarized Raman spectra of a non-stoichiometric beta alumina
single crystal in two orientations (backscattering on the platelet surface, i.e., the (a,b) plane,
and on the side, parallel to the c-axis). Raman peaks above ~300-350 cm~! arise from
spinel block modes [3,21,23,34,35], while lower-frequency modes are attributed to Al-O-Al
bridges (with stronger polarized intensity) and mobile ions. The main modes of mobile
sodium and ammonium ions appear at 62 and 156 cm ™!, with additional features below
30 cm ! [21,23,32,33]. The beta” spectrum is broadly similar, though its peaks are broader,
especially those related to mobile ions [3,21,23,34].

255 Jargal H beta" NH4* e
j/ g
' g & B%%z¢8 ¢
& < © ©o ~ K >
=y ‘\}\ “w‘" beta NH4+ ====
7 A ‘\\v‘m J ‘ \ - ’\
g > J N\J VAN o AN AL A o
p e beta NHA+ 500°C ====
g o}
[
g = [-152 H
@ 5
% 98 \
- 150 beta NH," 500°C |
98 e ‘ e < o 4
150 - on g o © g% L ow 5
' I : I ' I ' I ' I i T T T T T T T T T T 1
-200 0 200 400 600 800 1000 200 0 200 400 600 500 1000
Wavenumber / e Wavenumber / cm”™
(a) (b)

Figure 2. Raman spectra recorded with the 514.5 nm line using a x50 LWD microscope objective for
sodium and ammonium beta alumina single crystals from a Jargal® H brick (a) and from laboratory
synthesis (HF self-crucible technique) (b); spectra have been recorded with the electric vector of the
laser beam in the platelet plane (===) or perpendicular (I) on Na and NHy beta alumina crystals;
in (b), a comparison is shown with the spectrum of an ammonium beta” alumina crystal and with
‘ammonium’ beta alumina crystals thermally treated at 500 °C (crystals parallel and perpendicular to
the electric vector), actually hydroxonium beta alumina. The broad mode labeled with an underlined
wavenumber is mainly a fluorescence signal (* Poorly filtered stray laser lines).

The transformation of non-stoichiometric ammonium beta alumina into its stoichio-
metric form (beta-NH,4 alumina heated at 500 °C) results in band narrowing (Figure 2),
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corresponding to the removal of structural disorder caused by excess oxygen atoms. These
changes have been well documented [3,21,23,32].

Structural changes induced by thermal treatments at higher temperatures of stoi-
chiometric beta alumina crystals are very sensitive to the Na/NH, exchange ratio. If the
Na-NHyj ion exchange is not complete, some stoichiometric beta alumina coexists with
transition alumina and dominates the Raman spectrum due to the narrowness of its peaks
and the preferential orientation of platelets. By contrast, spectra of fully exchanged crystals
heated at 500 °C are free of significant residual contributions from the non-stoichiometric
beta alumina structure. When the Na*-NH,4" ion exchange is complete, the decomposition
of NH4* ions into protons and volatile NH3 molecules induces a complete reaction between
protons and excess oxygen ions in the conducting plane, producing water molecules. The
resulting crystal becomes stoichiometric, and solvation of protons with atmospheric water
during cooling gives rise to hydroxonium beta alumina [21,23,33]. Some differences are
observed as a function of the crystal orientation with respect to the light electric vector, due
to crystalline anisotropy. Major modifications concern modes involving Al-O-Al bridges,
i.e., those at 100 and 250 cm ™!, especially for the Epg polarization (see the narrowing of the
99 cm~! mode in Figure 2).

A combination of transmission electron diffraction [4,23], X-ray diffraction [21,23], and
EPR [37] studies shows that gamma alumina has a unit cell six times that of beta (beta”)
alumina in the (a,b) plane. It is likely that protons remain present in the structure and
stabilize the transition alumina phases. A more recent study [38] identified the gamma
alumina space group as Fd3m with the lacunar formula Alp1 (75,03, using small crystals
obtained as a product of the corrosion reaction between {3-sialon and steel.

3.2. Raman Spectra Evolution with the Transition from Stoichiometric Beta Alumina to
Transition Alumina

Figure 3 shows Raman signatures of ‘ammonium’ beta alumina single crystals heated
at 850, 1000, and 1100 °C in air. X-ray diffraction patterns are given in Figure 4.

Previous studies [4,21,23,37] demonstrated the formation of a gamma alumina phase,
ordered at long range in the (a,b) plane but with many stacking faults along the c-axis
(Figure 4a). The Raman spectrum broadens and the number of bands is reduced according
to the higher symmetry (hexagonal for the beta phase, cubic for the gamma phase) and
the lower Z number expected for an evolution from an aluminate to a spinel structure
with a simpler formula. New (broad) bands are observed. In some spots, an even broader
signature with fewer modes (i.e., higher symmetry) is recorded, with peaks only at 225, 275,
690, 775, and 880 cm 1. The latter spectrum is quite similar to that recorded on thermally
treated alumina monoliths in the 1990s with the first generation of Raman microscopes (the

1 was not resolved,

Mole) [2], except that at that time, the spectral range below 200 cm™
and an additional Al(OH)3 signature was also detected (peak at ~360 cm ™). The main
bands were observed at 260, 525-575, 705, 780, and 825 cm 1. Thus, two different transition
aluminas are observed in thermally treated ammonium beta alumina single crystals. A
modification of the fluorescence background is also obvious.

Figure 4b compares X-ray diffraction patterns recorded on thermally treated am-
monium beta alumina crystals. The crystals were powdered, but due to their platelet
shape, preferential orientation enhances some hkl peaks. After thermal treatment at
1100 °C, transformation into alpha alumina is almost complete according to the Raman data
(Figure 3¢’). The peaks are quite narrow, indicating good crystallinity. Surprisingly, peaks
corresponding to traces of alpha alumina in materials heated at 850 °C and 1000 °C are
narrower, forming a doublet (resolving a; and a; contributions of the X-ray source?).

In addition to traces of beta alumina, two types of alumina are observed: a well-
crystallized gamma alumina phase (PDF 04-007-2283 [39], Supplementary Materials) with
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intense and narrow peaks and another transition alumina characterized by broad bands
whose positions match those of the theta phase (PDF 04-002-2602, [39]), Supplementary

Materials.
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Figure 3. Raman spectra recorded with the 514.5 nm line using a x50 LWD microscope objective
for beta alumina single crystals (face: platelet surface; section: platelet side) heat-treated for 4 h at
various temperatures. The upper series of spectra (a,a’) was recorded on ~90% ammonium-exchanged
crystals; the others (b,b”,¢c,¢’) are fully exchanged. On the right, a zoom is shown for the range of

vibrational modes (* and arrow: cosmic ray).

Narrow 201 peaks of pristine beta alumina are also observed. Their persistence is not
surprising due to the platelet shape of the crystals. But these peaks are asymmetric and
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very close to those of the theta phase. Syntaxy between the different phases is therefore
expected. Similar peak asymmetry, characteristic of stacking disorder, is observed in many
layered structures such as kaolinite, illite, and polytypes (SiC, CdS). Electron diffraction and
dark-field images (from ref. [23]) show the long-range order in the (a,b) plane of pristine
beta alumina and the large disorder along the c-axis. The disorder of gamma alumina is
also anisotropic because the 220, 222, and 440 peaks of the cubic phase are narrow, while
the 111 and 311 peaks are broader.

B 440
B e 850°C
2206 g . T 3
1207 3 I N
| C s Alle ;‘
\ 3 b o W I
NG 8 PRVl 0 I\
N P AN /
440
Z i 1000°C
2| g 3
2 n 0 N ( |
£ 3 | < ] o | \‘ \
= =\ | S =S, y J‘\ |
A\ ‘AW, \‘
JVeVe A ATV 0 - 09 g\
113 \ 1100°C
‘ 116 s,
8 SR
024 N < |
= ~
50 60 70 80 90
Angle / degree

Figure 4. Electron diffraction (a) of the (a,b) plane of a thermally treated crystal at 800 °C showing
the 3a and 6a superstructure, and corresponding dark-field image showing the coexistence of ordered
layers with many stacking faults along the c-axis; (b) comparison of the X-ray diffraction patterns
of (strongly powdered) stoichiometric beta alumina single crystals heated at 850, 1000, and 1100 °C
(crystals powdered after thermal treatment). The main Bragg peaks are labeled for alpha (bottom
spectrum), theta (broad peaks), and gamma alumina (hkl underlined), see text.

As a primary conclusion, at least four phases are identified, beta, gamma, theta, and
alpha alumina, with syntaxy between the first ones, consistent with the preservation of the
optical clarity of the crystal before significant nucleation of alpha alumina.

The vibrational Raman spectrum of the alpha alumina phase is detectable by its main
peak at ca. 417 cm~!, which appears at very low intensity after thermal annealing above
1000 °C. Simultaneously, the crystal loses its optical clarity and nucleation becomes visible
under the microscope (Figure 1b).

Comparison of the Raman spectra in Figure 5a shows that peak wavenumbers of
spinel block modes are almost unchanged. The main difference between beta alumina
and gamma alumina spectra is the disappearance of the strong Al-O-Al bridge modes
(~100 and 255 cm ™). These strong modes at relatively low energy are characteristic of a
layered structure and obviously disappear in a packed structure. We can assume that the
spectra with a limited number of very broad Raman modes correspond to the phase with
very broad Bragg peaks, and the spectra with a higher number of bands correspond to
gamma alumina crystals with rather narrow 440 and 444 Bragg peaks (Figure 4b).

Subtraction of the baseline (using the simplest solution, two line segments, Figure 5b)
allows a better comparison of the two types of spectra with spinels or related structures.
The differentiation between the two types of transition alumina is more obvious than in the
raw spectra.

The spectra of spinel phases of transition metal oxides (Fe, Ni, Co, Cr), whose M-
O bond is more covalent than the Al-O bond, exhibit Raman spectra characterized by
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an intense stretching mode of the XO, tetrahedra between 650 and 700 cm ™1 [40]. If
several types of tetrahedra exist, the mode broadens and several components appear [40].
The wavenumber of the M-O stretching mode is a slightly higher because aluminum is
lighter. At lower energy, bending modes strongly coupled to the external R” and T" modes
(tetrahedra sharing vertices and edges) are observed. Thus, we observe the signature of
the two different transition aluminas, evidenced either by XRD and Raman techniques, for
instance, the gamma and theta phases.

z ; -
2 3 :
s 3 3
-
@ | .
£ : :
© : :
o : ;
H:"/W Y 'k 1/‘:\8362 ez 55; 2 100" 7950, beta S
[ | A ; —_——
AN S ANV
\\J‘ “/ . b“;"\\/\\}\J/\\’/ﬁ \] \L\f\/\/\jiwﬁ
T T T T T T T 1 T T T T T T T T T 1
0 250 500 750 1000 0 200 400 600 800 1000
Wavenumber / cm” Wavenumber / cm™
(a) (b)

Figure 5. Comparison of the Raman spectra of transition and beta alumina: (a) dotted lines are
guides for the eye; (b), spectra after baseline subtraction: in black, theta alumina; in red and green,
gamma alumina.

The spectrum that exhibits fewer components in the spectral range expected for
stretching modes is assigned to theta alumina. The other spectrum, with many modes
between 500 and 1000 cm 1, very similar to those of beta alumina, is assigned to gamma
alumina (common spinel structure). Raman spectroscopy is very sensitive to orientational
disorder of XO, tetrahedra and the presence of vacancies. It is therefore not surprising
that the lacunar gamma phase, which exhibits relatively narrow Bragg peaks for some
hkl reflections (better long-range translational order in the planes derived from (a,b) beta
alumina), has a broader spectrum than stoichiometric beta alumina but with narrower
Raman bands than the theta phase. The large Rayleigh wing indicates strong dielectric
heterogeneity.

3.3. Comparison with Raman Spectra of Alumina Xerogel and Glass

7

Figure 6 shows the spectra of thermally treated, optically clear amorphous ‘alumina
monoliths (Figure 6b) prepared by slow hydrolysis of aluminum alkoxide [2,22].

The vibrational spectrum of the alpha alumina phase (peaks at 380m, 4175, 430w,
450vw, 576w, 750m, 8455, and 895w cm~!; m: medium; S: strong; v: very; w: weak [1]) can
be identified only by its stronger band at 417 cm !, which appears at very low intensity
after thermal annealing above 1000 °C. (Figure 6a, blue small arrow). For samples treated
at lower temperatures, the dominant features arise from fluorescence (as evidenced by the
lack of a symmetrical counterpart on the anti-Stokes side and by changes when using a
different laser line).
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The gel heat-treated at 1000 °C only shows a tiny broad band around 800 cm~! (black
arrow in Figure 6). It is not possible to distinguish between gamma and theta phases at
this stage.

Subtracting the background caused by fluorescence—a point discussed later—reveals
additional spectral features with varying intensities. However, background subtraction
is inherently subjective, as it depends on the chosen procedure (here, line-segment fitting
was used for simplicity). This approach alters the spectrum by removing very broad

contributions.

Raman Intensity

T T T T T T T 1
0 1000 2000 3000 4000

(b)

xerogel 700°C

glass 1000°C

T T T T 1 T T T T T T T T 1
2000 3000 4000 -200 -100 0 100 200 300

T
1000
Wavenumber / cm™ Wavenumber / cm”
(c) (d)

Figure 6. (a) Optically clear alumina glass pieces annealed at 700 °C, prepared by slow hydrolysis
of Al-butoxide; representative full spectral range (b) and (c) baseline-subtracted Raman spectra (c,
x50 objective) recorded on optically clear alumina glass annealed at 1000 °C and 1150 °C. A zoom of
the low-wavenumber anti-Stokes and Stokes range (d) compares an alumina glass heated at 700 °C
and 1000 °C (as-recorded spectra, x50 objective).

Since the materials were prepared by liquid chemical routes using organic reagents,
weak modes characteristic of aliphatic chains ((C-(H), stretching modes around 2850-
2950 cm~!) and aromatic rings (around 3060 em™! [2,22,41]) are observed for thermal
treatments below 1150 °C (Figure 6¢). A broad band with maximum intensity between
3500 and 3600 cm ™! is also observed, corresponding to stretching modes of protonic species
(water molecules, oxonium or hydroxyl ions) adsorbed on the oxide surface [42-45]. Typ-
ically, water molecule modes appear between 3200 and 3400 cm ™!, oxonium ion modes
around 3400-3500 cm !, and O-H" ion modes above 36003700 cm ! [42—44]. The band-
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width of protonic species bands is expected to decrease as the center of gravity shifts to
higher wavenumbers [42]. The study of homologous signatures obtained by deuteration,
and in particular by H/D isotope dilution, is necessary for more precise attribution [45].

The intensity of these bands depends on the accessible surface area to protonated
species, i.e., microporosity or vacancies, and is thus inversely proportional to the degree
of densification. Organic residues disappear between 800 and 900 °C depending on the
heat-treatment conditions, in air, while protonic species persist until higher temperatures,
between 900 and 1000 °C. This departure temperature is consistent with similar oxide
materials [2,43—47]. Typically, the final densification of oxides obtained by wet chemical
routes is driven by the removal of residual protons [47].

After baseline subtraction, wide or weakly structured bands of very low intensity

become visible between ~500 and 1200 cm 1.

This range corresponds to vibrational
contributions expected for Al-O modes in a spinel-like structure, as observed in thermally
treated beta alumina [3,4,21]. Additionally, a broad weak band around 180 cm ™, if the
Rayleigh wing is sufficiently weak, appears to be related to the fluorescence background.
However, vibrational bands remain very faint. Spectra recorded on heated single crystals
are clearly much stronger and more reliable.

We observe the progressive disappearance of organic residues and protonated species,
along with an increase in the continuous background, as the heat-treatment temperature
increases. This continuous background is intrinsic, not caused (as often assumed) by fluores-
cence from organic residues on microporous surfaces. No traces of AIO(OH), characterized
by its main peak at 363 cm ™! [48], were detected.

Figure 6d details the low-wavenumber domain closest to the elastic Rayleigh peak.
As expected for alumina xerogels (composition Al;O, 5(OH)g9, 0.4H,O according to [46]),
Rayleigh wings are observed on both the Stokes and anti-Stokes sides. A gel, being
physically a frozen liquid, exhibits a Raman signature similar to that of a liquid [48-51].

For higher-temperatures treatments (800-1000 °C), a Boson peak at 20-50 cm 1 is
observed, characteristic of the glassy state (composition A1,0, §(OH)g 35. 0.3H,O according
to [46]) [52-55]. The Boson peak observed at 800 °C disappears at higher temperatures,
coinciding with the progressive disappearance of the Rayleigh wings. Two hypotheses
may explain this: (i) modification of the glassy phase structure, causing the Boson peak to
shift to lower wavenumbers and become unresolved at the instrument’s resolution); (ii) a
decrease in the amount of the glassy phase as a new phase forms and grows.

Examination of the 300-700 cm~! range shows increasing intensity of the alpha alu-
mina Raman signature (Figure 4), but only for treatments above 1100 °C. An intermediate
phase without a visible Raman signature is thus expected. It is well established that many
disordered phases, known as transition aluminas, form at temperatures below that of alpha
alumina [56,57].

The sequence of spectral changes is summarized in Table 2.

Table 2. Phase transformations evidenced from Raman and Rayleigh spectra.

Phase T Phase T Phase Phase T Phase

(Characteristics) (Characteristics) (Characteristics) (Characteristic) (Characteristic)
Transition alumina

Chemically Microporous Deprotonated Nucleation

prepared protonated transition of Growth of

‘gel’ <800 °C glassy 800 °C alumina 900-1000 alpha alumina 1050 °C alpha alumina

(Rayleigh wing; alumina -900 °C (Rayleigh °C (alpha alumina -1100 °C at the expand

CH, modes, O-H (Boson peak; strong wing; weak peaks; of transition

modes) O-H modes) O-H modes) disappearance of alumina
Rayleigh wing) (alpha alumina
Development of peaks, fluorescence

S beta alumina Syntaxic formation of gamma and theta alumina gamma alumina background)

850 °C 1000 °C 1100 °C

single crystal

single crystals

and nucleation of
alpha alumina
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3.4. Fluorescence Signatures

In Figures 3 and 6, the increase in the background with increasing wavenumber,
together with the appearance of the alpha alumina Raman signature, is evident. We
assign this phenomenon to the low-wavelength ‘wing’ of chromium fluorescence. Figure 7
compares the 4000 to 8000 cm ! spectral range (Raman shift scale), corresponding to the
650-800 nm wavelength range (absolute scale). It shows a similar spectral range for sodium
and incompletely exchanged non-stoichiometric beta and beta” alumina single crystals, as
well as for the stoichiometric phases obtained by thermal treatment of pure ammonium
forms. For comparison, the fluorescence spectrum of MgAl, Oy is also shown with a main
peak at 685 nm and narrow associated peaks.

Table 3. Peak position of fluorescence peaks (in italics after Renusch et al. [8], in bold residual beta
and beta” alumina phases).

BeaNa  0TC ste smwe e mte INHewose geaNT Avosocc
cmn-1  nm cm~1  nm cm-1  nm cn-1  nm cm~1  nm cmn~1  nm cn-!  nm cm~1  nm cn-!  nm cn-!  nm
4294  660.4
4506 4499.8 669.5
45709 672.7
4643.5 676
4670 4665 677
4695 6784
4856  685.8 (€]
4887  687.3 4894.5 687.7 4922
4961
4968 6912
4984 6919 4992 692.6 4992 5002 6928 5002 6928 £
5020
5033  694.3 5024  693.8 5033 694.1 5027 5037 6945 5035.5 6944 £
5110 698
5133 699.1
5205 7027
5221 7035 52,135 703.1 5218 5213.5 703.1 5211.6 703
51669 700.8 5273 B
5330 708.9 1[315
5280  706.4 B”
NS
5382 711.5 5386 7117 53815 7115 53,815 711.5 5381.5 711.5 BS
5282.1 706.5
5411.1 713
5460.1 715.5
5545.5 720 5606  5545.5 5605 55455 5605 5545.5 720 5545.5 720
5580
6243

Three types of features are observed:

(i) The well-known very narrow doublet of Cr-fluorescence in corundum at 5002 and
5037 cm ™! (Raman shift scale) or 692.6 and 694.1 nm (absolute scale) [5,6,15-18,58-61]
(another doublet at ~14,600 cm™~! (2068 nm), shown in Figure 8, will be discussed later);

(ii) A broader peak around 709 nm (5380 cm 1), characteristic of non-stoichiometric (NS)
beta alumina, which shifts to 711.5 nm (5386 cm™!) for stoichiometric (S) beta alumina;
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Intensity

(iii) Very broad bands with maxima at 706.3 nm (5280 cm™!) for ammonium beta’ alumina,
712.5 nm (5400 cm~Y) for thermally treated ammonium beta alumina, and 692.7—
694 nm (5000-5027 cm 1) for alumina thermally treated at 1150 °C and above.

(3]

single crystal face %3
N8

193

beta" NH," ==== x4
beta" NH,” ==== x4

beta Na ref
jargal NH, 500°C
jargal NH, 850°C

Intensity
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Wavenumber / cm’™
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Figure 7. Fluorescence of chromium in crystals of (a) non-stoichiometric sodium beta alumina (beta
Na ref, top) and stoichiometric beta ammonium alumina thermally treated at various temperature
(Jargal NH4 500 °C, 850 °C and 1050 °C); (b) spectrum of MgAl, O, single crystal; (c) ammonium
beta alumina single crystal (measurements on the face (===) or on the edge section (I)) heat-treated at
different temperatures, and comparison with beta” alumina; (d) fluorescence spectra recorded on
crystals heated at 850 °C (mainly theta phase) and 1000 °C (mainly gamma phase plus nucleation of
alpha phase; a spot corresponding to theta phase is given at the bottom. The spectra are presented
according to the absolute scale (648 to 800 nm wavelength, left side) or according to the relative Raman
scale (4000-8000 cm ™! for excitation at 514.5 nm, right side). See Table 3 for values on both scales.

Each phase can be identified by its fluorescence signature; all peak positions are listed
in Table 3. The non-stoichiometric beta” form is more disordered [23,24], resulting in a
broader signal than the non-stoichiometric beta phase (Figure 7c). A small shift of the main
peak is observed. The slight shift and narrowing of the main peak from non-stoichiometric
Na beta to stoichiometric OHj beta alumina (i.e., 500 °C heat-treated NHj, single crystal,
Figure 7) arise from the disappearance of disorder in the spinel block. In both cases, a
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broad band below the narrow peak is also observed. The small, relatively narrow peak is
expected to be associated with the stronger one.

Thermal treatment above 700 °C increases the intensity of the broader component,
corresponding to the formation of disordered transition alumina(s). In the Jargal H® 1050 °C
heat-treated sample (Figure 7a), the narrow peaks of Na and NHy non-stoichiometric phases
remain due to incomplete crystal exchange.

14577

N
Qe 850°C face
J 1000°C face

14634 1000°C section 1/10

1000°C section 1/10

>
‘B
C
2 1100°C face 1/100
14723 14765
\ /b\ 1100°C section 1/100
| N
: , . , , . , |
14400 14500 14600 14700 14800

-1
Wavenumber / cm

Figure 8. Fluorescence of chromium in rystals of stoichiometric beta ammonium alumina (Jargal
H®) single crystal (measurements on the face (===) or on the section (I)) heat-treated at different
temperatures according to two polarizations (face (parallel) and section (perpendicular)). D1 (1/10)
and D2 (1/100) optical density filters are used when the signal is very strong.

In addition to the main peaks, a broad base and narrow, lower-intensity peaks are
observed. These latter peaks likely arise from structural defects involving chromium atoms
in the spinel blocks or from very minor phases (excluding alpha phase, see Table 3). The
broad components are probably associated with disorder in the conductive planes, an
intrinsic characteristic of beta and beta” structures, which are fast ion conductors.

Figure 7d shows the most representative fluorescence spectra associated with the
representative Raman spectra of transition alumina shown in Figure 5b. Two types of
very broad spectra are observed: narrow (4992-5273 cm~!, 692.3-706 nm) and broad
(4640-7500 cm !, 675.8-837.8 nm). For samples annealed at 1000 °C and above, the
characteristic doublet of alpha alumina (5020-5027 em~ 1, ie., 693.7-694 nm), along with a
pre-peak at 4992 cm ! (692.3 nm), appears and dominates with further heating, becoming
practically the only feature above 1150 °C. The spectra vary little depending on polarization
(measurement on the face or edge of the wafers), but the intensities of the components vary.
As with vibrational modes, two types of signatures are observed for the different forms of
transition alumina, gamma and theta, consistent with previous studies [6,8]. Differences
between the spectra of the two transition alumina phases are, however, weak.

The fluorescence spectra in the 4000-8000 cm ! (~650-875 nm, Figure 7) range are
preferred here compared to those around 14,600 cm~! (Figure 8). The doublet at 14,624.5—
14,634 cm !, (2078.2-2082.3 nm) is also characteristic of alpha alumina [15-18]. Components
at lower energy are more intense and easier to record with standard spectrometers. An
extremely narrow peak is observed at 14,577 cm~! (2057.9 nm), which decreases as the
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alpha alumina signature increases (except in one crystal heated at 1000 °C); its bandwidth
is comparable to other fluorescence peaks, and its position is slightly shifted, possibly
corresponding to another phase. Wen et al. [6] assigned the 14,575 and 14,645 cm ! doublet
to theta transition alumina. Their spectra differ somewhat from ours. In our case, the
14,624.5-14,634 cm~! doublet corresponds to alpha alumina.

No significant fluorescence is observed for amorphous alumina xerogel and glass in the
4000-8000 cm ! range (Figure 9). Instead, fluorescence occurs at lower energies, within the
1000-4000 cm ™! range. As shown in Figure 6a, the xerogel exhibits two bands at ~2000 and
~3000 cm ™! (573.5-608.5 nm), of which only the first persists in the glassy phase after
thermal treatment between 800 and 1000 °C. Fluorescence associated with chromium in the
spinel local structure appears only for materials heated above 1100 °C, i.e., upon nucleation
of the alpha alumina phase. Compared with ammonium beta alumina, the temperature
window—if it exists—where transition aluminas develop is narrower in thermally treated
alumina monoliths obtained by hydrolysis-polycondensation of aluminum alkoxides.

Alumina
50000

700°C  x10
40000 _QMM
30000 ~
> MW\MM
2 20000 - 900 + 1000°C  x10
g e
£ o 1150°C  x5D3
4695 \"\M 10000 B—
' 1150°C i \

~__ \\\_'\_/\M;
xerogel 600°C (X20)

04

k 1150°C (+ acetone) D4

T T T 1 T T T T T T 1
4000 5000 6000 4000 5000 6000 7000 8000
Wavenumber / cm™

Bl

Wavenumber / cm’
(a) (b)

Figure 9. Fluorescence of chromium in optically clear alumina gel heated at 1150, and 1800 °C
((a), relative wavenumber scale) and (b) 700, 1000, 900 + 1000, and 1150 °C. Due to the huge variation
of the spectrum intensity, they have been recorded using D1 (1/10), D3 (1/1000), and D4 (1/10,000)
filters and multiplied by 5 or 10 in order to allow visualization.

Notably, a specific component at 4695 cm~! (678.3 nm) is observed for monoliths
heated at 1150 °C. This feature, appearing just below the band observed for the crystal,
may correspond to the formation of another transition alumina. It can thus be assumed
that, at this temperature, a phase distinct from the y-alumina form develops.

The remarkable intensity of the chromium fluorescence signal in alpha alumina, which
can vary by several orders of magnitude between the nucleation of the alpha phase and
its complete crystallization, makes it an effective probe for detecting and quantifying
alpha alumina formation. This is useful, for example, in the thermal treatment of alumina
fiber precursors (to be reported in a companion paper [62]) and in porcelain during the
transformation of mullite 2A1,03-5i0; (2:1) into mullite 3Al,03-2Si0; (3:2), providing a
measure of the firing degree [63]. The technique also enables operando measurements,
with less than a second being sufficient to obtain very good spectra.

Although the spectra of disordered phases, such as transition alumina and amorphous
alumina, are much broader, the chromium fluorescence signal remains useful for character-
izing these phases and monitoring their evolution—for example, during the application of
stress [64]. Although numerous studies have focused on the use of transition aluminas as



Materials 2025, 18, 4682

17 of 20

References

Porto, S.P.S.; Krishnan, R.S. Raman effect of corundum. J. Chem. Phys. 1967, 47, 1009-1012. [CrossRef]
Colomban, P. Structure of oxide gels and glasses by infrared and Raman scattering: Part 1 Alumina. J. Mater. Sci. 1989, 24,

1.
2.

3002-3010. [CrossRef]

catalyst supports [65-71], including spectroscopic investigations by Raman technique [70],
the limited knowledge of their optical spectra remains a potential source of error. The
present work seeks to contribute to a clearer understanding of these spectra

4. Conclusions

Alumina and aluminate phases can be identified from their chromium fluorescence
spectra. The fluorescence signal, extremely intense and sharp for the doublets characteristic
of the alpha alumina phase (around 5000 and 14,600 cm 1), is particularly effective for
detecting the formation of this phase. The different beta or beta” alumina phases, whether
of varying stoichiometry or composition (e.g., sodium aluminate, ammonium aluminate),
also exhibit specific signatures that are more complex than that of alpha alumina. Certain
peaks are likely associated with structural defects, and a precise combined study of each
crystal using diffraction, fluorescence, and EPR spectroscopy would be required for their
identification. Transition aluminas exhibit broader spectra with several components. In
this work, we identify the spectra of the gamma and theta transition aluminas, with results
consistent with the preliminary data of Renush et al. [6] for the theta phase. Another
transition phase is inferred for thermally treated alumina glass.

High-quality vibrational Raman spectra of the 8 and y phases were also obtained
here for the first time, confirming the presence of protonic species in transition alumi-
nas. It is likely that the formula of transition alumina—or more precisely, of proton
aluminate—is more complex than previously proposed, requiring explicit mention of pro-
tons: Aly,y/3.x/3ly HxOs,,. Reliable spectra, however, are only obtained for transition
alumina crystals derived from thermally treated ammonium (3-alumina, and the Raman
spectra reported here represent the first high-quality spectra available for these phases.
They can therefore be considered as reference data.

Finally, the observation of a Boson peak can be taken as evidence for the possibility of
preparing glassy alumina (in this case also containing some protons).
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