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In this work, we present a unique crystal growth synthesis of y-Al,Os accompanied with a-Cr:Al,Oz at
room temperature. Raman spectroscopy and additions of Cr,O3 are key to identifying a-Cr:Al,Osz in trace
amounts by the room temperature synthesis of ruby (a-Cr:AlL,Os). The presence of this phase is further
confirmed with HRTEM. The raw materials are pseudoboehmite and Cr,Os that are treated mechano-
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annealing. The a-Cr:Al,Oz synthesized at room temperature acts as the seed or hetero site for nucleation

and is responsible for a temperature drop of approximately 200 °C (up to 867 °C). This material is ideal for
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Introduction

Alumina is one of the most abundant and widely used ce-
ramics, having a wide range of applications from cookware to
catalysis, electronics, medical, optics, aerospace, and defense,
among others."™ The outstanding hardness and stability of
alumina(s) (Al,0;) allow it to be used under extreme environ-
ments such as high temperatures, highly corrosive environ-
ments, compressive stresses, etc. These characteristics make
alumina desirable for many uses where the word nano is a
common prefix.”"® Naturally occurring alumina is the second
hardest material, just after diamond. 0-Al,O; and Cr,O; form
a complete solution in solid and liquid states.”*'® Their solid
solution is commonly known as ruby and forms by the substi-
tution of AI** for Cr** in octahedral sites."”"" The formation
of the solid solution involves a small expansion of the a-Al,03
lattice, owing to the comparatively larger ionic radius of
Cr3+.12

Ruby is well known for its resonant luminescence bands
(Ry and R,) that are easily detectable with Raman spectro-
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optics, photonics, defense, energy storage and harvesting, among other strategic applications.

scopy. These bands are known for their sensitivity to shift
with temperature and pressure.”*™” This characteristic makes
ruby a highly desirable material, not only as a gemstone, but
also as a sensor with applications under extreme conditions
(e.g. pressure and temperature). Conventionally, ruby is syn-
thesized out of a-Al,O; (corundum) with Cr** additions at
temperatures of at least 1200 °C. Here we present a unique
methodology to synthesize significant amounts of this phase
at room temperature. However, for the complete transforma-
tion, one needs to heat treat the material. Yet, the transfor-
mation occurs at approximately 193 °C below the typical
phase transition temperature. The process presented herein
is able to synthesize y-Al,O; at room temperature using
pseudoboehmite as the precursor. During the milling pro-
cess, full dehydroxylation occurs at room temperature. This
process is usually observed at temperatures between 300 and
500 °C.'®72¢ Hitherto, for the first time, we demonstrated that
this transformation can be accomplished at room tempera-
ture, purely by milling, in the absence of other Al,O; phases
such as 0, v, «, and 8.

We report the room temperature phase transformation of
pseudoboehmite to y-Al,O; and ruby (o-Cr:Al,O3;) based
purely on milling in SPEX. The complete transformation to
%-ALLO; is evident in the sample milled for approximately 30
h. In the milled samples, one can observe the presence of
o-Cr:Al,O;. This phase is identifiable in the sample milled for
as little as 5 h. However, the presence of a-Cr:Al,O; is in
small fractions, perhaps traces that are undetectable by XRD.
The major novelty of our work consists on the addition of
traces of Cr,O; to synthesize ruby that can be detected by
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Raman spectroscopy. The detection of parts per million
amounts of ruby is possible with Raman. This work demon-
strates four major findings: the room temperature synthesis
of i) x-Al,O; and ii) o-Cr:Al,O; with SPEX, iii) the changes in
phase transformation energy requirements and iv) a 193 °C
drop in phase transformation temperature from yx-Al,O; to
oAl O5.

Results and discussion

Fig. 1 shows the XRD spectra of the raw pseudoboehmite and
the milled samples. Room temperature milling is capable of
fully transforming pseudoboehmite into y-Al,O; for times as
short as 30 h. x-Al,O; is a unique phase not well investigated
and it is not typically found in non-heat treated samples. The
pseudoboehmite shows the following 7 diffraction planes:
(020), (120), (031), (200), (151), (002) and (251) that match
with the XRD reference pattern (21-1307 JCPDS). Yet, (020) is
slightly shifted toward lower angles in comparison with the
crystalline boehmite. This shift is attributed to the presence
of interlayers of water.”” > Therefore, due to the excess of wa-
ter in the lattice we conclude that we do not have boehmite;
instead, we have pseudoboehmite.

Pseudoboehmite has an orthorhombic crystalline struc-
ture with the oxygen in anionic arrangements and the alumi-
num cations in the octahedral sites. The relatively low con-
centration of Cr,O; is untraceable by XRD. Fig. 1 shows
evidence of the effects of mechanical milling time on the
broadening of the reflections which is translated into a re-
duction in grain size. This effect is observed even at short
milling times (5 h). What is unique is the transformation to
%-Al,O; at room temperature. In the literature, y-Al,O; has
been reported at temperatures between 300 and 500 °C.>°*?

The identification of x-Al,O; is carried out by comparing
the experimental XRD with that reported in 13-0373 JCPDS.
In the sample milled for 30 h, the pseudoboehmite is no lon-
ger discernible; instead, the x-Al,O; phase is the only observ-
able phase. This is the first report, as far as we are aware, on
this transformation at room temperature.

The typical pseudoboehmite reflections corresponding to
the planes (151) and (251) are no longer present after 10 h of

2
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Fig. 1 Diffraction patterns of the raw and milled samples. PB and
x-Al,O3 stand for pseudoboehmite and chi-alumina, respectively.

3506 | CrysttngComm, 2018, 20, 3505-3511

CrysttngComm

milling which results from the transformation to y-Al,O;.
However, the reflections become predominant after 30 h of
milling. This phase transformation path is unique to me-
chanical milling®® and the obtained y-Al,O; does not have
traceable amounts of other phases such as 6, y, k, and d.
Those phases are typically found when the transformation is
done using other precursors and heat treatments. In parallel
experiments, when we heat treat our samples, the transfor-
mation follows the following path: pseudoboehmite —
5-Al,0; — a-Al,O3. In the milled samples, the transformation
is as follows: pseudoboehmite — x-Al,O; — a-Al,O;. This
means no evidence of y-Al,O; is observed.

Fig. 2 shows the Raman spectra of the analyzed samples
in the range of 300 ecm™" to 800 cm™'. The raw sample
showed three active modes (A, + By, + Bj,) assigned to the
most prominent bands of pseudoboehmite detected at ~364
em™, 488 em™ and 683 cm'.** Only one vibrational mode
(Ayg) for Cr,O; is discernible at ~563 em '® the relative
intensity of which is attributed to the relatively low
concentration.

The mechanical milling affected the structure of pseudo-
boehmite, leading to the shift of its vibrational modes to
lower frequencies. This shift is evident in milling times as
short as five hours. At longer milling times, the intensity of
the vibrational modes of pseudoboehmite decreases, which
suggests a reduction in the crystal quality or a grain refining
effect. From Fig. 2, it is observed that the A;; band of Cr,0;
changes with the milling time. This band is detected in the
raw sample pseudoboehmite + Cr,O; and in milled samples
for up to 10 h. After 20 h of milling, the band of Cr,0O; is no
longer traceable. Here we associate the absence of the A,
mode with the rupture of Cr,0; that generates Cr’* ions and
substitute AI*" in the host lattice. In order to identify the ef-
fects of Cr,03, the Raman range needs to be changed to a lu-
minescence range for ruby which is between 4300 and 4500
cm™ (Fig. 3a).

Fig. 3a shows the Raman analysis in the range of 4300
em™ to 4500 cm™ which is the location where we expect to
observe the luminescence bands R; and R,. The presence of
those bands demonstrates that Cr,O; drove the synthesis of
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Fig. 2 Raman spectra of raw and milled samples with an excitation
line of 532 nm. All the identified bands are associated with
pseudoboehmite, except for A4 that is typical of Cr,Os3.
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(a) Raman spectra of raw and milled samples for up to 30 h and (b) change of intensity (R; and Ry) as a function of milling time. Note the

difference in intensity between the spectra obtained from the sample milled for up to 20 h and that milled for 30 h. (c) Mechanism of

luminescence of ruby excited with a green laser of 532 nm wavelength.

0-Cr:AL,O; (in this case ruby) at room temperature. The R,
and R, bands show a relatively high intensity, making the de-
tection of the ruby phase in a few parts per millions possible,
which is rather challenging by other methods. Therefore, Ra-
man spectroscopy is a highly desirable method to characterize
this phase. Detecting the bands R, and R, is essential because
they are characteristic of the substitutional Cr*" ions that are
unique to the substitution in the octahedral sites of a-Al,O;.
Both the phase transformation and its successful identifica-
tion in room temperature make this research unique.

Luminescence is an optical emission that involves the
electron transitions between the states “A, (ground state), *T,
(short lived state) and *E (metastable state) as explained in
Fig. 3c. Fig. 3¢ shows the luminescence mechanism observed
in the presence of an excitation line, e.g. 532 nm, and the
emitted R; and R, bands. This may be explained in terms of
crystal field theory, which dictates that the crystal field stabi-
lization energy (CFSE) presents its maximum in the case of
octahedral sites for d3 (Cr’*).>* Both bands, R; and R,, are
clearly discernible in all the milled samples and they are not
present in the raw sample. The intensity of both bands in-
creases with milling time and is proportional to the amount
of ruby in the sample. To identify this phase, we need only 5
h of milling. The intensity of the peaks and their easy detec-
tion increase with time as well. This demonstrates the dy-
namic transformation from y-Al,O; into a-Cr:Al,O;.

The discernibility of the bands is related to the higher
crystallinity of the solid solution. This, in parallel, translates

This journal is © The Royal Society of Chemistry 2018

into the extinction of the A;; mode of Cr,0O; (Fig. 2). On the
other hand, x-AL,O; is gaining crystal quality as shown in
Fig. 1. However, pure o-Al,O; is untraceable unless it is
doped with Cr*". Patra et al®® showed that the crystalline
ruby strongly affects the shape of the luminescence bands R,
and R,. They also proposed that the substitutional Cr** ions
in the octahedral sites of the 3-Al,0; and 6-Al,O; phases do
not generate the R, and R, resonant bands. Instead, they ex-
hibit only a broad band.*® This again demonstrates that we
are producing ruby at room temperature by a new green and
purely mechanical method.

In Fig. 3b, the intensities of the R; and R, lines as a func-
tion of the milling time are plotted. The observed behavior
shows that the formation of the solid solution increases line-
arly until 20 h of milling. The intensity of the R, and R, bands
increases abruptly (exponential) in the sample milled for 30
h. This increase is approximately 13 fold larger when com-
pared with the sample milled for 20 h. Besides the fact that af-
ter 30 h the pseudoboehmite is rather untraceable by XRD
and confirmed by Raman, we conclude that all the pseudo-
boehmite has transformed into y-Al,0; and o-Cr:Al,O;.

In Fig. 4, we present a micrograph obtained using high
resolution transmission electron microscopy (HRTEM) of the
sample milled for 30 h. The image shows a by-crystal frame-
work clearly identifying both phases in the investigated
sample: %-Al,O; and o-Cr:Al,O;. Furthermore, in HRTEM, we
did not observe pseudoboehmite which is in agreement with
the XRD and Raman results. This result further confirms the

CrystEngComm, 2018, 20, 3505-3511 | 3507
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Fig. 4 HRTEM images and interplanar measurements for o-Cr:Al,Os3 (i) and %-Al,Os3 (ii) with the respective FFT images for each location showing

the presence of each phase.

successful synthesis of a-Cr:Al,O; by room temperature mill-
ing. The HRTEM micrographs also confirm that the sample
is nanostructured. The presence of ruby under HRTEM is a
clear demonstration of the potential of milling to synthesize
ruby at room temperature.

The HRTEM image shows two main particles that are ana-
lyzed by means of FFT to produce their respective diffraction
patterns. The FFT image is then converted into the IFFT to
generate filtered and hence clearer images from the areas la-
beled (i) and (ii). The analysis of area (i) matches with the
characteristics of a-Al,0;. On the other hand, area (ii) corre-
sponds to x-Al,Oz. The inset in the IFFT image for (i) clearly
matches with the simulated structure that is presented in the
HRTEM image. Unfortunately, we cannot generate the same
image for y-Al,O; because this phase is not well investigated
and the space group of this phase has not been reported. The
space group is fundamental to identify the actual crystalline
structure and it is also mandatory in order to simulate the re-
spective structures. It is known that y-Al,O; matches with the
expected phase according to the JCPDS chart for y-Al,O;. The
results agree with XRD and Raman allowing us to confirm
the room temperature synthesis of x-Al,O; and a-Cr:ALO;.

Fig. 5 shows the thermal analysis results where the com-
plete transformation to a-Cr:Al,O; from the raw material and
the sample milled for 30 h is monitored. The 30 h sample is
used for this analysis to enhance the differences in phase
transformations when compared to the raw sample. A major
finding herein is the transformation of different phases dur-
ing the annealing process for the raw and milled samples.
The raw sample shows water evaporation and dehydroxy-
lation along with transformation to 6-Al,O3;, and then,
0-Cr:Al,O3. The milled sample shows a combined endotherm
for the water loss and dehydroxylation, which is followed by
%-AL O3, k-Al,O3 and finally o-Cr:Al,O3.

3508 | CrysttngComm, 2018, 20, 3505-3511

The heat flow profile of the raw sample has two endother-
mic reactions. The first for correspond to the sobbed water
and the second is attributed to the dehydroxylation process.
In the milled sample, we observe only one endothermic pro-
cess that is associated with the combined process of dehydra-
tion and dehydroxylation. This represents a reduction in the
energy requirements of 58% for the milled sample to trans-
form into x-Al,O;. At higher temperatures, the raw sample
and the sample milled for 30 h show the presence of the fol-
lowing intermediate phases, 6-Al,O; and k-Al,O;. This phase
identification is made based on the transformations reported
in ref. 37 and 38. In both cases, as the temperature increases,
the intermediate phases transform into a-Cr:Al,O;.

For the milled sample, the transformation to o-Cr:Al,O3
initiates at approximately 867 °C and concludes at 1163 °C.
In the case of the raw sample, the same reaction initiates at
1060 °C and ends at 1190 °C. This represents a reduction in
transformation temperature of approximately 193 °C which is
attributed to presence of o-Cr:Al,O; “seeds” that are

30h

% sorbed water

= + dehydroxylation

- T T T T
© | RAW

o 8
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Fig. 5 DSC analysis of raw and 30 h milled pseudoboehmite.
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synthesized at room temperature by milling. The a-Cr:Al,O;
seeds are nanometric and act as hetero-nuclei for high-
temperature o-Cr:Al,Oj.

The energy requirements to transform k- and 8-Al,O; are
exothermic, but in both cases, the energy released is almost
negligible. On the other hand, the transformation to
0-Cr:Al,O; has a significantly larger exothermic reaction
(Fig. 5). In a comparative analysis, the increase in the inter-
nal energy released during the transformation to a-Cr:Al,O;
is 285% larger in the milled sample. Therefore, this is clear
evidence that milling is an a-Cr:Al,O; promoter, allowing a
less demanding phase transformation process. The energies
are estimated as the areas under the curves between the heat
curve and the base line identified in Fig. 5.

Fig. 6 shows the Raman spectra of the raw sample
(pseudoboehmite) and the o-Cr:Al,O; powder obtained after
heat treatment. The resulting vibrational modes confirm the
full transformation to a-Cr:Al,O; which agrees with the XRD
results. All the active vibrational modes for both pseudo-
boehmite and o-Cr:Al,O; were successfully identified in the
respective samples. Again, in the milled sample there is only
a partial transformation to o-Cr:Al,O; and it can only be
detected by Raman spectroscopy through the Cr,0; addi-
tions that are used to synthesize ruby. The presence of
o-Cr:Al,O; seeds is responsible for the synthesis of highly
crystalline alumina even at temperatures of 193 °C, below
the equilibrium temperature of this phase. This temperature
drop is a quantum leap for optoelectronic applications as
this opens the door to a wide variety of new substrates that
can be coated with sapphire or ruby. Potential applications
of this material include electronics, optics, aerospace, super-
conductivity, and biological use. As an example of potential
applications, here we cite our previous work.>® Based on the
Raman spectra in Fig. 6, one can say that there is no evi-
dence of any other phase except for o-Cr:Al,O;. Therefore,
here we no longer need to analyze the ruby in the sample; in-
stead, we characterize o-Cr:Al,O; directly. Furthermore, our
results were satisfactorily checked against the Bilbao Crystal-
lographic Server.**

Fig. 7 shows an analysis of the shift on the luminescence
lines R, and R, (compared with Fig. 3), which is associated

Intensity (a.u.)
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Fig. 6 Raman spectrum of pseudoboehmite and o-Cr:Al,O3 acquired
with a laser source of 532 nm wavelength.
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Fig. 7 Raman spectra of the samples milled for 20 h and 30 h against
the unstressed sample (reference).

with compressive residual stress. The residual stress build up
is an important factor that affects the performance of struc-
tural materials such as protective oxide barriers, thermal
coatings and bulk materials. In the literature, we can find
several studies about the estimation of the residual stresses
for different systems, not only for barriers and coatings but
also for bulk materials.’** However, here we use this param-
eter to assess the level of residual stresses as a measure of
internal energy increase. Here we present the results for the
samples milled for 20 and 30 h and we compare the results
to a reference sample. The reference sample was produced by
annealing pure pseudoboehmite + 0.2Cr,O; at 1300 °C for 2
h. The conditions were set for the lowest temperature and
the shortest time capable of producing samples where the R,
and R, bands are no longer shifting (zero-residual stress). At
the same time, this prevents excessive grain growth. This
annealing is also sufficient to fully develop the solid solution
(0-Cr:Al,03) between a-Al,O3 and Cr,0;.

The relative change in residual stresses is used as an indi-
rect measure of the changes in internal energy in the sample.
The residual stresses attributed to the substitution of Cr** for
AP** in octahedral sites contribute to the compressive state of
the sample. However, this contribution is rather limited be-
cause the sample composition in both cases is similar and it
is only 0.2 wt%. Therefore, the main component here is the
residual stresses due to milling. In the reference sample, the
R, and R, bands were identified at 4367.3 cm ' and 4397.0
cm™, respectively.

The longer the milling time, the better define the resonant
bands, due to an increase in the ruby phase. This in turn im-
proves the resolution and accuracy of the Raman analysis.
For the R; band (higher intensity),* the red shift (AR,) for
the sample milled for 20 h is = 2.8 ecm™ and for 30 h is = 4.2
em™'. Using eqn (1), we calculated the respective compressive
stresses

Av = -7.59P (1)
where Av is the change of frequency in ecm™, P is the pres-

sure in GPa and -7.59 is the piezo-spectroscopic constant.
The calculated values are -0.37 GPa and -0.55 GPa for the

CrystEngComm, 2018, 20, 3505-3511 | 3509
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samples milled for 20 and 30 h, respectively. The increase in
residual stress is in agreement with the increase in internal
energy as presented in the Thermal analysis section. There-
fore, this is a sort of measure of off-equilibrium conditions
that contributed to the drop in transformation temperature
to a-Cr:Al,O; as well as the energy requirements for the full
transformation to o-Cr:Al,O;. In conclusion, the increase in
internal energy promotes the transformation at lower tem-
peratures and a higher exothermic release for the phase
transformation.

Conclusion

In the present work, the successful synthesis of y-Al,O; and
o-Cr:Al,O; at room temperature is demonstrated. This is pos-
sible by means of mechanical milling of pseudoboehmite.
The additions of Cr,0; are the key to successfully identifying
the synthesized ruby by means of Raman spectroscopy. Me-
chanical milling supplies sufficient energy to promote partial
dehydration and dehydroxylation to synthesize x-Al,O; along
with the substitution of Cr*" in octahedral sites, typical of
AI**. Here we reported that pseudoboehmite starts to trans-
form to x-Al,O; at times as short as 20 h of milling. However,
0-Cr:Al,O; or ruby transformation is observed in milling
times as low as 5 h and it is traceable with Raman. Due to
the limited amounts of ruby, this phase is untraceable by any
other method, except for HRTEM. Thermal analysis suggests
a new synthesis route to produce ruby after heat treatment as
well as a reduction in the transformation temperature of
0-Cr:Al,O; of approximately 193 °C after 30 h of milling. This
temperature drop is attributed to the o-Cr:Al,0O; hetero-nuclei
that are synthesized during milling as well as the increase in
internal energy.

Materials and methods
Synthesis of pseudoboehmite

The pseudoboehmite was synthesized from a 0.2 M water
based aluminum sulfate (Aly(SO,);-xH,0, purity > 98% from
Sigma Aldrich) solution. The solution was heated to 60 °C
with vigorous stirring under additions of ammonia (NHj)
gas. The solution is kept at a constant pH (pH = 9-10)
through the entire precipitation process. Eqn (2) and (3) rep-
resent the precipitation process. At the end of the reaction,
the products obtained are filtered and washed with distilled
water for a number of times. The washing process is ended
when the washing solution has a constant pH of 7. The
resulting product is dried at 100 °C for 24 h. The larger parti-
cles are then pulverized in a mortar to obtain a white and
loose powder. The product is our raw material known as
pseudoboehmite.

NH; + H,0 — NH," + OH~ (2)
2AP" + 350, + 6NH,* + 60H” — 2Al0(OH) + 2H,0

+ 3(NH,),SO, (3)

3510 | CrysttngComm, 2018, 20, 3505-3511
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Mechanical milling

Pseudoboehmite powders were mixed with chromium oxide
(Cr,03, purity = 98% from Sigma Aldrich). The weight ratio
of pseudoboehmite and Cr,O; was 99.8:0.2% wt. Batches of
10 grams were milled into a stainless steel Spex media for up
to 30 h.

Thermal analysis

The thermal analysis was performed using a SETARAM differ-
ential scanning calorimeter (DSC) analyzer . The raw and 30
h milled powders were analyzed at a heating rate of 15 °C
min~" up to a maximum temperature of 1200 °C in an argon
atmosphere.

Structural characterization

Characterization was carried out by means of XRD (X-ray dif-
fraction) using a Siemens D5000 diffractometer with a Bragg-
Brentano geometry and Cu-Ko radiation (2 = 1.5418 A). Ra-
man spectroscopy was conducted using a confocal micro-
Raman microscope (Xplora™, Horiba JY). A 532 nm diode la-
ser was used for excitation. High-resolution transmission
electron microscopy (HRTEM) was performed using a trans-
mission electron microscope (JEM-2200FS JEOL) operated at
200 kv. The image analysis for the HRTEM micrographs is
conducted using Digital Micrograph that is capable of repro-
ducing the fast Fourier transformation (FFT) and their in-
verse (IFFT) images for a more in-depth analysis.
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