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ARTICLE INFO ABSTRACT

Keywords: This work presents a fast and direct controlled routine for the fabrication of fully dense alumina based on the

Reactive SPS sintering reactive spark plasma sintering (reactive-SPS) of boehmite (y-AIOOH) nano-powders obtained by the sol-gel

g'Alﬁo? technique. The evolution of the transition aluminas during sintering has been studied. Some boehmite powders
oehmite

were seeded with a-AlOg3 particles prior to the gelation. Boehmite seeded powders exhibited a direct transition
to a-Aly03 at 1070 °C, enhancing the transformation kinetics and lowering the required temperature by more
than 100 °C. For comparison, other samples were prepared by previously annealing the seeded and unseeded
boehmite powders. Thus, a-Al;O3 powders were obtained and were sintered by standard-SPS. A detailed
structural and mechanical characterization is presented, comparing the hardness and indentation fracture
resistance for different grain sizes and porosities. Both the reactive-SPSed samples and the standard-SPSed
samples showed a high hardness (18-20 GPa), whereas the reactive-SPSed samples exhibited a lower indenta-
tion fracture resistance due to a large grain size (~10 pm). Improvements of this procedure for obtaining smaller
grain size are discussed. In summary, the presented technique brings a revolutionary fast method for the
fabrication of fully dense alumina, as this process reduces the time and temperature required for alumina
densification.

Fracture toughness
Vickers hardness

1. Introduction formation of a solid network and avoids the re-aggregation of the

dispersed carbon allotropes. At the same time, the sol-gel method might

The fabrication of ceramic matrix composites reinforced by the in-
clusion of carbon allotropes has been hindered by severe synthesis dif-
ficulties such as the proper dispersion of the reinforcing agents. With the
purpose of finding the best route for the homogeneous inclusion of
carbon allotropes, such as carbon nanotubes, or graphene nanoplatelets
inside alumina matrix composites, and to achieve a significant increase
of the fracture toughness of the material, the sol-gel route based on
aluminum alkoxides or hydroxides, such as boehmite (y-AlIOOH), has
been considered a promising procedure [1-3]. The sol-gel method al-
lows the dispersion of the secondary phase in a large liquid volume, the
starting sol, where the use of techniques such as the addition of sur-
factants or the application of ultrasound dissociates the CNTs bundles or
GNP agglomerations. Then, the rapid controlled gelation [4] leads to the

promote the intragranular location of the nanotubes inside the alumina
grains [1,2,5,6].

It has been verified that a previous annealing of boehmite powders at
600 °C transforms boehmite into y-AlyO3 (see Fig. 1), and the intro-
duction of y-Al,03 (theoretical density = 3.65 g/cm® [7]) powders into
the SPS inhibited the correct densification during the subsequent spark
plasma sintering (SPS) [3], even though the conditions were sufficient
for sintering comercial a-Al;O3 powders [8-10]. Nevertheless, those
results have motivated the research of an optimized way for sintering
fully dense alumina samples from boehmite nanopowders. A potential
way to achieve 100% dense samples is to increase the temperature of the
previous annealing to 1200 °C, which ensures the total transformation of
boehmite into a-Al,O3, with the consequent benefits for the later
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Fig. 1. Evolution of metastable alumina polymorphs (also known as transition aluminas) from boehmite (y-aluminum oxyhydroxide). Based on data from Ref. [12].
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Fig. 2. Sketch summarizing the path followed for each sample. In the last column, the details of each of the four types of samples considered in this work are listed.

sintering. However, one of the major features of SPS is its ability for a
fast densification of the sample versus conventional methods like hot
pressing, or pressureless sintering, which require several hours for the
total densification of ceramics. Given the costs of time and resources
involved in the calcination of boehmite powders at 1200 °C for
obtaining a-Al,03 powders, the suggestion of the direct sintering of
boehmite without the previous annealing step is a remarkably capti-
vating idea. In addition, the particle size of the boehmite precursor
powders is known to be below 10 nm which may enhance the
compaction of the powders and promote a small grain size of the final
alumina. According to Prof. J. A. Hedvall’s studies on solid-state
chemistry [11] published in 1938, this kind of sintering is known as
reactive sintering, based on the enhanced reactivity of solids during
their decomposition or phase transformation.

Boehmite is an aluminium oxyhydroxide, one of the polymorphs of
monohydrated aluminas (Al;O3-H20). Boehmite presents an ortho-
rhombic structure of layered deformed octahedra with the aluminum
ion close to its center, where the [AIOZ*] octahedra share one edge and
the hydroxyl ions hold the layers by hydrogen bonds. Its theoretical
density is 3.01 g/cm® [13]. The dehydroxylation reaction of boehmite
yields alumina and water:

2A10(OH)—ALO; + H,0 )

Taking advantage of this reaction, other authors have tried the
reactive-sintering route before to obtain dense alumina, but usually with
other more time-consuming sintering procedures, such as hot pressing
[14-17], cold-pressing [18,19], or pressureless sintering [20]. Using the
reactive-SPS procedure has only been tried once before, by Zaman et al.
[21], at 1600 °C, a much higher temperature than the one used in the
present work. Despite obtaining high density alumina, their work did
not highlight the concept of the reactive sintering route based on the SPS
technique (reactive-SPS) as an encouraging feature for efficient sintering
of dense alumina.

In this work, we explore the performance of a new reactive-SPS route
in which the reaction and full densification occur together at lower
temperatures. To do so, we use the strategy of seeding the trans-
formation process to enhance the formation of a required phase.
Although it is a resource extensively used, it was hardly improved until
the 80’s [20,22]. The idea is that the a-Al,03 seeds will act as nucleation
sites so lowering the transformation temperatures of the final a-Al,O3
and preventing the formation of the vermicular structure due to the
phase transformation of boehmite, reducing the residual porosity [23,
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24] with the additional help of high pressure. Furthermore, the kinetics
of the reactive-SPS processes are discussed and compared with the re-
sults obtained by conventional SPS routes (namely, standard-SPS).
Structural characterization has been performed at different scales, and
the mechanical properties have been measured at different applied
loads.

2. Materials and methods
2.1. Sample synthesis

A route based on the works of Kumagai and Messing [20,23] and
Barrera-Solano et al. [25] was employed for the preparation of the
powders. In Fig. 2, the synthesis procedure is summarized. A boehmite
sol (Nyacol Nano Technologies, Inc., density = 1.14 g/cm®, pH = 3.5) was
slowly seeded with a-Al;O3 seeds (30-40 nm particle size, 99% purity),
supplied by NanoAmor, Inc. The amount of seeds was chosen in such a
way that the mass represented 2 wt.% of the final a-AlyOs.

After 24 h of vigorous magnetic stirring, the seeded sol was gelled by

adding NH(;‘q) (PanReac, pH = 11.6), until the pH of the sol reached a
value of 6.0, approximately, and a rapid gelation occurred. Another set
of samples was obtained by exactly the same procedure but without the
addition of a-AlyO3 seeds. The gels were dried in a stove for 48 h at
40 °C. After that, the resulting xerogels were grinded in an agate mortar
and sieved (<212 pm), obtaining white boehmite powders. At this stage,
two different samples were present: the unseeded boehmite powders
(named p, “rho”), and the boehmite powders seeded with a-Al,O3
(named pa, “rho-alpha”). Part of each powder was directly considered
for reactive-SPS, and the rest was annealed at 1200 °C in a tubular
furnace with an argon atmosphere, resulting in a-Al;O3 powder ac-
cording to the expected sequence of thermal transformations of
aluminum hydroxides into alumina polymorphs [12] (see Fig. 1). The
calcined unseeded boehmite powder was named p1200, and the seeded
one, pa1200. These annealed powders were submitted to conventional
standard-SPS. In summary, the samples with a-Al;O3 seeds (“seeded
samples”) include the character «; those sintered via conventional SPS
are labeled with the suffix “1200”, i.e., p1200 and pa1200, and will be
referred as “standard-SPSed samples”; the samples sintered via
reactive-SPS are p and pa, and will be referred as “reactive-SPSed sam-
ples”. For the sake of clarity, the types of samples considered in this work
are summarized in Fig. 2.

For all cases, the samples were sintered in a Dr. Sinter Lab, Inc., model
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Uniaxial
Pressure

Fig. 3. Scheme of a SPSed sample showing in plane (ip) and cross section
(cs) surfaces.

515S (Kanagawa, Japan), at 1300 °C for a dwell time of 5 min (heating
ramp: 100 °C/min, cooling ramp: 50 °C/min), applying 75 MPa of
constant uniaxial pressure and a squared pulse of current (12son and 2 s
off). These parameters were chosen because they have previously been
successfully used for fully densifying commercial pure a-AlpO3 powders
[8-10,26]. During the sintering, the piston travel (shrinkage) and the
temperature of the graphite die were recorded. The temperature was
measured with a pyrometer which was capable of obtaining data from
570 °C onwards. The temperature was measured in the exterior wall of
the graphite die which might present a time-lag in the automatic tem-
perature adjustment. This was clear when the temperature reached
1300 °C and the thermal inertia overheated the sample by a few degrees
Celsius.

The sintered samples were prepared by the classical ceramographics
methods, i.e., the “RCEP” protocol [3], namely: rectifying, cutting,
embedding, and polishing (up to 1 pm diamond slurry), so obtaining
polished surfaces for the measurement of micro-structural and me-
chanical properties. In order to research the anisotropic effects due to
the uniaxial compression, two different surfaces were rcepped for each
sample: the “in plane” surface (ip), perpendicular to the pressure axis,
and the “cross section” surface (cs), parallel to this axis (see Fig. 3).

2.2. Chemical and structural characterization

The chemical composition of the samples was analyzed with an X-ray
fluorescence (XRF) spectrometer (Panalytical model AXIOS). The crys-
tallographic structures of the samples were investigated by XRD (X-ray
powder diffraction), using a Bruker diffractometer model D8I-90, by the
step-scanning technique with a range from 26 = 10° to 120°, step of
A@ = 0.015°, counting time of 0.5 s, using Cu-K, radiation (K,; + Ky2
doublet) with no monochromator, 40 kV, 30 mA, and sample rotating at
30 rpm.

For the study of the nanostructural features of the powders, samples
were degassed under an N» flux at 150 °C for 2 h and analyzed by Ny
physisorption (Micromeritics ASAP2010), working at 77 K with a reso-
lution of 10~* mm Hg. The specific surface areas (SSA) of the powders
were obtained using the curves of gas adsorption and desorption, and
the BET model [27]. The micro- and nanostructure were also examined
by scanning electron microscopy with SEMFEG, Hitachi model S5200
and FEI model Teneo, with acceleration voltages of 5 and 2 kV,
respectively. Transmission electron microscopy (TEM, Philips model
CM-200) was also employed. To measure grain size the grain boundaries
must be revealed, so the sintered monolithic samples were exposed to a
thermal etching of 15 min at 1200 °C (heating ramp: 5 °C/min) in an
alumina tubular furnace in the presence of an inert argon atmosphere at
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constant flux. After the etching treatment, dozens of SEM micrographs
were analyzed with the help of ImageJ software [28] (typically, more
than 300 grains per surface were studied for the statistics).

Thermogravimetric analyses (TGA) and differential scanning calo-
rimetry (DSC) in flowing air were conducted to evaluate the chemical
evolution of samples when they were heated. TGA procedures were
performed in a STD Q600 (TA Instruments), heating a few milligrams of
powder samples at 10 °C/min from room temperature up to 1000 °C,
under an air flux of 100 mL/min. Mass losses received special attention
in the thermal range corresponding to the dehydroxylation of the
boehmite (200-450 °C).

The densities of the monolithic samples were obtained by the
Archimedes’ method, submerging the cut pieces of the monolithic
samples into distilled water at 25 °C. A set of 5 samples was considered
for each type of sample for the statistics.

2.3. Surface topographic characterization

To quantify the quality of the polishing of the sintered samples, the
roughness is an important value to be considered when measuring me-
chanical properties [29]. In all the final surfaces, the average arithmetic
roughness in the surface, S,, was measured. This magnitude is defined as
the arithmetic mean of the absolute value of the height z from the
average plane of the surface o of area A:

1
Sa :X//,,|Z(X7y)‘ dx dy

The topography of the surfaces was obtained using an 3D optical-
confocal microscope-interferometer (Sensofar S-NEOX) and the Senso-
Maps software. The surfaces were photographed with an optical mi-
croscope (model Leica DMRE, Leica Microsystems GmbH, Germany). A
magnification of 50x was employed with a gaussian filter of 80 pm. For
the values of S, fifteen different selected areas were studied for each
surface. Deeper analyses of the quality of the polishing and other pa-
rameters quantifying the roughness from the measurement of z(x, y),
such as Sy, a quadratic treatment analogous to the arithmetic average S,
can be found in the Supplementary Material, Table SM1. This extended
discussion includes five different selected areas, and from each area
fifteen parallel lines (profiles), and another fifteen parallel lines
perpendicular to the first, were used to calculate the values of R, and Ry.
Consequently, 30 values for each magnitude were obtained for the same
area, that is, 150 values for each examined sample.

(2)

2.4. Mechanical characterization

The characterization of the hardness was based on Vickers indenta-

tion tests at several loads (0.5 to 10 kp) and 10 s of dwell, repeating the
test at least ten times for statistical analysis. The tests were performed in
a Buehler Wilson VH1150 MicroVickers Hardness Tester and a Struers
Duramin. The applied force:area ratio of the print gives the hardness, H,
of the material. The fracture toughness, Kj,, was estimated from the
indentation fracture resistance, Kirg, a value obtained from the Vickers
Indentation Fractures (VIF) method, and using the Shetty’s equation for
median type cracks:
K = 0.023(E/H)"*P / 3P 3)
where E is the elastic modulus, H is the Vickers hardness, P is the applied
load, and c is the length of the crack, measured from the center of the
print. More detailed aspects of the equation are given in [30]. We chose
this equation after Miyazaki et al. [31,32] proved that, for fully dense
alumina ceramics, this equation provides values of Kjmr absolutely
correlated with values of K. obtained by standard methods, such as
SEPB.

The indentation prints and the length of the cracks were measured
using an optical microscope with a x20/0.40 objective, a CCD camera
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BET specific surface area of powders, and estimated spherical diameter of the powder particles calculated from SSA. Number of measured grains for the character-
ization of the grain size on both surfaces, in plane (ip) and cross section (cs). Uncertainties are one standard deviation. Relative densities of sintered samples of the

studied materials.

Sample name BET SSA (mz/g) Estimated diameter (nm)

Measured grains

Grain size (pm) Relative density (%)

ip cs
p 163.5 6.0 1002 30+13 24 £12 99.6 +£1.7
pa 156.5 6.3 916 12+7 10+£6 99.4 £1.9
1200 5.4 140 563 1.3+0.9 1.5+1.0 95.3 £ 0.6
pal200 4.7 160 891 1.3+0.8 1.3+1.1 98.9 £ 1.4

Fig. 4. Left: p1200 sample at powder stage (prior to sintering). Center: cross section surface of standard-SPSed sample p1200, illustrating the persistence of
vermicular structure after sintering, yielding to inter- and intragranular porosities. A hole, probably due to grain chipping during the rectifying and polishing, crowns
the center of the image. Right: image of the sample pa1200-ip revealing the fully dense structure of the grains.

with digital zoom, and a traveling stage, as a good optical resolution is a
crucial feature for reliable values of Kjzr obtained by VIF tests [32].
Finally, after mechanical characterization, SEM was used again to
explore the nano- and microstructure of the polished surfaces of the
samples, the indentation prints, and the morphology of the cracks.

3. Results and discussion
3.1. Chemical and structural characterization

First of all, the precursor powders of all the types of samples were
characterized. The XRF analyses revealed that the composition of all the
powders was 98.5% Al in mass, and the rest consisted of impurities of
Mg (0.6%), Na (0.2%), Si (0.2%), Ti (0.1%), Fe (0.1%), and Zr (<0.1%).
This composition remained mostly the same after the SPS.

The specific surface area (SSA) values from the nitrogen phys-
isorption experiments performed on the powders are listed in Table 1.
With these data we can obtain a first estimation of the size of the par-
ticles of the precursor powder, using a simple first-approach model
based on spherical particles:

6
5-SSA’

surface  4zR*

A = =
8§ mass  5%nR’

—-D =2R =

G

where R and D are the radius and the diameter of the spherical particles,
respectively, and § is the theoretical bulk density of the powder.
Boehmite powders exhibited an SSA of 163.5 m?/g, which involves an
estimated particle size of 6.0 nm. Although this approximation un-
derestimates the real size, the results are in accordance with the particles
sizes observed using TEM and SEM. Boehmite powders are composed of
nanoparticles of dimensions around 7 x 30 nm (see TEM image in
Supplementary Material Fig. SM2), that are arranged in clusters of
nanoparticles with a wide range of sizes [5]. On the other hand, the
addition of 2 wt.% of a-Al;03 seeds, which have an SSA of 9.0 mz/g,
gave to pa powders a quite smaller SSA, and, consequently, a larger
estimated particle size.

Regarding the calcined powders for standard-SPS, as expected, they
exhibited much lower values of SSA than the non-calcined powders.
Moreover, sample p1200 presented a smaller particle size than pa1200
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Fig. 5. Diffractograms of the sintered samples.

as the pa1200 powders contained a 2 wt.% of a-Al;O3 seeds when they
were calcined at 1200 °C to transform boehmite into alumina, leading to
an enhanced crystallization. The inspection of the calcined powders
with electron microscopy showed that the powder samples p1200 and
pal1200 have much larger characteristic sizes than the estimated particle
sizes of 140 or 160 nm, respectively. That difference is principally
explained by nanometric vermicular structure of the calcined p1200
powder, typically found in a-Al;O3 obtained from the thermal evolution
of transition aluminas (see Fig. 4-left).

The crystallographic characterization of the powders has already
been reported [3,5] and clearly showed the expected patterns of
boehmite for the non-calcined sample, and a-AlyO3 for the seeded
non-calcined and all the calcined ones. Fig. 5 shows the diffraction
patterns of the sintered samples. The peaks displayed in the diffracto-
grams correspond to the X-ray diffraction lines of the a-Aly03, showing
that all the samples (reactive-SPSed and standard-SPSed, and with or
without a-Al,O3 seeds) have the same composition. Nevertheless, rela-
tive intensities are very different from the ideal structure of a-Al,O3 for
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Fig. 6. Left: histogram of the grain size for p sample in the ip surface (p-ip), which follows a log-normal distribution (fitting curve, see equation (2)). This is true on
both ip and cs surfaces for every sample. Right: in the ip surface of all the samples, the grains do not show any preferential orientation, and a flat distribution is
obtained in the histogram number of grains (relative frequency) vs. Feret angle. Alternatively, anisotropic distribution of Feret angle is obtained in the cross section of
the sample, indicating the preferential grain growth in the plane perpendicular to the uniaxial pressure direction. Data obtained from pa-ip and pa-cs surfaces of

sample pa.

the p sample. In this case, possible texture or preferred orientation ef-
fects can be responsible of this behavior. The rest of the samples show
relative intensities similar to the ideal case. Therefore, the theoretical
density of full-dense pure a-Al;03, 3.985 g/cm® [7,13] was considered
as the reference value for the measurement of the densities of the sin-
tered samples (Table 1). Relative densities above 99.4% were found for
the reactive-SPSed samples, while 95.3% and 98.9% were found for
samples p1200 and pal1200, respectively. According to Delesse’s prin-
ciple of stereology, the fraction of area of pores observed in SEM images
was the same as the fraction of volume occupied by that porosity. Thus,
the lower density of sample p1200 is in agreement with the remaining
vermicular porosity observed on its surface (as shown in Fig. 4-right, and
discussed below).

A qualitative inspection of the X-ray diffraction peaks shows that
these are very narrow (Fig. SM3), displaying the doublet components
even at low angles (20 < 40°). This indicates that microstructural effects
— especially domain size — are very small in all samples. This can be
assessed by measuring the breadths of the peaks. In this way, we have
fitted Voigt functions to the peaks with heights greater than 1000
counts, calculating their corresponding Cauchy (8_) and Gauss () in-
tegral breadths. In most cases, the fit was very good, providing
Goodness-of-Fit values around 1-2. As an example, Fig. SM4 shows the
fit of a Voigt function to the 006 peak of the p sample. Fig. SM5 displays
the Cauchy and Gauss integral breadths for the analyzed samples as
function of the peak position. Note that, Gaussian integral breadths are
similar (for a particular angular position) for the four samples, whereas
Cauchy integral breadths are similar for the samples p, pa, and pa1200,
being greater for the sample p1200.

Classical microstructural analysis by X-ray diffractometry, especially
with respect to the estimation of domain size, is restricted to domain
sizes in the nanometric scale. Therefore, domain sizes of about 1 pm and
greater cannot be reliably determined, because the widths of the
experimental and instrumental-spectral (used as standard) peaks are
very similar. This similarity indicates that the experimental line-
broadening is mainly due to instrumental-spectral effects, being micro-
structural effects very small or negligible. In regards to this, shape
parameter errors are of the order of the difference between the widths of
the experimental and instrumental-spectral peaks and this leads to un-
acceptable uncertainties.

However, in our case, as the reactive-SPSed samples p and pa seem to
have grain sizes of about tens of microns, we have considered the pos-
sibility to estimate the domain size of the samples p1200 and pa1200
(considering p as standard for the sample p1200, and pa for the sample
pal1200). Assuming that the domain size effect is approximated by the
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Cauchy component of the microstructural profile, only the p1200 sample
can be analyzed, because the Cauchy integral breadths of the pa1200
sample are the same (within of the uncertainties) that the corresponding
to the pa sample. In the case of the p1200 sample, a classical analysis
using the Williamson-Hall plot [33] and the Warren-Averbach method
[34] provide a mean apparent volume domain size of 1.3 + 0.8 pm, and
a mean apparent area domain size of 0.7 + 0.3 pm, with a root mean
square strain of (1.2 + 0.2)-10*. In summary, the domain size values, in
spite of the noticeable uncertainties (as we have pointed out above), are
in rough agreement with the value derived from the electron micro-
scopy. Note that this suggest that nanometric sub-grains are not present
in the p1200 sample, as the mean values of the domain sizes are about
1 pm. A similar result could be considered for the sample pal200
because no significant differences appear between the breadths of the
peaks and those corresponding to the sample pa, used as standard.

3.2. Surface characterization

The SEM study of the sintered samples allowed the estimation of the
typical grain sizes (Table 1). A significant difference was observed be-
tween the reactive samples, with typical grain sizes larger than 10 pm
(as observed in Figs. SM6, SM7 and SM8), and the standard-SPS ones,
with grain sizes lower than 1.5 ym (Fig. 4-center and -right), one order of
magnitude smaller. These results are validated by the estimates of
crystallite domain size obtained by X-ray diffractometry, discussed
previously. In addition, in Fig. 4-center, the SEM image of sample p1200
shows some details of its microstructure that helps to explain its low
density. It can be confirmed that the structure is not totally closed and
some residual porosity remains, mainly due to the vermicular network
observed in the precursor powder (Fig. 4-left) that persisted when
a-Al;O3 is made by the evolution of transition aluminas [20]. In
Fig. 4-right, an image of the sample pa1200-ip reveals the fully dense
structure of the grains, with unusual intragranular porosity. Regarding
the reactive-SPSed samples, another relevant result is that the grain size
of non-seeded sample p, is twice the grain size of the seeded sample pa.
This fact could be explained given the absence of nucleation sites in
sample p, what enables a larger grain growth: grain boundaries have
more time to expand before they meet another grain boundary. On the
contrary, pa has a much larger density of nucleation sites so grain
growth is limited by meeting faster grain boundaries.

The statistical analysis of the grain sizes reveals that the grain size
(random variable D which takes values d) follows the classically re-
ported log-normal random distribution [35,36] (see Fig. 6-left), whose
probability density function is given by:
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Fig. 7. Evolution of surfaces after the different polishing steps. In plane (ip) and cross section (cs) surfaces are shown, as well as average measured roughness (Sg). A
3D reconstruction of the polished surface of the sample p obtained by confocal microscopy is shown in Supplementary Material Fig. SM1.
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where y and ¢ are the mean and the standard deviation of the variable’s
natural logarithm. Note that they are not the expectation and standard
deviation of random variable D, as D is defined as D = exp(u + 02),
where Z is a random variable normally distributed. The arithmetic mean
values of D for the different samples (i.e. d, not u) are listed as the
characteristic grain sizes in Table 1. Additionally, the typical anomalous
alumina grain growth [36] was present and is responsible for the rela-
tively large uncertainties of the central values. This behavior is probably
enhanced by the tendency for boehmite to grow in a preferred direction,
leading to the formation of high aspect ratio alumina crystals [19,37], a
process that starts, in the case of the conventionally sintered samples, all
along the pre-annealing of boehmite powders at 1200 °C.

The preferential direction of grain growth was quantified by the
Feret diameter: it is defined as the maximum diameter that can be drawn
between any two points of the boundary of a grain, i.e., the maximum
caliper. The Feret angle is then the angle between the Feret diameter and
an arbitrary fixed direction. In this work, for the cross section surfaces,
the fixed direction to measure the Feret angle was the pressure axis. For
the in plane surfaces, the selected direction is any radial direction
perpendicular to the loaded axis. All the ip surfaces showed an isotropic
distribution of grains (see Fig. 6-right). On the other hand, the cs sur-
faces of samples p, pa, and pal200 presented anisotropies (Fig. 6-right,
Figs. SM6 and SM8), that is, during the sintering, the grain growth was
inhibited in the direction of the applied pressure. Hence, the grains grew
preferentially in the plane perpendicular to the pressure axis [38].
Surprisingly, this phenomenon was not observed at any surface (nor ip
nor cs) of the sample p1200 sintered by conventional SPS. This may be
explained by the absence of a-AlyO3 seeds which promoted a retarded
formation of grains, and a consequent lack of time for the grains to
develop in a preferential direction. Some authors [39] have suggested
that what really inhibits the grain growth is the electric field, which
could happen during SPS, as the electric field is applied uniaxially in the
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same direction as the mechanical load. Nevertheless, is a controversial
topic under debate [40,41], and more experiments will be performed in
order to elucidate what plays the fundamental role in the inhibition of
grain growth.

During the RCEP procedure, the evolution of the surfaces presented
significant differences between the reactive-SPSed samples and the
standard ones. In Fig. 7, the surfaces were photographed with an optical
microscope as the successive sandpapers and diamond slurries were
used, from the coarsest p240 sandpaper to finest 1 ym diamond paste.
Besides, the results of the topographic characterization of the final
polished surfaces present a clear difference between the reactive-SPSed
sample and the standard ones.

The higher roughness of the p and pa samples (up to one order of
magnitude higher) is attributed to their larger grain size (Table 1)
combined with the effect of grain chipping produced during the recti-
fying and rougher first steps of polishing. Thus, when a grain is chipped
out from the surface of a reactive-SPSed sample, the “hole” left by the
grain is deeper than in the standard samples. Moreover, some differences
between the in plane surfaces (ip) and the cross sections ones (cs) have
been appreciated. This fact may be explained attending to how the re-
sidual tensions are accumulated in the sintering process, due to aniso-
tropic application of pressure. It is easier for a grain to be chipped out
from an ip surface than from a cs surface, as the uniaxial pressure is
applied perpendicularly to the ip surfaces, and larger residual tensions
are accumulated under grains in ip surfaces, i.e., at the perpendicular
plane to the axis of load. Thus, densities do not play the fundamental
role determining the roughness of the samples when comparing the
reactive-SPSed samples and standard samples. Nevertheless, some ef-
fects of density on the roughness can be appreciated when comparing
standard samples: pa1200, with a density of 98.9%, shows a smoother
surface than p1200, with a density of 95.3% (S, 0.03 pm and
Sa = 0.12 pm, respectively), despite the fact that both samples have the
same micrometric grain size.
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Fig. 8. Shrinkage vs. time (left) and vs. tem-
perature (right) curves of the four different
samples. Same legend corresponds to both
plots. The arrows in the right panel show the
direction of the process. Letters indicate similar
states (shrinkage, time and temperature) on
both figures. Observe that points O and O
cannot be represented in the right plot, as the
pyrometer can only measure the temperature
above 570 °C. Note that reactive samples
exhibited significant shrinkage before temper-
ature data could be acquired, and this causes
apparent shifting in Fig. 8-right. (For interpre-
tation of the references to color in the text, the
reader is referred to the web version of this
article.)
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3.3. Sintering and structural characterization

During the SPS, the temperature (T), and the displacement of the
pistons (i.e., the shrinkage of the sample, z) were recorded. We took
z = 0 after the 75 MPa of uniaxial pressure was applied, at room tem-
perature. These are the points O and O in Fig. 8-left. Observe that these
points cannot be represented in z vs. T in Fig. 8-right, given that the
pyrometer can only measure temperatures above 570 °C.

The sintering behavior of the conventionally sintered samples, p1200
and pal1200, can be discussed by the real-time collected shrinkage and
temperature data, as shown in Fig. 8 (green lines, solid and dashed,
respectively). The corresponding sintering curves 2 vs. t, in Fig. 8-left,
show the classic densifying process of alumina powders revealed by the
sample shrinkages, which start around t = 600 s (T = 1150 °C), and
exhibits the maximun slopes at 1220 °C (step from points A to B).
Although both samples, p1200 and pa1200, were basically a-Al,Os3, the
better densification of the seeded one (pa1200) with respect to the non-
seeded one (p1200), is revealed by the existence of a plateau during the
dwell time at maximum temperature (around t = 700 s to 1000 s) in
sample pa1200, while sample p1200 exhibits continuous shrinking. This
could be attributed to its increased crystallization during the direct
transformation of boehmite into a-Al;O3 in the previous pre-annealing
process thanks to the presence of the seeds, and which also prevents
the presence of vermicular structures in the powders and in the sintered
sample pal1200. This difference has been previously reported for a sin-
tering based on pressureless sintering and hot pressing by Kumagai et al.
[20,23], using much longer times at higher temperatures. Finally, dur-
ing the cooling ramp (50 °C/min), beyond t = 1000 s, the shrinkage is
produced by the linear thermal contraction (from point B to point C).

The slight difference in the sintering behavior between p1200 and
pa1200 once the maximum temperature was reached (at point B) can be
better visualized in the plot of z vs.T, in Fig. 8-right. While the sample
1200 continued densifying (vertical increase of z) during the dwell time
at T = 1300 °C, the seeded sample pal200 has already densified
completely (no variation on z at maximum T). Afterwards, the cooling
process from B to C performs the expected linear behavior of thermal
contraction. In fact, this linearity could be used to calculate the linear
thermal expansion/contraction coefficient, a;, however, for these mea-
surements to be made, the whole system must be calibrated, correcting
the plots with the expansion of the die and pistons assembly during
heating and cooling, both with and without any powder material, as
suggested by Chaklader et al. [14] for hot pressing sintering.

At this point, it is interesting to highlight the differences between the
described standard samples and the reactive-SPSed samples. The curve z
vs. t of the p sample, without a-alumina seeds, (solid red line in Fig. 8-
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left) shows a three-step process. Firstly, from room temperature (0) to a
temperature below 570 °C (D), the shrinkage reveals that the boehmite
dehydroxilates and turns into y-Al,O3, loosing mass in the form of H,O
during topotactic transformations (i.e., the crystal structure transforms
without destruction of the original crystal morphology [20]). The
transformation is consistent with the TGA and DSC results performed on
boehmite p powders (not shown, available in Supplementary Material,
Fig. SM9), and this transition is completed at 500 °C, in agreement with
the irreversible evolution of alumina polymorphs (Fig. 1). The second
densifying step occurs between points E and F, during which the tran-
sition alumina y-Al;Og turns into a-AlyOs3. In the third step, from G to H1,
the a-Al;O3 densifies, with a maximum slope at 1200 °C. From H1 to I,
we observe a little plateau, at which the sample p does not suffer
compaction. At the end, the linear thermal contraction happens, from 1
to J.

Correspondingly, the inspection of the curve of z vs. T of the sample p
(solid red line in Fig. 8-right) gives additional relevant information
about the sintering behavior, specially at the highest temperatures. At
the segment Hi-I, the temperature rises up from 1250 °C to 1300 °C, is
held for 5 min at 1300 °C, and goes back to 1250 °C (back to H1),
exhibiting a linear behavior. This is a period of time in which the
structure suffers an unnecessary grain growth [9], as it was revealed in
the grain size measurements (>10 pm, Table 1), which will lead to a
decrease in the mechanical properties. This stretch is useless from the
point of view of efficient use of time and resources. At the end, the linear
thermal contraction happens, from H1 to J, with exactly the same slope
that the standard-SPSed samples exhibited (segment from B to C of the
green lines in Fig. 7).

Finally, the last curves to be analyzed, correspond to the reactive-
SPSed samples pa, seeded at the sol stage with a-Al,O3 (red dashed
curve in Fig. 8-left and right). During the initial step from O to D, the
dehydroxylation happens and the boehmite transforms into alumina, as
the non-seeded sample p did. However, given that pa contains a-AloO3
seeds, the boehmite turns directly into a-Al,O3 because of the effect of
nucleation and subsequent growth [20,42]. Thus, this sample does not
exhibit the step E-F-G. Instead, it jumps directly from E to H2, a step in
which the alumina densifies. This process mimics the way that a-AloO3
does in standard samples from A to B. Interestingly, this step, with a
maximum slope at 1070 °C, finishes at 1200 °C at H2, more than a
minute before H1 and B. The plot of z vs. T (Fig. 8-right) confirms that the
full densification (point H2) at a temperature 50 °C lower. Subsequently,
and similarly to the red solid line of sample p, the bounce H2-I-H2 is a
plateau in which the sample does not densify any further, a segment of
heating ramp, holding, and cooling, which can be considered a waste of
time and energy in which the grain size grows [9]. This is confirmed by
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Table 2
Vickers Hardness (HV) and Fracture Indentation Resistance (Kjrr) measured at different loads: 0.5, 1.0, 5.0, and 10 kp. Tests performed in plane (ip) and cross section
(cs) surfaces. Uncertainties are given by one standard deviation.

Sample name (relative density) HV0.5 HV1 HV5 HV10
HV (GPa) Kirg (MG HV (GPa) Kirg (MG HV (GPa) Kirr (MG HV (GPa) Kir (MG
ip 18.3 £ 1.2 3.0 £0.7 - - - _ _ _
0,

P (99.6%) cs - - 167 + 1.4 2.5+ 0.6* - - - _

. ip 16.9 £ 0.7 - - - - _ _ _

pa (99.4%) cs 17.9 £ 1.0 - 161+ 1.1 - - _ _ _
. ip - - 15.1 + 1.4 5.0 £ 0.6 13.3 £ 0.8 5.4+ 0.9 13.4 £ 0.5 4.4+08
1200 (95.3%) cs 17.8 + 1.1 - 16.7 £ 1.2 5.8 £ 0.4 142 £ 0.5 5.8+ 1.0 14.4 £ 0.5 5.8 +£1.2
1200 (98.9%) p }9-7 +05 - 19.4 £ 0.8 5.0 £0.5 - - 16.8 £ 0.8 5.2+ 0.6

cs - 184+ 1.2 3.7+ 0.5 - - 16.5 + 0.3 4.4+0.7

HV at different loads Indentation Fracture Resistance
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Fig. 9. Left: Vickers Hardness of different samples at several loads, illustrating Indentation Size Effect. Error bars are one standard deviation. Right: Indentation
Fracture Resistance of samples for different loads. Error bars are one standard deviation. Points have been slightly horizontally shifted so the error bars do not
overlap. Legend is the same for both graphics.

the large grain size observed in this sample (>10 pm, Table 1). Finally, and the standard-SPSed samples in comparison to the standard-SPSed
the process ends up exactly as all the other samples, with the same linear samples, namely, a reduction of time and temperature required for the
thermal contraction from H2 to J. total densification of alumina. The fundamental role in the densification

There are many factors that explain the advantages of the reactive mechanism is being played by the ability of the particles to rearrange

4
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M 2.00 kV_ETD_SE___ 8.2 mm 200 x 104 mm 99 pA

Fig. 10. Top-left: indentation HV10 on a reactive-SPSed sample (p-ip). Top-right: indentation HV10 on standard-SPSed sample (p1200-ip). Notice the difference on
scale bars. Bottom: (Highly zoom-able image) HR-SEM image of a fracture after a HV10 indentation on the cross section surface sample p1200-cs, coated with 9 nm of
carbon for avoiding SEM electronic charging. Scale: the black rectangle at the bottom is 70 pm long. Fracture propagation from a HV10 Vickers indentation tip along
its extremely long, approximately 225 pm. This indentation was not considered either in the statistics of hardness, nor K. Both intergranular and transgranular
crack propagation modes are present. Porosity due to vermicular remnants, grain boundaries, and holes produced by grain chipping can also be observed.
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during the transformation phase [42]. During the initial application of
pressure, the compaction involves a large scale particle rearrangement
and motion. The smaller nanometric particle size of boehmite powders
of the reactive-SPSed samples, compared with micrometric a-Al,O3
calcined powders of the standard-SPSed samples, induces a better initial
compaction, leading to a better contact between the particles and a
subsequent faster densification, as can be confirmed by the lower times
and temperatures of points H1 and H2 in comparison to point B. Note
that, the reactivity of boehmite powders is enhanced by its high SSA (see
Table 1), 30 times bigger than the SSA of calcined alumina powders. In
addition, the advantages of seeding the reaction with a-Al,O3 seeds are
also clear as it facilitates a faster and cooler full densification. Finally, it
is evident that the sintering parameters can be improved for
reactive-SPS as the final segment of the process that led to excessive
grain growth should be avoided. Thus, once the full density (end of
shrinkage) is achieved, the process can be terminated. Probably, more
parameters such as the heating ramp, cooling ramp, or the applied
pressure, can be tuned and optimized to minimize the costs of alumina
sintering.

3.4. Hardness and indentation fracture resistance

The monolithic samples were indented in their polished surfaces, and
the obtained results of hardness and Kjgr are shown in Table 2 and
plotted in Fig. 9. The first particular result is that, given the large grain
size of reactive-SPSed samples, it was a hard task to obtain a well-
defined print after indentation tests at loads larger than 1 kp. Even
applying low loads, such as 0.5 and 1 kp, the prints usually had blurry
edges and dozens of measurements were discarded. The grain size of
these fully dense samples, larger than 10 pm, is synonymous with more
brittle ceramics, i.e., the larger the grain size, the worse Kjpg, although
not necessarily worse Kj, calculated by other methods, as reported by
Yasuda et al. [43]. The energy applied by the tip is released leading to, in
these cases, a multitude of radial cracks, material pile-up, and cata-
strophic grain chipping, as shown in Fig. 10-left when a load of 10 kp
was applied. In contrast, the more fine-structured samples fabricated by
standard-SPS, can be indented and measured without a hitch
(Fig. 10-right).

In Fig. 9-left, it can be seen that all the samples show a hardness
between 17 GPa and 20 GPa when a load of 0.5 kp is applied, 20 GPa
being the value typically reported for fully dense a-Al,O3 [44,45]. The
sample p1200, which did not completely densify, exhibits a lower
hardness for every load tested, especially when compared with its fully
dense analogous,pa1200. This is due to the presence of 5% of porosity
and the consequent lack of full connection of the whole crystalline
microstructure [46].

On the other hand, the indentation fracture resistances measured in
these set of samples (Fig. 10-right) were more sensitive to the grain size
than the measured hardness, and the reactive-SPSed samples (with grain
size above 10 pm) showed Kjpr values significantly lower than the
standard-SPSed samples (around 3 MGf' and 5 MGf, respectively).
Moreover, the indentations made on both surfaces of the samples, cs and
ip, yielded no relevant differences nor any systematic trend in the
hardness and Kppg values. Even so, all the results are contained in the
wide range of fracture toughness reported for dense pure alumina, from
2.2 to 5.7 MGf [47,48].

Regarding the measurement of cracks, defined cracks were only
found in the samples with large grain size when low loads were used.

! Based on Prof. C. Ramadas and Mr. A. R. Jadhav’s suggestion, the use of the
unit “griffith” (Gf) is proposed in substitution of the awkward classical
magnitude Pa - m'/2, where 1 Gf = 1 Pa - m'/?, as a tribute to the mechanical
engineer Alan Arnold Griffith (1893-1963), as already considered in ref. [3].
Griffith was known in the field of fracture mechanics for his pioneering studies
on the nature of stress and failure due to crack propagation in brittle materials.
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The problem, then, is the difficulty to accurately measure the tiny, short
cracks produced when low loads are applied. Given the huge efforts
needed to obtain well defined prints and cracks even at low loads, Kjpg
was measured in only two surfaces of one of the reactive-SPSed samples:
HV-0.5 on p-ip, and HV-1 on p-cs, while the rest of reactive surfaces have
been tested several times to confirm that they respond in the same way
than their homologous do under the same loads. Respecting the mode of
propagation of cracks, we found out that both transgranular and inter-
granular modes are present, with a preponderance of the latter one, as
shown in Fig. 10-bottom. Finally, the indentation size effect [3,29,49], a
source of discrepancy when the results of hardness are compared be-
tween different studies, is not apparently a crucial issue affecting the
KR, as deduced from Fig. 9 and the data in Table 2.

4. Conclusions

The proposed reactive-SPS process has been explored as an efficient
route for the fabrication of fully dense a-Al;Os, starting from a low-cost
precursor such as the boehmite sol. It has been demonstrated that the
fully dense samples can be obtained faster and at lower temperatures
(1200 °C) than starting from a-Al,O3 powder. However, Vickers hard-
ness of the obtained samples are among the highest reported for fully
dense a-Al,03, being affected by the density and the indentation size
effect, as expected, but they are independent of the sintering route. On
the contrary, indentation fracture resistance is clearly affected by the
sintering route as the conditions used in the reactive-SPS produced
excessive grain growth, a crucial feature affecting the fragility of the
samples, leading to poor values of Kjzr. Nevertheless, it has been shown
that this process can be optimized, avoiding the holding time and
reducing the maximum temperature, and subsequently avoiding exces-
sive grain growth.

In addition, seeding the initial sol of boehmite with a-Al,O3 has been
proved as a key feature for optimizing the process, as it allows the direct
transformation into a-Al;03, lowering temperatures and times required
for the full densification of samples via SPS. In this regard, a highly
exciting route is to use a sol made of diaspore (a@-AlIOOH) nanoparticles
instead of boehmite (y-AIOOH), which would avoid transition aluminas
as the diaspore transforms directly to the stable a-Al,O3 phase by
dehydroxylation [12,50], which could simplify the process and further
reduce the temperature for a complete reactive sintering and total
densification of alumina.
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